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ABSTRACT

Bacterial pathogens employ a plethora of virulence
factors for host invasion, and their use is tightly reg-
ulated to maximize infection efficiency and manage
resources in a nutrient-limited environment. Here we
show that during Escherichia coli stationary phase
the 3’ UTR-derived small non-coding RNA FimR2 reg-
ulates fimbrial and flagellar biosynthesis at the post-
transcriptional level, leading to biofilm formation as
the dominant mode of survival under conditions of
nutrient depletion. FimR2 interacts with the transla-
tional regulator CsrA, antagonizing its functions and
firmly tightening control over motility and biofilm for-
mation. Generated through RNase E cleavage, FimR2
regulates stationary phase biology by fine-tuning tar-
get mRNA levels independently of the chaperones
Hfg and ProQ. The Salmonella enterica orthologue of
FimR2 induces effector protein secretion by the type
lll secretion system and stimulates infection, thus
linking the sRNA to virulence. This work reveals the
importance of bacterial sSRNAs in modulating various
aspects of bacterial physiology including stationary
phase and virulence.

INTRODUCTION

The ability of bacterial pathogens to invade a host criti-
cally relies on the presence of adequate conditions promot-
ing the survival of the pathogen and its arsenal of virulence
factors. Several Gram-negative pathogens employ type 111
secretion systems (T3SS) to deliver a wide range of effec-
tor proteins directly into the cytoplasm of their target cells
(1,2) and type 1 pili (T1P) to adhere to and invade host cells
(1,2). Bacterial virulence factors are under tight regulation
via multiple mechanisms to minimize the use of precious
resources in an unpredictable environment (3). CsrA is a

translational regulator that governs the expression of T3SS
effectors in bacterial pathogens. For instance, in Salmonella
enterica, CsrA downregulates hilD, the SPI-1 (Salmonella
pathogenicity island 1) encoded regulator, and by doing so,
inhibits the expression of multiple HilD-dependent T3SS
effectors (4). In enteropathogenic Escherichia coli (EPEC),
CsrA induces flagellar motility and the expression of some
T3SS effectors involved in Attaching/Effacing (A/E le-
sions) (5). Both Salmonella and E. coli regulate the expres-
sion of TIP through phase variation (6), allowing some
members of isogenic populations to display the pilus and
others to retract it. In E. coli, the promoter of the fimAICD-
FGH operon that encodes T1P lies within an invertible
DNA region (7) called fimS, and the recombinases FimB
and FimE govern its orientation: FimB mediates the inver-
sion in both ON (expression) and OFF (repression) orien-
tations while FimE is biased to the OFF inversion (8). This
complex mode of regulation in both pathogens is further
controlled by additional transcriptional regulators (9,10).
Biofilm formation is another mode employed by bacte-
rial pathogens to assist in host infection. This multicellular-
like lifestyle allows resistance to environmental and cell-
intrinsic stresses. Indeed, biofilms have been linked to the
establishment of recurrent infections and bacterial persis-
tence (11). Uropathogenic E. coli (UPEC) can form re-
silient biofilms through the coordinated expression of sev-
eral outer membrane appendages, including pili, fimbriae,
flagella, and curli (1,11). The T1P plays important roles in
this context, allowing UPEC to form biofilms on both abi-
otic surfaces such as medical supplies and urinary catheters
(12), and in host tissues, such as the bladder epithelium (11).
Recently, trans-encoded small non-coding RNAs (sR-
NAs) have emerged as potent regulators of gene expres-
sion in various bacterial species (13). By partially base pair-
ing with various target mRNAs and regulating their ex-
pression at the post-transcriptional level, these non-coding
RNAs (ncRNAs) govern various aspects of bacterial phys-
iology (14), with various roles described in bacterial viru-
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lence and biofilm formation (3,15,16). For instance, EHEC
GImY and GImZ sRNAs promote the formation of A/E
lesions through induction of the T3SS effector EspFu, and
diminish the expression of other T3SS effectors (17). In
Salmonella, the SRNA PinT coordinates the expression of
SPI-1 and SPI-2 (Salmonella pathogenicity islands 1 and
2) (18) allowing the pathogen to switch from its invasive
to its persistent infective mode. Salmonella CpxQ, a 3’
UTR-derived sRNA, inhibits fimA expression through di-
rect base-pairing with the fim4 mRNA, controlling T1P ex-
pression under conditions of membrane stress (19). These
sRNAs typically require the RNA chaperones Hfq or ProQ
for generation, stability, and function (20,21). However,
these chaperones may be dispensable for some regulatory
circuits with the existence of chaperone-independent sR-
NAs in Gram-positive bacteria (22).

Previously, our deep sequencing analysis of growth
phase-dependent sSRNAs in E. coli revealed the abundant
expression of sSRNA_35 in the stationary phase (23), a
ncRNA which was also recognized in previous studies
(24,25). Here, we report the first functional characteriza-
tion of this 35-nucleotide long SRNA that we rename to
FimR2 for fim operon-derived sSRNA as it originates from
the 3’ UTR of fimA in the intergenic region between fimA-
fiml in E. coli (Supplementary Figure S1) and S. enterica.
This operon has been shown by others to encode another
sRNA, dubbed fimR, which however derives from a differ-
ent location within the fim operon and is thus completely
independent of FimR2 (26). FimR2 overexpression in ex-
ponential phase, a growth phase during which this sSRNA is
normally undetectable, significantly causes biofilm forma-
tion, alters the outer membrane architecture, and switches
the bacterial population to stationary phase. Through var-
ious genetic and biochemical approaches, we show that
these phenotypes are due to the FimR2-mediated regula-
tion of various targets involved in stationary phase biol-
ogy and motility, directly through base-pairing with tar-
get mRNAs, and indirectly, through the sequestration of
the translational regulator CsrA. Interestingly, overexpres-
sion of the Salmonella variant, FimR2S, in E. coli causes
biofilm formation, whereas in S. enterica it potentiates inva-
siveness and promotes the expression of a T3SS-chaperone.
Unlike most of the so far characterized bacterial trans-
acting SRNAs, we show that the multifunctional regulator
FimR2 acts independently of Hfq and ProQ and accumu-
lates through the R Nase E-dependent cleavage of fimAICD-
FGH. This work positions FimR2 as a master regulator of
gene expression in stationary phase, employing multitask-
ing to coordinate biofilm formation and virulence.

MATERIALS AND METHODS
Bacterial strains and growth conditions

E. coli K-12 strain and its derivatives (Supplementary Ta-
ble S1) were grown at 37°C with shaking at 220 rpm in
LB (10 g tryptone, 10 g NaCl, and 5 g yeast extract/l).
Exponential phase samples were taken at ODgy = 0.4 or
at indicated time points after reaching this ODgg. Sta-
tionary phase samples were taken 24, 48 or 72 h af-
ter initial inoculation. Induction with IPTG (isopropyl
B-D-1-thiogalactopyranoside) or tetracycline was done at
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ODgpo = 0.4. All media were supplemented with kanamycin
(25 pg/ml), ampicillin (100 wg/ml), streptomycin (100
pg/ml), IPTG (1mM), or tetracycline (25 nM) where in-
dicated. For the RNase E inactivation experiment, K-12
and rne3071~" (27) strains were grown at 30°C to station-
ary phase and then the cultures were transferred to 43°C.
Salmonella serovar Typhimurium strain SL1344 sub-strain
SB300 (28), M1525 (29), ATCC14028s (30), UK-1 (31) and
SB245 (AsipABCDsptP::aphT) (Kaniga and Galan, un-
published) were grown at 37°C with shaking at 150 rpm in
LB supplemented with 0.3 M NaCl. For northern blot anal-
ysis, Salmonella stationary phase samples were taken 48 and
72 h after initial inoculation.

Construction of strains and plasmids

To overexpress FimR2S-L and FimR2S-S from the expres-
sion plasmid, we included a portion of the fimA-fiml in-
tergenic space downstream of the two variants, prompt-
ing RNAse E to generate the canonical 3’-end of both
variants (32). Alternatively, the putative secondary struc-
ture of both variants would terminate expression. FimR2S-
L and FimR2S-S were inserted, along with the afore-
mentioned downstream intergenic space, at the transcrip-
tional + 1 site under PlacO control in pBbE6k-RFP (33) by
MEGAWHOP cloning (34). For this, a pair of primers (see
Supplemental Table S2) were used to create a mega primer
spanning the genomic FimR2S sequence by PCR using Phu-
sion DNA Polymerase (NEB). The resulting PCR prod-
uct was purified with Wizard® SV Gel and PCR Clean-
Up (Promega) and used in excess to insert the SRNAs into
the pBbE6k-RFP plasmid and replace the RFP sequence
with PCR. The PCR reaction was digested with Dpnl (New
England Biolabs) for 2 h at 37°C and transformed into K-
12 E. coli competent cells. Plasmids were extracted from
positive clones by Wizard® Plus SV Minipreps DNA Pu-
rification System (Promega) and sequenced with HLO199
primer (Microsynth). FimR2 mutants (CU, AA, G24U,
G23A-G24U, stem, loop and A-U stem) were generated
by one-step cloning PCR (35) using pBbE6k-FimR2 plas-
mid as a template (23). PCR reactions were Dpnl treated
as previously mentioned, and subsequent transformation,
plasmid extraction, and sequencing were carried out as de-
scribed for pBbE6k-fimRS-L and pBbE6k-fimRS-S. Us-
ing one-step cloning PCR, 18 base-pairs of ffiJ sequence
corresponding to codons 6-12 were inserted between the
first and second codon of the RFP sequence in pBbA2A-
RFP. In a subsequent step, 12 additional base-pairs of the
fliJ sequence corresponding to fli/ codons 2-5 were in-
serted upstream of the previous f7iJ insert. To overexpress
FimR2, FimR2-CU, FimR2-AA, and the control plas-
mid in the rpoS deletion strain, the kanamycin resistance
cassette in the pBbE6k plasmid (backbone of each con-
struct), was switched to an ampicillin resistance cassette us-
ing PIPE cloning (36). For this purpose, the ampicillin cas-
sette was amplified from the pBbA2a plasmid and the back-
bones of pBbE6k-FimR2, pBbE6k-FimR2-CU, pBbE6k-
FimR2-AA and pBbE6k-control were individually ampli-
fied by PCR. PCR reactions were Dpnl-treated as standard
and then co-transformed into bacterial strains. Subcloning
thereafter was done as described.
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CsrA was amplified from K-12 genomic DNA and
SL1344/SB300 DNA by PCR with primer pairs contain-
ing BamH1 and Ndel restriction sites and the histidine tag
(The same pair of primers was used for amplification of
CsrA from the genomic DNA of both species as the anneal-
ing sequence is identical at the 5'- and 3’-end). The PCR
product was then digested with both restriction enzymes
as described and purified by size-exclusion electrophore-
sis. Ligation into BamH1/Ndel-cut backbone (pBbE6k-
RFP with RFP excised) was done with T4 DNA Ligase
(Promega). Subsequent subcloning was done as standard.
Clones were confirmed by sequencing using HL0030 primer
at Microsynth.

Genomic deletion strains were created as described (37).
sRNA locus (FimR2, CsrB and CsrC) and gene (CsrD)-
specific primers (Supplemental Table S2) were used to am-
plify a kanamycin cassette from pKD13 plasmid by PCR.
The purified PCR product was electroporated into K-12
E. coli strain containing the pKD46 plasmid and express-
ing lambda red recombinase through induction with 1 mM
Arabinose. Positive clones were recovered on LB agar plates
supplemented with Kanamycin. Homologous recombina-
tion was confirmed by PCR as described in the PCR section.
For the SRNA-deletion strains, the chromosomally-inserted
Kanamycin cassette was removed by FLP recombination
using pcp20 plasmid as previously described (38). Removal
of the cassette was also confirmed by replica plating on LB
agar plates with and without antibiotics, and by PCR.

RNA extraction and northern blotting

RNA extraction was performed with hot acidic phenol as
described (39). For northern blot analyses, 5-10 wg of to-
tal RNA were separated on denaturing polyacrylamide gels
(8% acrylamide M-Bis, 7 M Urea, | x TBE), and gels were
run for 2 h at 250 V. RNA was transferred to a nylon mem-
brane (Amersham Hybond-N+, GE Healthcare) using a
semi-dry blotter (V20-SDB, Scie-Plas) and crosslinked to
membranes using a microprocessor-controlled UV irradi-
ation system (BLX-254, Vilber Lourmat). DNA oligonu-
cleotides were end-labeled with [y-*P]-ATP (Hartmann
Analytic) using PNK (Thermo Fisher Scientific) and used
for hybridization as described (40).

For agarose gel northern blot (Figure 1A, fimA), 20 pg
total RNA were resolved on a denaturing agarose gel (1.2%
agarose, 0.5% formaldehyde, 1x MOPS). RNA samples
were transferred to a nylon membrane by capillary action in
20x SSC overnight at room temperature. After crosslinking
RNA to membrane as mentioned, the membrane was incu-
bated in 2x SSC buffer then in hybridization buffer at 65°C
for 1 h. The template for fimA probe was amplified by PCR
from K-12 genomic DNA then labelled with [a-*>P]-dCTP
(Hartmann Analytic) with the Klenow fragment (Thermo
Fisher Scientific) for 1 h at 37°C. Hybridization was done
overnight at 65°C. Two washes were carried out on the fol-
lowing day for 30 min each in wash buffer I (2x SSC, 0.1%
SDS) and II (0.2x SSC, 0.1% SDS).

Terminator exonuclease treatment

Terminator exonuclease treatment was done according to
manufacturer manual. One microgram of total RNA from

stationary phase was mixed with 1 unit TEX (Lucigen) and
4 units of RNasin Plus RNase inhibitor (Promega) in buffer
A and incubated at 30°C for 60 min. Treated RNA was then
phenol—chloroform extracted and precipitated in 2.5 vol-
umes of 100% ethanol and 0.3 M sodium acetate.

In vitro transcription

FimR2, FimR2 mutants, and FimR2 precursors DNA tem-
plates were generated by PCR with primers containing
the T7 promoter sequence (Splemental Table S2). Af-
ter PCR cleanup with Wizard® SV Gel and PCR Clean-
Up (Promega), RNAs were transcribed by T7 polymerase
as described (41). For crosslinking experiments, transcrip-
tion was carried out using 4-thio-uridine (Jena Bioscience).
All transcripts were purified by gel filtration with G-25
sephadex (Sigma). For 5-end labelling for EMSA exper-
iments and crosslinking experiments, in vitro transcribed
FimR2 RNAs were dephosphorylated using CIP (New Eng-
land Biolabs) at 37°C for 30 min. RNA was purified by
phenol-chloroform extraction and precipitation in ethanol.
RNA was then further purified by size-exclusion elec-
trophoresis and 5-end labelled with PNK (Thermo Fisher
Scientific).

RNase E in vitro cleavage assay

The purified amino-terminal domain of RNase E was pro-
vided by B. F. Luisi (University of Cambridge). The fol-
lowing assay was carried out as described (42) with some
modifications. Briefly, in vitro transcribed FimR2 precursors
were treated with RppH (New England Biolabs) in NEB
Buffer 2.0 to remove a pyrophosphate from the triphospho-
rylated 5'-end of the RNAs to generate RNase E cleavage
templates containing a monophosphate at the 5'-end (43).
The reaction was carried out at 37°C for 30 min then puri-
fied with a phenol-chloroform extraction. For in vitro cleav-
age, RNA was heat-denatured at 95°C for 1 min then in-
cubated at room temperature for 10 min. Afterwards, 300
mM RNA was mixed with RNase E buffer (25 mM Tris
pH 7.5, 50 mM NaCl, 50 mM KCI, 10 mM MgCl,, 1 mM
DTT), 4 units of RNasin Plus RNase inhibitor (Promega),
and with or without 300 mM CsrA-His;o. The reactions
were incubated at 30°C for 10 min then RNase E was added
to a final concentration of 300 nM (+), 600nM (++) or
900 nM (+++). The reactions were then incubated at 30°C
for an additional 30 min then phenol-chloroform extracted.
RNA samples were precipitated at —20°C overnight in 2.5
volumes 100% ethanol, 0.3 M sodium acetate and gly-
coblue (Thermo Fisher Scientific). Precipitated RNA was
resuspended in 2x RNA loading dye, resolved on de-
naturing polyacrylamide gels, and analyzed by northern
blotting.

Co-immunoprecipitation and protein purification

CsrA-Hisjo was overexpressed in exponential phase using
IPTG. For co-immunoprecipitation experiments, 50 ml cul-
tures were harvested on the following day (24 h, station-
ary phase) from E. coli K-12 and K-12/pBbE6k-CsrA-
Hisyo and from Salmonella serovar Typhimurium SL1344



sub-strain SB300 and SB300/pBbE6k-CsrA-His;o. SB300
pellets were resuspended in phosphate buffered saline
(1x PBS) and crosslinked in 0.37% formaldehyde for 15
min on ice. Quenching was done with 0.125 M glycine for 5
min at room temperature. Samples were briefly centrifuged
to collect pellets. Thereafter, K-12 and SB300 pellets were
treated similarly. Bacterial pellets were lysed in lysis buffer
(50 mM NaH,POy4, 300 mM NaCl, 10 mM imidazole at
pH 8.0), 1 mg/ml lysozyme and 10 mM VRC (New Eng-
land Biolabs) for 30 min on ice. After sonication (6 rounds
of 10 s, with 10 s pausing on ice in between), lysates were
passed through a narrow-gauge needle to disrupt genomic
DNA. Cell lysates were cleared through centrifugation at
10 000 x g for 30 min. Cleared lysates were incubated with
Ni-NTA resin (Qiagen) at 4°C on a roller shaker. Lysates
were loaded on Poly-Prep chromatography columns (Bio-
Rad) and flow-through fractions were collected. Columns
were washed twice in wash buffer (50 mM NaH,PO,, 300
mM NaCl, 20 mM imidazole at pH 8.0). Beads were resus-
pended in elution buffer (50 mM NaH, POy, 300 mM NacCl,
250 mM imidazole at pH 8.0). For all the collected frac-
tions (input, flow-through, beads), samples were taken for
western blot analysis and leftovers were used for RNA ex-
traction using phenol-chloroform. Protein samples were an-
alyzed by western blotting and RNA samples by northern
blotting.

For CsrA-Hiso purification, 100 ml cultures were har-
vested 4 h following induction in exponential phase. Pel-
lets were lysed in native lysis buffer, 1 mg/ml lysozyme and
10 mM PMSF for 30 min on ice. After sonication and dis-
ruption of genomic DNA as described before, lysates were
cleared by centrifugation. CsrA-Hisjy was then purified as
described in the section on co-immunoprecipitation and
using the Qiaexpressionist handbook. All fractions were
analyzed by SDS-PAGE. Fractions containing CsrA-Hisj
were further confirmed by western blotting using mouse
anti-His antibody (Protein Tech). Dialysis was performed
overnight at 4°C in dialysis buffer (50 mM Tris—HCI pH 8.0,
150 mM NacCl, 10% glycerol, ] mM DTT) and using Spec-
trum Spectra/Por 3 RC dialysis membrane tubing. Protein
yield was quantified using Pierce BCA protein assay kit
(Thermo Fisher Scientific).

Western blotting

For protein  expression, purification and co-
immunoprecipitation experiments, 5 .l of cell suspension
or fractions were mixed with equal volume 2x Laemmli
buffer and heated at 95°C for 5 min then loaded on 10-15%
SDS-PAGE gels. For RFP assays, 30 wg total cleared cell
lysates were mixed with 4x Laemmli buffer, boiled and
loaded on SDS-gels. Protein samples were transferred
to a nitrocellulose membrane (Sigma) using a semi-dry
blotter (V20-SDB, Scie-Plas). Membranes were blocked
in 1x PBSTM (1x PBS, 0.1% tween, 5% nonfat milk)
for 1 h at room temperature on a shaker. Membranes
were then incubated with the primary antibody prepared
in 1x PBST in 1:5000 dilution, overnight at 4°C on a
rotary shaker. Membranes were washed three times in
1x PBST then incubated for 1 h at room temperature with
Licor anti-mouse antibody (1:20 000). After three washes,
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membranes were dried then scanned with a Licor scanner
and visualized using ImageQuant software.

Crosslinking experiment

In vitro transcribed FimR2 sRNA containing 4-thio-Us was
denatured at 95°C for 2 min then allowed to refold at room
temperature for 10 min. The SRNA was then incubated with
30 pg total cell lysates extracted and quantified as described
for protein extraction. Incubation was done at 37°C for 30
min. Samples destined for crosslinking were incubated on
ice for 15 min under a UV lamp (365 nm). Control samples
were incubated on ice without exposure to light. Proteinase
K (Roth) treatment was done at 37°C for 15 min. All sam-
ples were heated at 95°C for 5 min then loaded on an SDS-
PAGE for analysis. The gel was stained in a Coomassie so-
lution, destained in destaining buffer (50% methanol, 10%
acetic acid), and then dried on Whatman paper and exposed
to a phosphor imaging screen overnight.

RNA EMSA

EMSA experiments were performed as described in
Yakhnin et al. (44). 5-end labelled RNAs of FimR2 or
FimR2 mutants were heated at 85°C for 3 min then allowed
to refold for 10 min at room temperature. RNAs were then
incubated with or without CsrA-Hisjy in binding buffer
(100 mM Tris—HCl pH 7.5, 100 mM MgCl,, 1 M KCl), and
reaction mixture (7.5% glycerol, 0.2 g yeast tRNA, 0.5%
bromophenol native dye, 20 mM DTT, 0.04 U RNasin Plus
RNase inhibitor). CsrA-Hiso was diluted in dilution buffer
(10 mM Tris—HCI pH 7.5, 2 mM DTT, 10% glycerol). Re-
actions were incubated at 37°C for 30 min then loaded on a
10% native gel (10% acrylamide, 2.5% glycerol, 0.5x TBE)
and run for 1 h at 200 V. The gel was then wrapped in plastic
foil and exposed to a phosphor imaging screen at —20°C.

RACE

5’- and 3’-RACE experiments were conducted using the
FirstChoice™ RLM-RACE Kit (Invitrogen) and as per
manual description. Twenty micrograms of total RNA were
separated on an 8% denaturing polyacrylamide gel and us-
ing Riboruler LR RNA ladder (Thermo Fisher Scientific),
gel pieces corresponding to RNA bands in the range of 20—
50 nucleotides were cut, crushed, and eluted overnight at
4°C in elution buffer (0.3 M sodium acetate pH 5.5, 1 mM
EDTA). On the following day, the supernatant was pre-
cipitated in 100% ethanol. RNA was then poly-adenylated
using E. coli Poly(A)-Polymerase (New England Biolabs)
as suggested at 37°C for 30 min. RNA was then puri-
fied from reaction components by a phenol-chloroform ex-
traction. For 5-RACE experiments, 5-RACE adapter was
annealed to template RNA using RNA Ligase (Thermo
Fisher Scientific). cDNA synthesis was carried out using
SuperScript IV reverse transcriptase (Thermo Fisher Scien-
tific) with random hexamer primer (Thermo Fisher Scien-
tific) with 10-min cycles at 23, 55 and 80°C. For 3’-RACE
experiments, 3'-RACE adapter was used as a primer for
cDNA synthesis using Superscript IV with 10-min cycles
at 55°C and 80°C. FimR2S-specific primers were then used
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in combination with 5'-RACE and 3’-RACE outer primers
in a first amplification step, and 5-RACE and 3-RACE
inner primers in a second amplification step. PCR reac-
tions were carried out using a homemade Taq Polymerase.
PCR products were purified using Wizard® SV Gel and
PCR Clean-Up (Promega) and ligated into the pGEM-T-
Easy vector (Promega) using supplied DNA Ligase. Lig-
ated products were transformed into XL1-Blue compe-
tent cells. Plasmid extraction was done with Wizard® Plus
SV Minipreps DNA Purification System (Promega). In-
serts were sequenced using T7 universal primer from Mi-
crosynth.

RT-qPCR

RT-qPCR was conducted as described (23). One microgram
of total RNA from all experimental conditions were treated
with DNase [ (Thermo Fisher Scientific) to digest DNA, ac-
cording to the manufacturer’s protocol. Samples were then
reverse transcribed into cDNA with SuperScript™ IV One-
Step RT-PCR System (Invitrogen) and random primer hex-
amers (Thermo Fischer Scientific). After reverse transcrip-
tion, cDNA samples were treated with RNase H (NEB) to
hydrolyze leftover RNA. qPCR was done using GoTaq®
gPCR Master Mix (Promega), 50-fold diluted cDNA, and
a final concentration of 250 nM to 1 M of oligonucleotides.
All primer pairs used for gPCR analysis were optimized us-
ing a standard curve. qPCR reactions were prepared by the
CAS-1200 Corbett robot (Corbett Robotics) and analyzed
using the Rotor Gene 6000, with suggested standard cycling
conditions. recA was used as an internal control for the nor-
malization of gene expression. All three biological replicates
used for this analysis were run in duplicates. The 2~2ACT
method was used to calculate the fold-change relative to the
control (45). The mean log, fold-change and standard error
of the mean were computed.

PCR

To confirm that the deletion strains acquired from the
KEIO collection contain a kanamycin cassette instead of
the ORF of the deleted locus, PCR amplification was done
using oligonucleotides K1 and K2 combined with gene-
specific primers (see Supplementary Table S2) as suggested
in Datsenko and Wanner (37), and using home-made Taq
Polymerase. For genomic DNA preparation, 1.5 mL of bac-
terial culture were lysed with 1.2 mg/ml Proteinase K (Roth)
and 6% SDS in TE buffer (10 mM Tris—HCI pH 8.0 and 1
mM EDTA), at 37°C for 1 h. Genomic DNA was then ex-
tracted with basic phenol-chloroform extraction and pre-
cipitated in 2.5 volumes of 100% ethanol and 0.3 M sodium
acetate.

Fluorescence assay

For RFP experiments, 500 wl of cultures, in two technical
replicates and three biological replicates were pipetted into
a 48-well plate (cellstar) following induction with IPTG and
Tetracyclin. Fluorescence and ODgj were measured using
a Tecan plate reader with parameters corresponding to an

RFP excitation at 584 nm and emission at 607 nm. Back-
ground fluorescence from bacterial strains with sSRNA over-
expression plasmids and target-RFP expression plasmids
were subtracted from experimental data.

For sicA-GFP, analysis was done similarly and GFP flu-
orescence was measured using Tecan plate reader with GFP
excitation at 488 nm and emission at 525 nm. As FimR2S-S
overexpression does not cause biofilm formation, fluores-
cence measurements were divided over ODgg of cultures
(also measured using a Tecan plate reader) to obtain ab-
solute fluorescence. Background fluorescence from SB300
cells normalized over ODgyy was subtracted from experi-
mental samples.

Biofilm assay

Biofilms assays were conducted as described in Merritt ef al.
(46) with minor modifications. Bacterial strains were di-
luted 1:100 from overnight cultures into fresh LB medium.
At ODgpp = 0.4, 200 ul of culture were inoculated in 96-
well flat bottom microtiter plates (cellstar) for 2 h at 37°C
(for exponential phase samples) and 22 h (for stationary
phase samples). Planktonic bacteria were then removed by
two washes with H,O. Biofilms were then stained with 0.1%
crystal violet in water for 15 min at room temperature. Wells
were washed three times with H,O and crystal violet was
solubilized with a solution of 80% ethanol and 20% ace-
tone. ODg of solubilized crystal violet was measured using
Vmax microplate reader (LabX Molecular Devices).

For micrographs, 500 wl of cultures were inoculated in
12-well flat bottom plates (TPP) mounted with a coverslip
and incubated as indicated for liquid culture-based biofilm
assays. Coverslips were then washed with H,O and stained
with 0.1% crystal violet as described. Dried coverslips were
mounted on glass microscope slides and visualized using a
Leica Microscope.

Scanning electron microscopy

For visualizing bacterial cells in suspension by scanning
electron microscopy, 150 w1 of bacterial cells were taken
from growing cultures 2 h after reaching ODgyp = 0.4 (expo-
nential phase) and 22 h post-inoculation (stationary phase).
For inspecting biofilm potential, 1 ml of bacterial cells were
inoculated in 24-well plate (TPP) mounted with 12 mm cov-
erslips at ODgo9 = 0.4. Plates were incubated at 37°C for 2 h
(exponential phase) or 22 h (stationary phase), under static
conditions. Bacterial cell fixation was done as described in
(47). Briefly, cell pellets and coverslips were washed with
0.1 M sodium cacodylate (pH 7.2) and fixed in 2% glu-
taraldehyde in sodium cacodylate buffer for 2 h at room
temperature. Washes were done with 0.1 M sodium ca-
codylate and samples were further fixed with 2% osmium
tetroxide in sodium cacodylate for 2 h at room tempera-
ture. After washing with water, the samples were dehydrated
in increasing concentrations of ethanol (30%-100%). Sam-
ples were then resuspended or immersed in hexamethyl-
disilazane and dried on metal SEM holders. Samples were
sputter-coated with gold and visualized with a Zeiss Gemini
450 microscope operating at 5 kV.



HelLa infection assay

HeLa invasion assays were carried out as described in
(48). Bacterial inocula for infection were cultured in LB
medium with 0.3 M NaCl from overnight cultures at 37°C
until ODssy = 0.6. Induction of SB300 strains containing
pBbE6k-fimRS2-S was done with IPTG at ODssyp = 0.4.
Stationary phase samples were taken 24 h post-inoculation.
HeLa (Kyoto) cells were seeded into 24-well plates (TPP)
and grown in Dulbecco modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) for 24 h at
37°C. Before infection with SB300 cells and derivatives, ad-
herent cells were washed then incubated in Hank’s buffered
salt (HBSS) for 10 min. Infections were carried out using
3 x 10° CFU of bacteria per well, for 50 min at 37°C. Extra-
cellular bacteria were inactivated by the addition of DMEM
containing 10% FBS and gentamicin (400 pwg/ml) and sub-
sequent incubation at 37°C for 30 min. HeLa cells were then
washed in PBS and lysed in 0.1% sodium-deoxycholate in
PBS to release intracellular bacteria. The initial bacterial
inocula and intracellular loads were quantified on LB/agar
plates containing Streptomycin and/or Kanamycin.

CopraRNA analysis

The analysis was done using default parameters of
CopraRNA (49) and with a search for target inter-
actions 300 nucleotides upstream and downstream
of mRNA start codons. As a search input, the first
18 nucleotides of the FimR2 sequence were used (5'-
UUCAGGGACGUCAUUACG-3).

MFold prediction

FimR2 secondary structure was predicted using MFold al-
gorithm (50) with default values used for all parameters.
The structure with the lowest predicted free energy is shown
in this study.

Statistical analysis

Unpaired two-tailed t-test was used with Welsh’s correction
for all significance analysis and was conducted in Graph-
pad Prism. All analysis P-values are indicated in the figure
legends.

RESULTS
FimR2 is abundantly expressed in various E. coli strains

We were intrigued by the abundant expression of FimR2
in stationary phase (23) knowing that the polycistronic
mRNA fimAICDFGH is not expressed in this phase as pre-
viously reported (51). Indeed, we confirmed that the phase-
dependent expression of FimR?2 is coupled to the concomi-
tant downregulation of fimAICDFGH expression (Figure
1A). FimR2 is conserved across various E. coli strains and
within enteric bacteria (Figure 1B) suggesting an important
role for this SRNA. Thus, we evaluated the expression of this
sRNA by northern blotting in five extended spectrum beta-
lactamases (ESBL)-producing recent human isolates of E.
coli (52) (Figure 1C). All five isolates retain the genomic se-
quence of fimR2, and four of which expressed the SRNA
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in stationary phase to varying extents in comparison to the
K-12 strain (Figure 1C). Extending our experiments also
to pathogenic E. coli strains revealed an abundant expres-
sion of FimR2 in a verrotoxin-producing E. coli (VTEC)
and two UPEC strains in a phase-dependent manner (Fig-
ure 1D).

FimR2 is an RNase E-dependent sSRNA

The abundant expression of FimR?2 in stationary phase of
E. coli raises questions about the mechanism of its bio-
genesis. Deletion of the alternative sigma factor RpoS (53)
did not abolish FimR2 expression (Supplementary Figure
S2A). Furthermore, expression of FimR2 was not dimin-
ished by a fimA deletion (Supplementary Figure S2B) which
abolishes a predicted internal transcription start site (TSS)
(54). These findings suggested that FimR?2 is not a primary
transcript and indicated this SRNA as a processing prod-
uct of fimAICDFGH. If this were the case, the expression
of fimAICDFGH, which is governed by the two recombi-
nases FimB and FimE (Supplementary Figure S1) (8), is
a prerequisite for FimR2 biogenesis. Knockout of FimB,
which allows both ON and OFF inversions to take place,
abolished FimR2 expression in stationary phase (Supple-
mentary Figure S2C). However, the knockout of the phase-
OFF-specific recombinase FimE led to a prominent up-
regulation of FimR2 in both exponential and stationary
phase (Supplementary Figure S2C). Additionally, FimR2
processing intermediates with various sizes accumulated ex-
clusively in exponential phase upon fimFE deletion (Supple-
mentary Figure S2C). These experiments suggested that the
biogenesis of FimR2 necessitates the prior expression of fi-
mAICDFGH and that FimR2 is most likely cleaved from
this transcript by an endonuclease specifically in stationary
phase.

Knockout of RNase I, PNPase, RNase G, RNase R,
RNase HI or RNase HII did not affect FimR2 levels during
stationary phase (Supplementary Figure S2D). Similarly,
a mutation that impairs RNase III function (55) did not
change FimR2 abundance (Supplementary Figure S2E). A
key endoribonuclease that is involved in mRNA turnover
in stationary phase and in SRNA biogenesis is RNase E
(13). RNase E cleavage generates RNA molecules with
a monophosphate at the 5-end (19). Similarly to rRNA,
FimR2 was sensitive to TEX treatment, an exonuclease
preferentially degrading RNA with a 5 monophosphate,
but not an in vitro transcribed tRNA fragment (tRF) with a
S'-triphosphate (Figure 2A). These findings suggested that
FimR2 is processed and retains a 5'-end signature typical
for RNase E cleavage. In support, FimR2 could not be
efficiently processed in the RNase E temperature-sensitive
strain rne3071~" but was generated in the K-12 strain
at the non-permissive temperature (Figure 2B). Simulta-
neously, the precursor of the RNase E-dependent sSRNA
ArcZ (42) accumulated in the rne3071~" strain at the non-
permissive temperature. This confirmed the role of RNase
E in FimR2 processing. To further corroborate these find-
ings, we used the purified catalytic domain of RNase E (56)
in an in vitro cleavage assay with a FimR2 precursor con-
taining extensions on both ends. Incubation of the FimR2
precursor with increasing amounts of RNase E led to the
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Figure 1. FimR2 is expressed in various E. coli strains. (A) Northern blot showing FimR2 and fimAICDFGH expression in the K-12 E. coli strain in
exponential (E) and stationary (S) phase, respectively. Ethidium bromide staining of 5S rRNA and 23S rRNA are shown as loading controls on an 8%
denaturing polyacrylamide gel and 1.2% agarose gel, respectively. Estimated transcript sizes are shown on the left in nucleotides. (B) Alignment of the
FimR2 sequences from various enterobacterial strains. Sequential numbers indicate nucleotide positions. Dots indicate nucleotide mismatches compared
to the K-12 strain. (C) Northern blot showing FimR2-phase dependent expression in ESBL E. coli strains. Total RNA samples from E (exponential phase)
and S (stationary phase) are shown. Ethidium bromide staining of 5S rRNA is shown as a loading control. D. Northern blot analysis of FimR2 expression
in VTEC, UPEC-1 and UPEC-2 strains. Total RNA samples from different time points of bacterial growth, 2, 24 and 48 h, are shown. Ethidium bromide

staining of 5S rRNA is shown as a loading control.

cleavage of the precursor to an intermediate size of about
40 nt (Figure 2C). Taken together, these findings suggest
that RNase E governs FimR2 biogenesis from the parental
SfimAICDFGH transcript in stationary phase, adding
FimR2 to the emerging class of 3’ UTR-derived sRNAs
(57,58).

FimR2 promotes stationary phase-dependent biofilm forma-
tion and alters bacterial morphology

To gain insight into possible FimR2 functions, we ectopi-
cally expressed this SRNA in an inducible manner dur-
ing exponential phase (23). Strikingly, FimR2 expressing
strains aggregated in culture, a phenotype with no coun-
terpart in the control strain (Figure 3A). Furthermore,
the aggregated cellular suspension forms strongly adher-
ing biofilms at the bottom and edges of the flask, sug-
gesting that FimR2 overexpression causes biofilm forma-
tion. To inspect this phenotype further, we performed scan-
ning electron microscopy (SEM) of the FimR2 overexpress-
ing strain grown in microtiter plates mounted with cover-
slips. SEM revealed significant crowding of the coverslip
with multiple embedded cells for the FimR2 overexpres-
sion strain, and only a modest bacterial population for the
control strain, which overexpressed an unrelated RNA se-

quence (Figure 3B). We further corroborated these findings
using quantitative biofilm assays and a gentler qualitative
biofilm assay of bacterial cells grown on coverslips. Both
approaches confirmed that FimR2 overexpression in expo-
nential phase causes biofilm formation (Figure 3C, D). In-
terestingly, both wild-type (WT) and fimR2 genomic dele-
tion (AfimR2) strains formed biofilms in stationary phase
(Figure 3C, D) while AfimR2 showed markedly reduced
biofilm formation potential compared to the WT strain. Ge-
netic complementation of fimR2 deletion (AfimR2/fimR2)
through ectopic expression of this SRNA restores biofilm
formation to WT levels (Figure 3C, D). Interestingly, the
fimE deletion strain, a strain transcribing the fimAICDFGH
operon constitutively, phenocopied FimR2 overexpression
in exponential phase and caused prominent biofilm forma-
tion (Supplementary Figure S2F, G).

To further validate the involvement of FimR 2 in this phe-
notype, we carried out mutagenesis studies. MFold anal-
ysis predicted FimR2 to contain a single-stranded region
and a stem-loop secondary structure (Supplementary Fig-
ure S3A). Mutations that individually disrupt the stem or
the loop of this hairpin destabilized the SRNA and conse-
quently eliminated the biofilm formation (Supplementary
Figure S3B-D). A FimR2 compensatory mutant that al-
lows the re-establishment of the stem-loop structure was
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Figure 2. FimR2 is processed by RNase E. (A) Ethidium bromide staining of ribosomal RNA and 5'-triphosphorylated tRNA fragment, and northern
blot analysis of FimR2 upon TEX treatment. Total RNA samples were untreated (control), incubated with buffer, or with TEX. (B) Northern blot analysis
of FimR2 and ArcZ sRNAs expression in WT (wild-type) and rne3071~" (RNase E temperature-sensitive) strains. E and S denote total RNA samples
extracted from exponential phase and stationary phase, respectively, and from incubations at the indicated temperatures. Ethidium bromide staining of
5S rRNA is shown as a loading control. (C) Northern blot analysis of FimR2 following in vitro cleavage of a 5'- and 3’-extended precursor with (+) and
without (-) increasing amounts of RNase E. (D) Northern blot analysis of FimR2 following in vitro cleavage of a 5'- and 3’-extended precursor with (+)
or without (—) RNase E and CsrA. (E) Northern blot analysis of FimR2 following in vitro cleavage of the sSRNA and its precursors carrying a 5'-extension
or a 3’-extension with (+++) or without (-) RNase E. In panels (B-E), nucleotide sizes are indicated in numbers on the left.
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solubilized crystal violet-staining from six biological replicates from WT (wild-type), Control OE, FimR2 OE (FimR2 overexpression), AfimR2 (fimR2
deletion), and AfimR2/fimR2 (fimR2 complementation) strains. Samples are shown from exponential (E) and stationary (S) phase. Unpaired two-tailed
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violet, under conditions mentioned in (C). Scale bar = 25 pm.

stably expressed and functional in eliciting biofilm forma-
tion albeit to a lesser extent than the wild-type sequence
(Supplementary Figure S3B-D). We conclude that this sec-
ondary structure likely exists in vivo and contributes to
FimR2 stability, and thus possesses functional relevance to
propagate biofilm formation.

We next evaluated bacterial morphology and outer mem-
brane architecture using SEM. These experiments revealed
that bacterial cells derived from exponential growth phase
were elongated and displayed flagella, fimbriae, and pili
(Figure 4A). In contrast, bacterial cells in stationary phase
were more ovoid and naked, displaying curli fimbriae (59)
and PGA (poly-B-1,6-N-acetyl-D-glucosamine) (60) (Fig-
ure 4B). Strikingly, FimR2 overexpressing strains in ex-
ponential phase displayed pronounced aggregation and
PGA synthesis and adopted a stationary phase-like mor-
phology while the control overexpressing strains resem-
bled exponentially growing cells (Figure 4C,D). AfimR2
and AfimR2/fimR2 strains significantly diverged in their

morphologies from one another, although both strains
were in stationary phase. AfimR2 exhibited exponential
phase-like morphologies with extensive flagellation, while
AfimR2/fimR2 mimics wild-type stationary phase physiol-
ogy (Figure 4E, F). These SEMs thus showed that FimR2
expression and FimR2 deletion resulted in opposing mor-
phologies on the extreme ends of a spectrum that sepa-
rates stationary from exponentially growing cells, with con-
trol overexpressing and FimR2 compensation strains lying
in the middle and behaving like their wild-type counter-
parts in their respective stages. In this manner, FimR?2 ap-
peared to trigger a significant outer membrane architecture
remodeling, a critical process in the transition to stationary
phase.

FimR2 regulates cell motility and stationary phase biology

As bacterial SRNAs regulate mRNA targets at the post-
transcriptional level (13), we searched for potential FimR2



exponential phase
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Figure 4. FimR2 alters bacterial outer membrane architecture. Scanning electron micrographs of E. coli K-12 strains in (A) WT exponential phase, (B)
WT stationary phase, (C) Control OE (Control overexpression) in exponential phase, (D) FimR2 OE (FimR2 overexpression) in exponential phase, (E)
AfimR2 in stationary phase and (F) AfimR2/fimR2 in stationary phase. Scale bar = 500 nm.

sequence complementary targets using CopraRNA (49).
Guided by the observed FimR2-dependent phenotype a
subset of the predicted 200 targets were selected for ex-
perimental validation. Multiple predicted targets (fiJ, fliG,
il and fliR) are mRNAs coding for flagellar biosynthesis
proteins (61) (Figure 5A; Supplementary Figure S4A-C)
three of which (ffiJ, fliG and flil) are part of the same operon
(62). Additionally, one of the top candidates, 20fQ (Supple-
mentary Figure S4D), is a poorly characterized importer of
exogenous DNA to be used in catabolic reactions in sta-
tionary phase (63). RT-qPCR revealed the flagellar biosyn-
thesis operon and f7iR to be downregulated upon FimR2
overexpression during exponential growth, a pattern resem-
bling the canonical expression of these messages in station-

ary phase (Figure 5B; Supplementary Figure S4B, C). hofQ
was upregulated upon FimR2 overexpression during expo-
nential phase (Supplementary Figure S4D). AfimR2 per-
turbed the stationary phase expression pattern of all can-
didates while in the AfimR2/fimR2 strain the stationary
phase-specific expression was restored (Figure 5B; Supple-
mentary Figure S4A-C).

Furthermore, reporter assays showed that FimR2 over-
expression, and not that of the stably expressed but non-
functional FimR-CU mutant (Figure 5A, C), or the FimR 2-
AA mutant (Figures 5A,E), downregulated fliJ-RFP ex-
pression by almost 80% (Figure 5D, F). As FimR2 over-
expression caused cell aggregation and biofilm forma-
tion (Figure 3A), fluorescence measurements were addi-
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Figure 5. FimR2 regulates fliJ mRNA at the post-transcriptional level. (A) FimR2-f/iJ predicted interaction. Positions of mutated nucleotides are indicated
in red or purple and the introduced nucleobase changes in green (FimR2-CU mutant) or blue (FimR2-AA mutant). (B) RT-qPCR analysis of ffiJ in WT,
Control OE, FimR2 OE, AfimR2 and AfimR2/fimR2 strains. Total RNA samples from E (exponential phase) and S (stationary phase) are shown. Mean
log; fold change + SEM are shown from 3 biological replicates. log, fold change was based on comparison with WT E samples. Unpaired two-tailed t-test
with Welch’s correction was used to determine significance with n.s and * indicating not significant and significant results, respectively. The P-values are
0.0373, 0.0128 and 0.6379, respectively. (C) Northern blot analysis of FimR2 and FimR2-CU (left) showing the expression of the sSRNAs upon induction
with IPTG, using two distinct probes that anneal differently to each sSRNA. Ethidium bromide staining of 5S rRNA is shown as a loading control. Pictures
of bacterial cultures from the same conditions (right) showing the aggregation upon FimR2 overexpression. (D) Mean + SD of fluorescence of the fliJ-
RFP fusion protein following control, FimR2 or FimR2-CU overexpression (top) and RFP western-blot of the same samples (bottom). Three biological
replicates were used for these experiments and background fluorescence from individual SRNA overexpression strains were subtracted from experimental
values. Unpaired two-tailed z-test with Welch’s correction was used to determine significance with n.s. and * indicating not significant and significant results,
respectively. The P-values are as follows: 0.0112, 0.0268 and 0.2153. (E) Northern blot analysis of FimR2 and FimR2-AA (top) showing the expression of
the SRNASs upon overexpression of either SRNA or a control plasmid. Ethidium bromide staining of 5S rRNA is shown as a loading control. The asterisk
(*) refers to both FimR2 and FimR2-AA (a single probe that anneals to both sSRNAs was used). Pictures of bacterial cultures from the same conditions
(bottom) showing the aggregation upon FimR2 overexpression. (F) Mean 4 SD of fluorescence of the fliJ-RFP fusion protein following control, FimR2 or
FimR2-AA overexpression (top) and RFP western-blot of the same samples (bottom). Three biological replicates were used for these experiments and
background fluorescence from individual SRNA overexpression strains were subtracted from experimental values. Unpaired two-tailed -test with Welch’s
correction was used to determine significance with n.s. and * indicating not significant and significant results, respectively. The P-values from bottom to
top are as follows: 0.0003, 0.0250 and 0.0892.

tionally validated by western blotting (Figure 5D, F),
and these experiments fully confirmed the fluorescence
data.

Taken together, these findings showed that FimR2 acts
as a trans-acting sSRNA, inhibiting the expression of fIiJ
and potentially other transcripts involved in motility (fiG,
il and fliR), thereby eliciting biofilm formation. Concomi-
tantly, FimR2 promotes the expression of /0fQ, providing
means for the stressed bacterium to import foreign DNA
for catabolic reactions.

FimR2 interacts with CsrA

We next evaluated the dependence of FimR2 on known
RNA chaperones by monitoring its stability following &fg
and proQ deletions. FimR2 abundance was unaffected in
stationary phase in the absence of either chaperone Hfq and
ProQ (Supplementary Figure SSA). Furthermore, FimR2

was not recovered in RIL-seq analyses of both chaperones
(64). Taken together, these observations suggested that, un-
like most trans-encoded sSRNAs, FimR2 acts independently
of both Hfq and ProQ. Another prominent bacterial RNA-
binding protein (RBP) is the translational regulator CsrA
that is involved in a plethora of cellular activities (65). Inter-
estingly, a recent CLIP-seq analysis revealed that CsrA in-
teracts with both the fimA4 sequence and the intergenic fimA-
fimlI region (66). Co-immunoprecipitation of ectopically ex-
pressed his-tagged CsrA in stationary phase revealed a sig-
nificant enrichment of FimR2 in the eluted fractions (Fig-
ure 6A). The known CsrA-interacting SRNA CsrB (67) was
also recovered in the same fractions. However, full-length
tRNA®Y and its 5-tRNA fragment, a stationary-phase en-
riched sSRNA that we previously recovered (23), were both
largely depleted from these fractions. Taken together, these
pulldown data suggested FimR2 and CsrA to interact
in vivo.
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Figure 6. FimR2 sequesters CsrA from its targets. (A) Northern blot of CsrB, 5-tRFSY and FimR2 (top) from CsrA-his;o ColP fractions (top) and
western blot of CsrA-hisjo from the same samples (bottom). Samples shown are taken from the stationary phase of growth of WT and OE (CsrA-hisjg
overexpression) strains. Ethidium bromide staining of 5S rRNA and tRNAs are shown as loading controls. (B) EMSA of radioactively labelled FimR2
with increasing concentrations of purified CsrA-hisjo. (C) EMSA of radioactively labelled FimR2-G23A-G24U (top) and FimR2-G24U (bottom) with
increasing concentrations of purified CsrA-hisjo. (D) EMSA of radioactively labelled FimR2 ssRegion mutant with increasing concentrations of purified
CsrA-hisjg (as in C). Upshifts in (B-D) are marked with red asterisks. (E) RT-qPCR analysis of pga4 and (F) flhDC expression from WT, Control OE, and
FimR2 OE. Samples from E (exponential phase) and S (stationary phase) are shown. Mean log, fold change + SEM are shown for both transcripts from
three biological replicates. log, fold change was based on comparison with exponential phase samples. Unpaired two-tailed 7-test with Welch’s correction
was used to determine significance with * indicating significant results. The P-values are (E) 0.0058 and 0.005, (F) 0.0221 and 0.0046.

To corroborate these findings, we carried out elec-
trophoretic mobility shift assays (EMSA) with in vitro tran-
scribed and 5'-end labelled FimR 2 and purified CsrA. These
EMSA experiments showed that FimR2 upshifts with in-
creasing concentrations of purified CsrA (Figure 6B). CsrA
favorably binds GGA motifs, with a preference to those lo-
cated in secondary structures (66). The FimR2 sequence
contains two GGA motifs with the first located in the single-
stranded region, and the second in the loop structure (Sup-
plementary Figure S5B), suggesting that the SRNA could
use both motifs to interact with a CsrA dimer. Mutations of

the GGA motif in the FimR2 stem-loop region, but not in
its single-stranded region (ssRegion), abolished association
with CsrA (Figure 6C, D). Notably, mutations in the FimR2
loop region did not destabilize the mutants (Supplemen-
tary Figure S5C) despite their loss of interactions with CsrA
(Figure 6C). Importantly, the overexpression of these loop
mutants in exponential phase still caused biofilm formation
(Supplementary Figure S5D). Taken together, these exper-
iments suggested that CsrA binds FimR2 at the stem-loop
region and that this interaction is dispensable for biofilm
formation.
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We next hypothesized that CsrA may be stabilizing
FimR2 and thus we altered cellular CsrA availability to
test FimR2 dependence on this RBP. CsrA is sequestered
from its targets through its interaction with SRNAs CsrB
and CsrC (67,68). These sSRNAs are degraded by RNase E
through the adaptor activity of CsrD (69). As such, dele-
tion of CsrD upregulated CsrB and CsrC expression but did
not affect FimR2 levels (Supplementary Figure S5E), sug-
gesting that the FimR2 interaction with CsrA is not crit-
ical for its stability. Subsequently, deletion of either CsrB
or CsrC sRNAs or both simultaneously did not boost
FimR2 expression (Supplementary Figure S5F). Therefore
CsrB/CsrC and FimR2 are functionally independent sR-
NAs and their binding to and modulations of CsrA are dis-
tinct. Furthermore, the addition of purified CsrA to in vitro
cleavage reactions did not enhance the RNase E-dependent
processing of the FimR2 precursor (Figure 2D). We thus
concluded that despite the FimR2/CsrA interaction, CsrA
does not stabilize FimR2 in vivo and thus this interaction
must be fulfilling another distinct function.

FimR2 has the potential for sequestering CsrA from its tar-
gets

The interactions of CsrA with sSRNA partners have largely
been associated with antagonizing mechanisms with the
sRNAs sequestrating the translational regulator from its
mRNA targets (67,68,70). We thus considered the hypoth-
esis that FimR2 is sequestering CsrA from its targets. In-
terestingly, SEM showed depletion of T1P under condi-
tions giving rise to prominent FimR2 expression (Figure
4B, D, F). Under similar conditions, RT-qPCR analysis re-
vealed significant downregulation of fimA and other indi-
vidual members of the fim polycistron (Supplementary Fig-
ure S6). CsrA has been shown to stabilize fimAICDFGH
(71) and to interact with the fim operon (66). In this man-
ner, the interaction of FimR2 with CsrA could be antago-
nizing this stabilization of the fim transcript, suggesting that
FimR2 is sequestering CsrA and antagonizing its activity.
Prominent morphological features seen following FimR 2
overexpression on SEM include increased PGA synthesis
and a dramatic loss of flagellation (Figure 4D). CsrA is
known to modulate both phenotypes by allowing premature
rho-dependent transcription termination of the pgaA BCD
transcript (72) and protecting the f/ADC transcript from
RNase E degradation (73). RT-qPCR analysis showed dra-
matic upregulation of pgad upon FimR2 overexpression
(Figure 6E), suggesting that binding of FimR2 to CsrA
prevented the latter from downregulating pgaA. In par-
allel, FimR2 overexpression downregulates f/hDC (Figure
6F) presenting the opposite scenario of the regulation by
CsrA. These two experiments present so far unknown ex-
amples of CsrA antagonisms by FimR2 and suggest that
FimR2 sequesters CsrA away from its targets in similar
fashions as reported for CsrB, CsrC, and other SRNAs (65).
Furthermore, this sequestration model is compatible with
the observed prominent biofilm formation upon FimR2
overexpression (Figure 3A), resembling those seen upon
CsrA deletion (74). Importantly, FimR2 appears to regu-
late biofilm formation in a dual mode since removing the
capability for sequestrating CsrA (by mutating the loop of

the hairpin structure; Figure 6C) still triggered biofilm for-
mation (Supplementary Figure S5D) by utilizing its single
stranded domain for mRNA target regulation.

FimR2 promotes S. enterica cell invasion

As the sequence of the sRNA is conserved in many FEs-
cherichia and Shigella species (Figure 1B), we wondered if
FimR2 is present in pathogens from the Salmonella genus.
RNase E was shown to cleave near the fimA stop codon
in S. enterica generating a small transcript (32) whose ge-
nomic locus is similar to that of E.coli FimR2 (Figure 7A).
We refer to this putative SRNA as FIimR2S to denote it as
the FimR2 variant in Salmonella. Northern blot analyses
demonstrated the expression of a ~30-nt RNA in late sta-
tionary phase in the assayed Salmonella strains (Figure 7B).
S. enterica often express T1P under laboratory growth con-
ditions (75). This suggests that the lower abundance seen
for FimR2S as compared to E. coliis due to the continuous
T1P expression in these Salmonella strains.

5-RACE experiments (Figure 7A) showed that this pu-
tative SRNA exists as a lower abundance, longer transcript
(FimR2S-L) that retains part of the fimm4 coding sequence,
and a shorter more abundant form (FimR2S-S) solely gen-
erated from the fimA-fiml intergenic space. To understand
the potential functions of FimR2S, we overexpressed both
variants in S. enterica and E. coli (Figure 7A) Strikingly,
overexpression of FImR2S-L, but not FimR2S-S in E. coli
caused biofilm formation (Figure 7C). Ectopic overexpres-
sion of neither of the two FImR2S variants in S. enterica
promoted biofilm formation. Similarly, the overexpression
of the E. coli FimR2 in S. enterica (Figure 7D) did not
promote biofilm formation. Taken together, these experi-
ments suggested that Salmonella FimR2S mimics FimR?2
functions in E. coli but FimR2S is not functional in S. en-
terica. Alternatively, FimR2S may have a different function
during stationary phase in S. enterica than in E. coli.

S. enterica infectivity largely relies on the secretion of sev-
eral effectors by the T3SS (2). Considering the effects of
FimR2 on biofilm formation (Figure 3A) and outer mem-
brane architecture (Figure 4D) in E. coli, we hypothesized
that the SRNA is involved in virulence gene regulation. SicA
is a critical T3SS chaperone that promotes the expression of
cell invasion-mediating effector proteins (76). Significantly,
FimR2S overexpression in Salmonella induced sicA-GFP
fusion protein (77) in a reporter assay (Figure 7E), sug-
gesting that the Salmonella SRNA 1is functional in promot-
ing SPI-1 T3SS expression. Next, we hypothesized that the
sRNA could regulate invasiveness. To test this, we infected
HeLa cells with wild-type S. enterica from both exponen-
tial and stationary phase and with the FimR2S overexpres-
sion strain (48). Using the isogenic mutant strain SB245,
which is invasion deficient as a negative control, we quanti-
fied the intracellular bacterial load following treatment with
gentamicin, which is membrane impermeable and conse-
quently kills non-invaded extracellular bacteria selectively.
According to this invasion assay, the FimR2S overexpress-
ing strain was markedly more invasive than either wild-
type strain (Figure 7F). To investigate possible mechanis-
tic similarities between FimR2 and FimR2S functions in
respect to the involvement of CsrA, we overexpressed a
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Figure 7. Salmonella FimR2S is involved in infection. (A) 5-RACE results mapped to S. enterica fimA sequence (top) and FImR2S expression plasmid
(bottom). fimA sequences from E. coli and Salmonella are shown with the stop codons indicated in red. The first 18 nucleotides of E. coli FimR2 are
underlined. The predicted sequence for RNase E cleavage (AAA) in the SalmonellafimA locus is underlined (32). Sizes of recovered transcripts are indicated
in bp (base pairs). (B) Northern blot analysis of FimR2S in four Salmonella strains and the E. coli K-12 strain. Total RNA samples from different time
points of bacterial growth, 48 and 72 h (hours), are shown. Ethidium bromide staining of 5S rRNA is shown as a loading control. (C) Pictures of Control
and FimR2S-L OE in E. coli (left) and northern blot analysis of FimR2S expression in S. enterica and E. coli upon overexpression of FimR2S-L and
FimR2S-S, the long and short FimR2S variants, respectively. Ctrl designate overexpression of the control. Ethidium bromide staining of 5S rRNA is
shown as a loading control. The size of the different RNA molecules is indicated on the left. (D) Northern blot analysis of FimR2 expression in S. enterica
under control and FimR2 OE conditions. Ethidium bromide staining of 5S rRNA is shown as a loading control. (E) Mean =+ SD of sicA-GFP fluorescence
without (Control) or with FimR2S OE from six biological replicates. Unpaired two-tailed 7-test with Welch’s correction was used to determine significance
with ** indicating significant results and P-value of 0.0086 as compared to the control samples. (F) Mean + SD of percentage of inoculum protected from
gentamicin treatment following infection of HeLa cells with an initial inoculum of SL1344 (SB300) from E (exponential phase) and S (stationary phase),
and FimR2S overexpression strains, from six replicate infections. Strain SB245 served as a non-invasive negative control. Calculations were done following
counting of colony forming units (CFU) of protected cells and initial inocula. Unpaired two-tailed z-test with Welch’s correction was used to determine
significance with * indicating significant results. The P-values are, in order, 0.0280 and 0.0010. (G) Northern blot of FimR2S (top) from CsrA-his;o ColP
fractions and western blot of CsrA-hisjo from the same samples (bottom). Samples shown are taken from the stationary phase of growth of WT (Control
OE) and OE (CsrA-his)( overexpression) strains. Ethidium bromide staining of 5S rRNA and tRNAs are shown as loading controls. (H) Quantitative
biofilm assay showing mean + SD ODgq of solubilized crystal violet-staining from three biological replicates from Control OE and CsrA OE strains.
Unpaired two-tailed #-test with Welch’s correction was used to determine significance with *** indicating significant results (P-value = 0.005).

His-tagged version of CsrA in Salmonella and used it for DISCUSSION
a co-immunoprecipitation assay. Figure 7G clearly con-
firms that, analogously to the situation in E. coli, also in
Salmonella FimR2S associates with CsrA in vivo. Interest-
ingly, ectopic overexpression of CsrA in Salmonella led to
a simultaneous upregulation of FimR2S from its chromo-
somal locus (Figure 7G) with the concomitant induction of
biofilm formation (Figure 7H). Therefore, these findings re-
vealed a further functional similarity of this sSRNA in E. coli
and Salmonella in respect to biofilm formation. Moreover,
the results suggested that FimR2S is a functional sSRNA in
S. enterica where it promotes invasion and internalization
of bacterial cells into human cells.

In this study, we functionally characterized FimR2, an
abundant and conserved RNase E-dependent sSRNA that
is specifically expressed in stationary phase of bacterial
growth. 3 UTR-derived sSRNAs have only been recently rec-
ognized as a novel group of regulatory molecules in various
bacterial species where they have been functionally linked
to adaptation processes during challenging environmental
cues (78). With the generated knowledge we confidently as-
cribe a master regulatory status to FimR2, a so far unchar-
acterized 3’ UTR-derived sSRNA that coordinates motility,
biofilm formation, stationary phase biology, and even viru-
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lence in E. coli and S. enterica, apparently without the assis-
tance of the two so far best characterized RNA chaperones
Hfq or ProQ (Figure 8).

The simultaneous modulation of biofilm formation,
motility, stationary phase biology, and even virulence is
not a trivial task. The success of FimR2 in these strenu-
ous activities and its ability to navigate several branches
within a complex regulatory network can be attributed to
two distinct features: FimR2 dual mode of function and
its abundance. Bacterial trans-encoded sSRNAs are efficient
and potent regulatory molecules as they typically employ
their single-stranded regions to base-pair and regulate var-
ious targets mRNAs at the post-transcriptional level (14).
Indeed, the range of FimR2 mRNA targets is very diverse
(Figure 5A, Supplementary Figure S4A-D) and includes
transcripts coding for flagellar proteins and porins, among
many others. Another mode by which FimR2 exhibits ut-
most efficiency is through its proposed sequestration of the
translational regulator CsrA. CsrA itself is a master regula-
tor of gene expression, governing diverse cellular processes
including motility, biofilm formation, virulence, quorum
sensing, metabolism, and oxidative stress (65). By seques-
tering CsrA from mediating its cellular functions, FimR2
automatically gains regulatory access to the CsrA-specific

expression network and navigates its intricate web, remodel-
ing its fibers in an antagonistic manner. Such a dual regula-
tory function has also been attributed to other sSRNAs such
as McaS (70). FimR2 is enriched in stationary phase, the
phase in which both well-characterized CsrA-binding sR-
NAs CsrB and CsrC are abundantly expressed (Supplemen-
tary Figure SSE, F) and have been described to be induced
(68,79). However, FimR2 binds CsrA with an apparently
weaker affinity than both CsrB and CsrC as FimR2 failed
to interact with CsrA when EMSA experiments were per-
formed with protein concentrations in the nanomolar range
as described by Weilbacher et al. (68) (data not shown).
This suggests that the abundance of the FimR2 sRNA plays
an important role in the sequestration of the CsrA. Ad-
ditionally, FimR2 overexpression caused the upregulation
of rpoS, the stationary phase-dependent RNA polymerase
sigma factor (23). While this inductive effect is likely in-
direct, as we do not observe a putative base-pairing site
for FimR2 within the rpoS mRNA sequence, it explains
the propensity of bacterial cells to form biofilms (Figure
3A) and to adopt stationary phase-like morphology (Fig-
ure 4B, D, F). Interestingly, overexpression of FimR2, but
not of the ssRegion mutants, in the rpoS deletion strain
caused biofilm formation (Supplementary Figure S7), sug-
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gesting that FimR2 may be regulating stationary phase bi-
ology through its interplay with RpoS, but not biofilm for-
mation. Future work is needed for a better understanding
of the mechanism by which FimR2 affects rpoS expression.
With the existence of these various parallel examples, it is
now more evident that bacterial species have evolved effi-
cient and elegant regulatory modes to rapidly adapt to un-
predictable environments.

FimR2 abundance is another feature contributing to its
potent effect. While the expression of such an abundant
RNA molecule would normally entail overwhelming energy
expenditure, FimR2 biogenesis constitutes another efficient
mechanism. As the accumulation of this SRNA occurs in
stationary phase, the RNase E-dependent processing event
likely overlaps with fimAICDFGH mRNA turnover dur-
ing the same growth phase. In vitro cleavage experiments
of a FimR2 precursor containing extensions at both the 5'-
and the 3’-ends generated a 40-nt intermediate RNA (Fig-
ure 2C, D). Furthermore, in vitro cleavage assays with to-
tal cell lysates generated the same 40-nt intermediate (data
not shown) suggesting the in vitro precursor transcript lack-
ing crucial determinants for complete processing, such as
post-transcriptional modifications or the establishment of
correct three-dimensional architecture. Experiments with
FimR2 transcripts containing an extension either at the 5'-
or the 3’-ends demonstrated cleavage thus indicating R Nase
E processing of FimR2 precursors from both ends (Figure
2E).

That FimR2 is a functional sSRNA independently of the
known RNA chaperones Hfq and ProQ is surprising as
most frans-encoded regulatory sSRNNAs in bacterial species
require a chaperone to maintain their stabilities or to anneal
to their target mRNAs (13). In variance, FimR2 interacts
with the bacterial translational regulator CsrA. Compatible
with this finding, CsrA and FimR2 (termed sRNA_00370 in
the study of Hor et al.) have been shown to co-migrate in the
same glycerol gradient fractions in E. coli (80). However, it is
also possible that FimR?2 associates with a so far uncharac-
terized RNA chaperone in vivo, a hypothesis in line with the
observed upshift patterns seen in crosslinking experiments
(Supplementary Figure S5G).

FimR2 promotes stationary phase biology, biofilm for-
mation and suppresses bacterial motility (Figures 3A, 5B,
D, 6E, F). All three processes have been shown to be im-
portant for bacterial virulence (11,81,82). Indeed, S. enter-
ica FimR2S promotes pathogen invasiveness (Figure 7F),
suggesting that the SRNA may play similar functions in the
pathogenic E. coli strains through its phase-dependent ex-
pression. The mechanism by which this SRNA promotes
S. enterica virulence is unclear. However, we hypothesize
that in S. enterica, FimR2S can function to sequester CsrA
from its targets in a comparable manner as in E. coli. The
upregulation of SicA and the increased invasiveness of S.
enterica upon FimR2S overexpression (Figure 7E, F) are
two phenotypes also displayed by S. enterica upon muta-
tion of CsrA (83). Like FimR2, FimR2S also retains two
GGA motifs that could be employed to interact with CsrA.
Furthermore, the 5 UTR of the Salmonella fim transcript
has been reported previously to interact with CsrA (84).
Similarly to the suggested scenario in E. coli, Salmonella
FimR2S could be sequestering the RBP from the 5’ UTR of
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its parental transcript. Support for this scenario comes from
co-immunoprecipitation experiments demonstrating inter-
action of FimR2S with CsrA in Salmonella (Figure 7G).
Another functional similarity between E. coli FimR2 and S.
enterica FimR2S is the fact that both SRNAs trigger biofilm
formation under overexpression condition (Figures 3 and
7G, H).

It appears that FimR2 is a conserved Enterobacterales
sRNA regulating diverse and biologically important pheno-
types relevant for stationary phase biology and/or infectiv-
ity. FimR2 might play an even more intricate role as global
regulator on the population level during infections, as it has
been demonstrated to be one of the most abundant secreted
RNA molecules in outer membrane vesicles (25). Therefore
our study can be regarded as steppingstone for future ded-
icated work on FimR2 for elucidating even more elaborate
mechanisms by which this tiny RNA molecule weaves its
regulatory network.
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