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ABSTRACT

In the plant-beneficial bacterium Pseudomonas putida KT2440, three genes have been identified that encode posttranscriptional
regulators of the CsrA/RsmA family. Their regulatory roles in the motile and sessile lifestyles of P. putida have been investigated
by generating single-, double-, and triple-null mutants and by overexpressing each protein (RsmA, RsmE, and RsmI) in different
genetic backgrounds. The rsm triple mutant shows reduced swimming and swarming motilities and increased biofilm formation,
whereas overexpression of RsmE or RsmI results in reduced bacterial attachment. However, biofilms formed on glass surfaces by
the triple mutant are more labile than those of the wild-type strain and are easily detached from the surface, a phenomenon that
is not observed on plastic surfaces. Analysis of the expression of adhesins and exopolysaccharides in the different genetic back-
grounds suggests that the biofilm phenotypes are due to alterations in the composition of the extracellular matrix and in the tim-
ing of synthesis of its elements. We have also studied the expression patterns of Rsm proteins and obtained data that indicate the
existence of autoregulation mechanisms.

IMPORTANCE

Proteins of the CsrA/RsmA family function as global regulators in different bacteria. More than one of these proteins is present
in certain species. In this study, all of the RsmA homologs in P. putida are characterized and globally taken into account to in-
vestigate their roles in controlling bacterial lifestyles and the regulatory interactions among them. The results offer new perspec-
tives on how biofilm formation is modulated in this environmentally relevant bacterium.

Proteins belonging to the CsrA/RsmA family are small (less
than 7 kDa) RNA-binding proteins that play key roles in the

regulation of gene expression in diverse Gram-negative and
Gram-positive bacteria. CsrA (carbon storage regulator) was first
described in Escherichia coli (1, 2), where it plays a major role in
controlling the intracellular carbon flux, acting as a negative reg-
ulator of glycogen metabolism and several enzymes involved in
central carbohydrate metabolism (3, 4). Members of the CsrA/
RsmA family have subsequently been found to be important ele-
ments in global posttranscriptional regulation in many other bac-
terial genera. In the opportunistic human pathogen Pseudomonas
aeruginosa, the CsrA homolog RsmA (repressor of secondary me-
tabolism) negatively regulates the production of virulence deter-
minants, such as hydrogen cyanide, pyocyanin, or LecA (PA-1L)
lectin, as well as N-acylhomoserine lactone (AHL) quorum-sens-
ing signal molecules (5, 6). In this bacterium, RsmA also represses
the translation of the psl operon, responsible for the synthesis of
one of the two main exopolysaccharides (EPSs) that contribute to
the extracellular matrix of biofilms in nonmucoid strains of P.
aeruginosa (7). RsmA promotes the planktonic lifestyle of P.
aeruginosa, functioning in opposition to the increase in the second
messenger c-di-GMP, which leads to a sessile lifestyle, and some of
the molecular elements connecting the two regulatory networks
are being characterized (reference 8 and references therein).

RsmA homologs act posttranscriptionally, often by binding to
mRNA at or near the ribosome-binding site, thus modulating
translation (9, 10). For example, in Pseudomonas fluorescens,
RsmA represses the production of hydrogen cyanide during expo-
nential growth by reducing the translation rate of hcnA, the gene
coding for hydrogen cyanide synthase. A specific sequence near
the ribosome-binding site was shown to be required for RsmA

activity to be evident on hcnA::lacZ translation (11). In E. coli,
CsrA mediates posttranscriptional repression of glycogen biosyn-
thesis by binding to the 5= leader transcript of glgC and inhibiting
its translation (12). CsrA can also act directly or indirectly as a
positive regulator of gene expression: in E. coli, it activates genes
involved in glycolysis and the glyoxylate shunt (13) and in flagellar
motility. In the last case, binding of CsrA to a 5=segment of flhDC
mRNA stimulates its translation and extends its half-life (14).

The effects of RsmA/CsrA are relieved by small regulatory RNA
molecules that sequester multiple units of the proteins, thereby
modulating their activity. Such antagonistic small RNAs include
CsrB and CsrC in E. coli (1, 15); RsmB in Erwinia carotovora (16);
and RsmX, RsmY, and RsmZ in P. fluorescens (17, 18). This kind of
posttranscriptional control may facilitate rapid, potentially re-
versible regulation of diverse cellular functions.

The RsmA family proteins and their cognate small RNAs de-
scribed so far in Pseudomonas are part of the GacS/GacA signal
transduction pathway, which operates an important metabolic
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switch from primary to secondary metabolism in many Gram-
negative bacteria and also affects enzyme synthesis and secretion
(11, 19, 20). GacS is a sensor histidine kinase that responds to an as
yet unidentified signal and phosphorylates the response regulator
GacA, causing its activation. In P. aeruginosa, GacA positively reg-
ulates the quorum-sensing machinery and the expression of sev-
eral virulence factors via a mechanism involving the participation
of RsmA as a negative-control element (5, 21). The main regula-
tory targets of GacA correspond to the small RNAs of the rsmX-
rsmY-rsmZ family that interact with RsmA (22).

In this study, we analyzed the roles and expression of the three
RsmA family proteins present in the plant-beneficial bacterium
Pseudomonas putida KT2440. Our results indicate that these pro-
teins have different effects on motility, biofilm formation, and
dispersal of P. putida KT2440, altering the expression of adhesins
and exopolysaccharides. These effects may depend on regulatory
interactions between the three Rsm proteins.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains and plasmids used
in this work are listed in Table 1. P. putida KT2440 is a plasmid-free
derivative of P. putida mt-2, which was isolated from a field planted with
vegetables and whose genome is completely sequenced (23, 24). Fluores-
cently labeled strains with a single chromosomal copy of mCherry were
obtained by conjugation using the plasmid miniTn7Ptac-mChe (25) as
detailed below. E. coli and P. putida strains were routinely grown at 37°C
and 30°C, respectively, in LB medium (26) under orbital shaking (200
rpm). M9 minimal medium (27) was supplemented with trace elements
(28) and glucose or citrate at the concentrations indicated in each case.
For pyoverdine quantification, King’s B medium was used (29). When
appropriate, antibiotics were added to the media at the following concen-
trations: ampicillin, 100 �g/ml; kanamycin, 25 �g/ml; streptomycin, 50
�g/ml (E. coli) or 100 �g/ml (P. putida); and tetracycline, 10 �g/ml or 20
�g/ml (as indicated). Cell growth was followed by measuring turbidity at
600 nm (optical density at 600 nm [OD600]) or 660 nm (OD660), except
for experiments done in a BioScreen apparatus with a wide-band filter
(450 to 580 nm).

DNA techniques. Preparation of chromosomal DNA, digestion with
restriction enzymes, dephosphorylation, ligation, and electrophoresis
were carried out using standard methods (27, 30) and following the man-
ufacturers’ instructions (Roche and New England BioLabs). Plasmid
DNA isolation and recovery of DNA fragments from agarose gels were
done with Qiagen miniprep and gel extraction kits, respectively. The DIG-
DNA labeling and detection kit (Roche) was used for Southern blots,
according to the manufacturer’s instructions. Electrotransformation of
freshly plated Pseudomonas cells was performed as previously described
(31). For PCR amplifications, Expand High Fidelity polymerase (Roche)
was used if amplicons were used in further cloning.

Conjugation. Overnight cultures (0.5 ml) of donor, helper, and recip-
ient bacteria were mixed, centrifuged (12,000 rpm; 2 min), washed with 1
ml of fresh LB medium to remove antibiotic traces, and resuspended in 50
�l of LB medium. The mixture was spotted onto a 0.22-�m filter placed
on an LB plate and incubated overnight at 30°C. The mating mixture was
then suspended in 2 ml of M9 salts and plated in M9 medium with 15
mM sodium citrate to counterselect E. coli strains and with the corre-
sponding antibiotics for transconjugant selection. For strains harbor-
ing miniTn7Ptac-mChe, the presence of a chromosomal copy of the
transposon at an extragenic location near glmS was checked by PCR, as
described previously (32).

Generation of null mutants. The general strategy for the construction
of null mutants consisted of replacement by homologous recombination
of the wild-type allele with a null allele. Fragments (0.7 to 1 kb) of the
regions flanking each rsm gene were amplified by PCR with oligonucleo-
tides containing unique restriction sites (Table 2) and then cloned into

pGEM-T Easy or pCR2.1-TOPO. The absence of missense mutations in
the PCR amplicons was confirmed by sequencing. The null allele was first
cloned in pUC18Not (33) and subsequently subcloned in the NotI site of
plasmid pKNG101 (34), which is unable to replicate in Pseudomonas. The
derivative plasmids of pKNG101 containing the null mutations were mo-
bilized from E. coli CC118 �pir into P. putida KT2440 by conjugation as
described above, using HB101(pRK600) as a helper. Merodiploid excon-
jugants were first selected in minimal medium with citrate and strepto-
mycin and then incubated in LB medium supplied with 12% sucrose to
obtain clones in which a second recombination event had removed the
plasmid backbone. Sm-sensitive clones were repurified, and the presence
of the null mutations was checked by PCR, followed by sequencing of the
corresponding chromosomal region and Southern blotting. The nomen-
clature of the mutants in more than one locus indicates the order in which
the null alleles were introduced.

Overexpression of Rsm proteins. Plasmid pME6032 (17) was used
to overexpress RsmI, RsmE, and RsmA. The three genes were amplified
from P. putida KT2440 chromosomal DNA by PCR using oligonucle-
otides PP1746HistagF and PP1746HistagR, PP_3832HistagF and
PP_3832HistagR, and PP_4472HistagF and PP_4472HistagR, respec-
tively (Table 2); digested by EcoRI and XhoI; and inserted into EcoRI/
XhoI-cut pME6032 to obtain pOHR40, pOHR38, and pOHR37, respec-
tively. The integrity of all the constructs was verified by sequencing to
discard any mutation in the PCR amplicons.

Construction of Rsm-LacZ translational fusions. Translational fu-
sions were generated by PCR amplification of a fragment covering the
promoter regions plus initiation codons of rsmI, rsmE, and rsmA designed
to ensure in-frame cloning in pMP220-BamHI (35). The primers used are
listed in Table 2. PCR amplicons of 222 bp (for RsmI-LacZ), 204 bp (for
RsmE-LacZ with the proximal promoter), 340 bp (for RsmE-LacZ with
the distal and proximal promoters), and 1,000 bp (RsmA-LacZ) contain-
ing the ribosome-binding sites, and the first 7 to 9 codons of each gene
were cloned in pCR2.1-TOPO and sequenced to ensure the absence of
mutations, followed by digestion with BamHI and subsequent cloning
into the same site of pMP220-BamHI to yield pOHR46, pOHR47,
pOHR48, and pOHR52, respectively.

RNA purification. Bacterial cells grown in liquid LB medium were
harvested at the indicated times by centrifugation, immediately frozen
with liquid nitrogen, and stored at �80°C. Alternatively, cells were col-
lected from patches grown on LB plates for 24 or 48 h and resuspended in
M9 salts prior to centrifugation and freezing. Total RNA from the mu-
tants and the wild type was extracted by using TRI reagent (Ambion,
Austin, TX, USA), as recommended by the manufacturer, except that
Tripure isolation reagent was preheated at 70°C, followed by purification
with an RNeasy purification kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. DNA traces were then removed from RNA
samples with RNase-free DNase I (Turbo RNA-free; Ambion), as speci-
fied by the supplier. The RNA concentration was determined with a
NanoDrop ND1000 spectrophotometer (NanoDrop Technologies, Inc.,
Wilmington, DE, USA), its integrity was assessed by agarose gel electro-
phoresis, and the absence of any residual DNA was checked by PCR.

qRT-PCR. Expression analyses by quantitative real-time PCR (qRT-
PCR) were performed using iCycler Iq (Bio-Rad, Hercules, CA, USA)
with total RNA preparations obtained from three independent cultures
(three biological replicates). Total RNA (1 �g) treated with Turbo DNA
free (Ambion) was retrotranscribed to cDNA with Superscript II reverse
transcriptase (Invitrogen) using random hexamers as primers. Template
cDNAs from the experimental and reference samples were amplified in
triplicate using the primers listed in Table 2. Each reaction mixture con-
tained 2 �l of a dilution of the target cDNA (1:10 to 1:10,000) and 23 �l of
Sybr Green mix (Molecular Probes). Samples were initially denatured by
heating at 95°C for 10 min, followed by a 40-cycle amplification and
quantification program (95°C for 15 s, 62°C for 30 s, and 72°C for 20 s)
with a single fluorescence measurement per cycle. The PCR products were
between 150 and 200 bp in length. To confirm the amplification of a single
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PCR product, a melting curve was obtained by slow heating from 60°C to
99.5°C at a rate of 0.5°C every 10 s for 80 cycles, with continuous fluores-
cence scanning. The results were normalized relative to those obtained for
16S rRNA. Quantification was based on the 2���CT method (36).

Transcription initiation site determination. The rapid amplification
of cDNA ends (RACE) system version 2.0 (Invitrogen) was used to deter-
mine the 5= ends of rsm transcripts. Total RNA was extracted from P.
putida KT2440 cultures at OD600s of 0.8 and 2.8, and the RACE technique
was carried out with the oligonucleotides listed in Table 2, following the
manufacturer’s instructions. Ten clones were sequenced for each tran-

script, and in all cases, 8 or more gave the same result in terms of identi-
fication of the �1 site.

Assays for �-galactosidase activity. Overnight cultures were diluted
1/100 in fresh LB medium supplemented with 10 �g/ml tetracycline and
grown at 30°C for 1 h. Then, the cultures were diluted 1/10 in fresh LB
medium and cultivated at 30°C for 1 more hour to allow the reduction of
most of the remaining �-galactosidase accumulated in the overnight cul-
tures. Finally, the cultures were diluted to an OD600 of 0.05 in fresh LB
medium supplemented with 10 �g/ml tetracycline. The cells were allowed
to grow at 30°C, and at the indicated time points, aliquots were taken and

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Genotype/relevant characteristicsa Reference/source

E. coli
CC118�pir Rifr �pir 33
DH5� supE44 lacU169(	80lacZ�M15) hsdR17 (rk

� mk
�) recA1 endA1 gyrA96 thi-1 relA1 50

HB101 Host of helper plasmid pRK600 V. de Lorenzo

P. putida
KT2440 Wild type; derivative of P. putida mt-2 cured of pWW0 23
pvdS Mutant in pvdS; defective in pyoverdine synthesis 39
�I Null mutant derivative of KT2440 in PP_1746 (rsmI) This study
�E Null mutant derivative of KT2440 in PP_3832 (rsmE) This study
�A Null mutant derivative of KT2440 in PP_4472 (rsmA) This study
�IE Null mutant derivative of KT2440 in PP_1746 and PP_3832 This study
�EA Null mutant derivative of KT2440 in PP_3832 and PP_4472 This study
�IA Null mutant derivative of KT2440 in PP_1746 and PP_4472 This study
�IEA Null mutant derivative of KT2440 in PP_1746, PP_3832 and PP_4472 This study

Plasmids
pGEM-T Easy Apr; PCR cloning vector with �-galactosidase �-complementation Promega
PCR2.1 TOPO Kmr; PCR cloning vector with �-galactosidase �-complementation Invitrogen
pKNG101 Smr; oriR6K mobRK2 sacBR 34
pMP220-BamHI Tcr; pMP220 with deletion of a 238-bp BamHI fragment, removing the ribosome-

binding site and 52 codons of cat that precede =lacZ
35

RK600 Cmr; mob tra V. De Lorenzo
pUC18Not Apr; cloning vector; MCS of pUC18 flanked by NotI sites 33
pME6032 Tcr; pVS1-p15A derivative; broad-host-range lacIq-Ptac expression vector 17
pMMG1 Tcr; transcriptional fusion lapF::=lacZ containing RBS and first codons 43
pMMGA Tcr; transcriptional fusion lapA::=lacZ containing RBS and first codons 42
pMIR125 Tcr; transcriptional fusion algD::=lacZ containing RBS and first codons 51
pMP-bcs Tcr; transcriptional fusion PP_2629::=lacZ containing RBS and first codons
pMP-pea Tcr; transcriptional fusion PP_3132::=lacZ containing RBS and first codons 51
pMP-peb Tcr; transcriptional fusion PP_1795::=lacZ containing RBS and first codons 51
pOHR14 Apr; pUC18NotI derivative with 1.9-kb NotI fragment containing the rsmA null allele This study
pOHR20 Smr; pKNG101 derivative for the rsmA null allele replacement with the 1.9-kb NotI

fragment of pOHR14 cloned at the same site of pKNG101
This study

pOHR30 Apr; pUC18NotI derivative with 1.7-kb NotI fragment containing the rsmI null allele This study
pOHR33 Smr; pKNG101 derivative for the rsmI null allele replacement with the 1.7-kb NotI

fragment of pOHR30 cloned at the same site of pKNG101
pOHR32 Apr; pUC18NotI derivative with 2-kb NotI fragment containing the rsmE null allele This study
pOHR34 Smr; pKNG101 derivative for the rsmE null allele replacement with the 2-kb NotI

fragment of pOHR32 cloned at the same site of pKNG101
This study

pME6032-rsmA Tcr; pME6032 derivative for the ectopic expression of rsmA under the control of laclq-Ptac This study
pME6032-rsmE Tcr; pME6032 derivative for the ectopic expression of rsmE under the control of laclq-Ptac This study
pME6032-rsmI Tcr; pME6032 derivative for the ectopic expression of rsmI under the control of laclq-Ptac This study
pOHR46 Tcr; pMP220-BamHI derivative containing translational fusion RsmI-LacZ This study
pOHR47 Tcr; pMP220-BamHI derivative containing translational fusion RsmE-LacZ (with

proximal promoter)
This study

pOHR48 Tcr; pMP220-BamHI derivative containing translational fusion RsmE-LacZ (with
proximal and distal promoters)

This study

pOHR52 Tcr; pMP220-BamHI derivative containing translational fusion RsmA-LacZ This study
a Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Rif, rifampin; Sm, streptomycin; Tc, tetracycline; MCS, multicloning site; RBS, ribosome-binding site.
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�-galactosidase activity was measured as described previously (37). Ex-
periments were carried out in triplicate with two experimental replicates,
and all the data represent averages and standard deviations.

Biofilm assays. Biofilm formation was analyzed in LB medium under
static conditions using a microtiter plate assay described previously (38).
Alternatively, biofilm development was followed during growth in LB
medium in borosilicate glass tubes incubated with orbital rotation at 40
rpm at 30°C. In both cases, the OD600 of the cultures was adjusted to 0.02

or 0.05, respectively, at the start of the experiment. At the indicated times,
the liquid was removed and nonadherent cells were washed away by rins-
ing with distilled water. The biofilms were stained with 1% crystal violet
(Sigma) for 15 min, followed by rinsing twice with distilled water. Photo-
graphs were taken, and the cell-associated dye was solubilized with 30%
acetic acid and quantified by measuring the absorbance at 580 nm (A580).
Assays were performed in triplicate.

For confocal laser scanning microscopy (CLSM) analysis of biofilms,

TABLE 2 Primers used in this work

Primer name Sequence (5=–3=)a Comment

PP_4472UpF TTGAGCTCCAGCATCACTACCCTGGGTC rsmA null mutant construction
PP_4472UpR TGGGATCCCATTCAGGGGTAACAGTCTTGG
PP_4472DwF TCGGATCCGAAGGATGAAGAGCCAAGCC
PP_4472DwR TCGGATCCGATTGTTGTGGATGGGAAAGC

PP_3832UpF GAATTCCGACCAGCACAAATACGGG rsmE null mutant construction
PP_3832UpR TCTAGACTCCTTGGTGATGTATAAGTCCG
PP_3832DwF TCTAGAGAAGACACACACTGAGCGTCAC
PP_3832DwR AAGCTTGACATCATTGGGCCTGGC

PP_1746UpF GAATTCCCGATGTCAACGAAGCC rsmI null mutant construction
PP_1746UpR TCTAGAGTTCCGATCCTCCTGCG
PP_1746DwF TCTAGAGCAGAGCAAGGCCTGAAG
PP_1746DwR AAGCTTCTGGCGTAGCGGCATTG

PP_4472HistagF GAATTCATGcatcatcatcatcatATGTTGATTCTGACTCGTCG 189-bp EcoRI/XhoI fragment for rsmA
ectopic expressionPP_4472HistagR CTCGAGCTATTATAAAGGCTTGGCTCTTCATCC

PP_3832HistagF GAATTCATGcatcatcatcatcatATGCTGATACTCACCCGTAAG 198-bp EcoRI/XhoI fragment for rsmE
ectopic expressionPP_3832HistagR CTCGAGCTATTATCAGTGTGTGTCTTCGTGTTTC

PP_1746HistagF GAATTCATGcatcatcatcatcatATGCTGGTAATAGGGCGC 180-bp EcoRI/XhoI fragment for rsmI
ectopic expressionPP_1746HistagR CTCGAGCTATTATCAGGCCTTGCTCTGC

PP_4472GSPR1 GAATCAACATAGCTTTCTCCTTACGCA �1 determination of rsmA by
RACE-PCRPP_4472GSPR2 TTGCCTTTGACGCCAA

PP_3832GSPR1 AGTGTGTGTCTTCGTGTTTCTCC �1 determination of rsmE by
RACE-PCRPP_3832GSPR2 TCAGTTAATAGGCACCTG

PP_1746GSPR1 AGGCCTTGCTCTGCTTGGAC �1 determination of rsmI by
RACE-PCRPP_1746GSPR2 GACCTGGAAAGCCAGCAAT

PP_4472PromF GGATCCGCTTCCAGGGCGTC RsmA-LacZ fusion
PP_4472PromR GGATCCCGACGAGTCAGAATCAA
PP_3832ShortPromF GGATCCCCGTTGACGGTTTGC RsmEP2-LacZ fusion (proximal

promoter)PP_3832ShortPromR GGATCCCCAACCTTACGGGTG
PP_3832LargePromF GGATCCGGCCTTGCTGTTGTTTC RsmEP1P2-LacZ fusion (proximal �

distal promoters)PP_3832ShortPromR GGATCCCCAACCTTACGGGTG

PP_1746PromF GGATCCGCGGCTGTATGACG RsmI-LacZ fusion
PP_1746PromR GGATCCCCTACTTCGCGCCCTA

qRTAlgF GCTTCCTCGAAGAGCTGAA qRT-PCR; alg cluster (PP_1277; algA)b

qRTAlgR CTCCATCACCGCATAGTCA
qRTPebF GCAATGTCTCCACAGGCAC qRT-PCR; peb cluster (PP_1795)b

qRTPebR TCATCTGATTGGCGACCAG
qRTCelF GTCGAGAGCAGCCAGCTTC qRT-PCR; bcs cluster (PP_2629)b

qRTCelR GCCTCATACAGTGCCAGCTC
qRTPeaF TGCTCAGCACGCCGACACG qRT-PCR; pea cluster (PP_3132)b

qRTPeaR GGTCTCGCTGTTCAGCA
qRT16SF AAAGCCTGATCCAGCCAT qRT-PCR control 16S rRNA
qRT16SR GAAATTCCACCACCCTCTACC
a Restriction sites inserted in the primer for the cloning strategy are underlined; 6
 histidine tail is in lowercase.
b The specific loci are given.
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cultures were grown in LB medium diluted 1/10 in 24-well glass bottom
plates (Greiner Bio-One, Germany). At the indicated times, the biofilms
were visualized using a Zeiss LSM 510 Meta/AxioVert 200 confocal mi-
croscope, and three-dimensional reconstruction was performed with
Imaris software (Bitplane).

Motility assays. Swimming motility was tested on LB plates contain-
ing 0.3% (wt/vol) agar. Cells from exponentially growing cultures (2 �l)
were inoculated into the plates. Swimming halos were measured after 24 h
of inoculation, and the area was calculated. Assays were performed three
times with three replicates each. Surface motility assays were done as pre-
viously described (39) on plates containing 0.5% (wt/vol) agar.

Statistical methods. One-way analysis of variance (ANOVA), fol-
lowed by Bonferroni’s multiple-comparison test (set at a P value �0.05)
or Student’s t test for independent samples (P � 0.05), was applied using
the R program for all statistical analyses.

RESULTS
CsrA/RsmA family proteins and their cognate small RNAs
(sRNAs) in P. putida KT2440. An in silico analysis of the P. putida
KT2440 genome indicated that there are three genes in the bacte-
rium encoding CsrA/RsmA family proteins (PP_1746, PP_3832,
and PP_4472), which show 46%, 70%, and 75% amino acid iden-
tity with CsrA of E. coli, respectively. Alignment of these protein
sequences with those of RsmA of P. aeruginosa PAO1 and the three
homologs annotated in the genome of P. fluorescens F113 (see Fig.
S1 in the supplemental material) led to the following gene nomen-
clature in KT2440: PP_1746 corresponds to rsmI, PP_3832 to
rsmE, and PP_4472 to rsmA. RsmA (62 amino acids) and RsmE
(65 amino acids) of P. putida share 54% identical residues, while
RsmI (59 amino acids) shows 43% identity with the other two
proteins (see Fig. S1 in the supplemental material). RsmI is also
the most divergent in terms of conserved residues that interact
with RNA (see Fig. S1 in the supplemental material). None of the
proteins is equivalent to RsmF/RsmN of P. aeruginosa, which are
different in structure and sequence from other Rsm proteins, and
no homolog of RsmN could be found in P. putida KT2440 based
on sequence analysis.

In P. fluorescens, three noncoding sRNAs interact with Rsm
proteins: rsmX, rsmY, and rsmZ (17, 18). Previous work had al-
lowed the identification of the sRNAs rsmY and rsmZ in P. putida
DOT-T1E (40). Based on sequence homology analysis, we have
identified the equivalent sRNAs in KT2440 in the intergenic re-
gions between the loci PP_0370 and PP_0371 (corresponding to
rsmY) and between the loci PP_1624 and PP_1625 (correspond-
ing to rsmZ). These sRNAs are 72% and 78% identical to their
counterparts in Pseudomonas protegens Pf-5 (see Fig. S1 in the
supplemental material). The presence or identity of rsmX, on the
other hand, is less clear. Based on comparison with the rsmX se-
quences of P. protegens Pf-5 and P. fluorescens F113, a potential
candidate could be located in the intergenic region between
PP_0214 and PP_0215 (see Fig. S1 in the supplemental material),
but the percent identity was much lower than that of the other two
sRNAs (55%).

Generation of rsm single, double, and triple mutants. We
generated rsmI, rsmE, and rsmA null mutants by complete dele-
tion of the open reading frames without introducing antibiotic
resistance cassettes, as well as the three double-mutant combina-
tions and the triple mutant (see Materials and Methods for de-
tails). For simplicity, here, these mutants are designated �I, �E,
�A, �IE, �EA, �IA, and �IEA.

The growth of all the mutants was analyzed in liquid cultures in

rich and defined minimal media. No differences were observed in
LB medium (not shown), whereas in minimal medium, the triple
mutant showed an extended lag phase with respect to the wild
type, regardless of the carbon source. The same delay was also
observed in the �EA mutant growing in minimal medium with
citrate as a carbon source and, although less pronounced, in the
�A and �EA mutants in minimal medium with glucose as a car-
bon source (see Fig. S2 in the supplemental material).

Specific rsm mutations alter the motility of P. putida. In P.
fluorescens F113, it has been reported that mutants affected in the
gacS-gacA regulatory system show hypermotility, and a regulatory
cascade involving RsmE and RsmI has been proposed (41). This,
and the fact that in different bacteria the main target of the re-
sponse regulator GacA is the RsmA/rsmX-rsmY-rsmZ regulon and
that CsrA modulates flagellar genes in E. coli (14), led us to test the
influence of rsm mutations on the motility of P. putida KT2440. As
shown in Fig. 1A, the triple mutant and the �EA strain presented
reduced swimming motility with respect to the wild type and the
rest of the mutants in LB plates with 0.3% agar.

The effect of rsm mutations on surface motility was then ana-
lyzed on 0.5% agar plates, as previously described (39). Whereas
the wild type had nearly covered the surface of the plate after 24 h,
none of the mutants showed movement at that time, with the
exception of �I (Fig. 1B), although that mutant was unable to
completely cover the plate surface. This type of motility requires
pyoverdine-mediated iron acquisition in KT2440 (39). This
prompted us to check if any of the mutants showed altered py-
overdine production that could correlate with the defect in
swarming. Pyoverdine was measured in the supernatants of cul-
tures grown overnight in King’s B medium (see Fig. S3 in the
supplemental material). All the mutant strains showed a reduc-
tion in pyoverdine production with respect to the wild type that
could be associated with the observed alteration in swarming mo-
tility. However, the difference in motility between �I and the re-
maining mutants cannot be explained simply in terms of pyover-
dine production, which was not significantly different between
them.

Rsm proteins modulate biofilm development. Previous re-
sults have shown that gacS is involved in the regulation of biofilm
formation in P. putida KT2440 (42). We therefore examined the
effects of rsm mutations on surface attachment and biofilm devel-
opment. Assays were first done with cultures grown statically in
polystyrene multiwell plates, following the attachment/detach-
ment dynamics over time by staining the surface-associated bio-
mass with crystal violet. As shown in Fig. 2A, each of the rsm single
mutants behaved differently in these assays. The �I mutant initi-
ated attachment like the wild type but showed early detachment
from the surface. The �E and �A strains, on the other hand, pre-
sented reduced attachment during the first hours, reaching at-
tached biomass values similar to those of the wild type at later
times. The double and triple mutants were then analyzed (Fig.
2B). In �EA and �IEA, the attached biomass was significantly
above that of the wild type after 6 h, whereas �IA and �IE kept a
kinetic similar to that of the wild type, although the values for the
latter were slightly below those of the wild type throughout.

Experiments were also done in borosilicate glass tubes with
cultures grown under orbital rotation. We first compared the wild
type and the triple mutant over time (Fig. 3A). Observation of the
tubes before staining with crystal violet indicated similar attach-
ment dynamics at early time points, with the �IEA mutant form-
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ing a significantly denser biofilm than the wild type at later time
points. However, at these times, the biofilm of the mutant proved
to be more labile than that of the wild type, so that it was washed
from the surface during staining with crystal violet. A follow-up of
this phenomenon in the remaining mutants indicated that �EA
behaved like the triple mutant and was washed from the surface
during staining after 7 h of growth (Fig. 3B). The �A mutant was
also partly removed at this time, whereas the remaining mutants
showed this phenotype at later times, while the biofilm of the wild
type remained stainable.

The development of biofilms of KT2440 and the triple mutant
tagged with mCherry was also followed in microscopy-ready mul-
tiwell plates by CLSM during growth under static conditions. The
results presented in Fig. 4 show that under these conditions, �IEA
started colonizing the surface faster than the wild type and also
detached earlier.

Overexpressing RsmE or RsmI, but not RsmA, causes re-
duced biofilm formation in KT2440. To further explore the role
of Rsm proteins in biofilm formation, each protein was cloned
independently in an expression vector that is stable in Pseudomo-
nas (17) under the control of IPTG (isopropyl-�-D-thiogalacto-
pyranoside). These constructs were introduced into the wild-type
KT2440, and biofilm formation was analyzed during growth in LB
medium in the presence or absence of IPTG. As shown in Fig. 5,
overexpressing RsmE caused a reduction in biofilm formation.
The increase in RsmI had a similar, although less pronounced,

effect, whereas the increase in RsmA had no obvious influence on
biofilm formation. Quantification of the attached biomass after
solubilization of the dye revealed 70% and 50% reductions due to
overexpression of RsmE and RsmI, respectively (see Fig. S4 in the
supplemental material).

To investigate the potential interplay between the different
Rsm proteins, we also introduced each of the expression con-
structs in all the mutants and analyzed biofilm formation on boro-
silicate glass tubes (Fig. 5; see Fig. S4 in the supplemental mate-
rial). As with the wild type, overexpression of RsmA had no
significant effect regardless of the genetic background, whereas
overexpression of RsmE resulted in decreased biofilm formation
in all the strains, with small differences between them. Interest-
ingly, the effect observed in the wild type when RsmI was overex-
pressed was nearly lost in the triple mutant. Analysis of the re-
maining mutants showed that the presence of intact rsmA was
required for the reduced biofilm phenotype associated with RsmI
overexpression. It should be noted that at the time at which this
analysis was done (5 h after inoculation), the reduction in crystal
violet staining was correlated with the visual observation of at-
tached biomass, and it was not a consequence of the biofilm labil-
ity that can be observed at later times (shown in Fig. 3).

Influence of Rsm proteins on expression of structural ele-
ments of P. putida biofilms. The results described so far could
suggest the possibility that Rsm proteins participate in biofilm
formation by altering the surface characteristics of P. putida cells,

FIG 1 Influence of rsm mutations on motility of P. putida. (A) Swimming motility on LB plates with 0.3% agar. The graph indicates the areas covered by
swimming halos after overnight growth. The data are the averages and standard deviations of 9 replicates. The asterisks indicate statistically significant differences
(ANOVA; P � 0.05). (B) Surface motility of KT2440 and the rsm single, double, and triple mutants. The images were taken after 48 h of growth and show a
representative experiment out of three independent replicates.
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which would explain why the triple mutant showed thicker but
more labile biofilms on glass surfaces while remaining attached on
plastic surfaces. This, and the fact that in P. aeruginosa RsmA
modulates expression of the Psl exopolysaccharide (7), prompted
us to investigate if any of the mutations caused changes in the
expression of structural elements known to participate in the
buildup of P. putida biofilms under different conditions, namely,
the two large adhesins LapA and LapF and the exopolysaccharides
Pea, Peb, cellulose (Bcs), and alginate (Alg).

To determine if rsm mutations had an influence on the mRNA
levels of genes involved in exopolysaccharide biosynthesis, qRT-
PCR was done with RNA extracted from the wild-type and �IEA
strains grown on solid medium for 24 or 48 h, using primers that
correspond to the loci PP_1277 (Alg), PP_1795 (Peb), PP_2629

FIG 2 Biofilm formation by KT2440 and rsm mutant derivatives in polysty-
rene multiwell plates. Overnight cultures grown in LB medium were diluted to
an OD660 of 1, and 5 �l was added to each well containing 200 �l of LB
medium. Attachment was followed by removing the liquid from the wells at
the indicated times and staining with crystal violet. The data correspond to the
measurement of absorbance at 580 nm (A580) after solubilization of the dye
and are the averages and standard deviations of three independent experi-
ments, each with three replicates per strain. (A) Wild type and single mutants.
(B) Wild type, double mutants, and triple mutant. (C) Mutants showing sig-
nificant differences from the wild type at a given time point (Student’s t test;
P � 0.05).

FIG 3 Kinetics of biofilm formation. (A) Biofilm formation by KT2440 and
the rsm triple mutant (�IEA) growing in LB medium in borosilicate glass tubes
under orbital rotation. At the indicated times, tubes were removed and images
(top) were taken before discarding planktonic cells and staining with crystal
violet (bottom). (B) Evaluation of the surface-attached biomass in KT2440
and the seven rsm mutants at different times of biofilm development.
Growth conditions were as for panel A. Images from a representative ex-
periment out of three replicates are shown (different experiments are rep-
resented in panels A and B).
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(Bcs), and PP_3132 (Pea). As shown in Fig. 6A, there was a sig-
nificant increase in the mRNAs corresponding to Peb (2.5-
fold) and Bcs (5-fold) in the triple mutant with respect to the
wild type, whereas no significant differences were observed for
Pea (PP_3132) and Alg (PP_1277). Analysis of these differences in
the single mutants after 48 h indicated that in the case of Peb, the
lack of either RsmE or RsmA had an effect similar to that observed
in the triple mutant, while RsmI did not appear to influence its
expression (Fig. 6B). For Bcs, increased expression was observed
in �E and �A, but in neither case did it reach the levels observed in
�IEA, suggesting a cumulative effect of both proteins.

Since Rsm proteins may regulate translation with or without
effects on mRNA transcript levels, we decided to expand this anal-
ysis by checking the expression patterns of fusions of the first gene
in each EPS cluster (including the promoter and first codons) with
the reporter gene lacZ devoid of its own promoter, as described
elsewhere (51). The results obtained comparing the wild type with
the �IEA mutant are shown in Fig. 7. In all cases, the pattern of
expression showed alterations at different times during growth in
liquid medium, with an overall increase in activity in the mutant.
In the case of the fusion corresponding to Pea, the differences were
significant only between 4 and 8 h of growth, which could explain
why qRT-PCR at 24 at 48 h did not reveal alterations in the �IEA
mutant. Analysis of the fusions in all the mutant backgrounds
indicated that in all cases except Peb, the combination of rsmA and
rsmE mutations was responsible for most of the observed changes
in the triple mutant (Fig. 7A, C, and D), whereas no single or
double mutant had the same pattern as �IEA in the case of Peb
(data not shown).

Next, expression of the two adhesins was followed during
growth by measuring the �-galactosidase activity of lapA::=lacZ
and lapF::=lacZ fusions carried on plasmids pMMGA and
pMMG1, respectively (42, 43), in the wild type and all the rsm
mutants. No great differences were observed for lapA in the dif-
ferent genetic backgrounds, except for a slight overall increase in
�IEA (Fig. 7E) that was not significant. In contrast, expression of
lapF::lacZ was clearly influenced by the three Rsm proteins, and
the triple mutant showed earlier induction and increased �-galac-
tosidase activity with respect to the wild type (Fig. 7F). Detailed
analysis in each of the single mutants indicated that the absence of

FIG 4 CLSM follow-up of biofilm formation by KT2440 and the rsm triple
mutant, �IEA. Strains were tagged with miniTn7Ptac-mChe (miniTn7::
mCherry) in single copy at an intergenic location in the chromosome. Bacte-
rial cells were grown in LB medium diluted 1:10 in microscopy-ready multi-
well plates. Three-dimensional reconstructions, generated with Imaris, of
representative fields are shown.

FIG 5 Effects of overexpressing each Rsm protein on biofilm formation by
KT2440 and the seven rsm mutant derivatives. The genes rsmI, rsmE, and rsmA
were cloned in the broad-host-range expression vector pME6032. The result-
ing constructs (pRsmI, pRsmE, and pRsmA), as well as the empty vector
(pME) as a control, were introduced into all the strains. Experiments were
done as for Fig. 3. The images show attached biomass stained with crystal violet
after 5 h of growth in the presence of 0.1 mM IPTG and 20 �g/ml tetracycline.
wt, wild type.
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RsmA and RsmE had a cumulative influence on the overall in-
crease in expression, while the lack of RsmI mostly contributed to
the earlier peak of activation (see Fig. S5 in the supplemental ma-
terial).

Expression patterns of rsm genes. RACE was used to deter-
mine the transcription initiation sites of the three rsm genes. In
rsmI and rsmA, the �1 site was located 63 and 245 bp upstream of
the ATG, respectively, while in rsmE, two transcription initiation
sites were identified at bases �53 (proximal �1 site) and �183
(distal �1 site) (see Fig. S6 in the supplemental material). The
same initiation sites were identified in transcripts from cultures in
the exponential or stationary phase of growth.

Based on this information, two translational fusions were con-

structed with the reporter gene lacZ in plasmid pMP220-BamHI
containing the rsmI and rsmA regions upstream of the �1 site
(pOHR46 and pOHR52), respectively, and two with rsmE, a
fragment containing the proximal �1 site closer to the ATG
(pOHR47) and a larger one including both the proximal and distal
transcription start sites (pOHR48). All the constructs included the
ribosome-binding site and translation initiation codon. The con-
structs were introduced in KT2440, and �-galactosidase activity
was followed during growth in LB medium. The activity of the
RsmI-LacZ fusion was very low and was detected only when cul-
tures had already reached the stationary phase (Fig. 8A). The re-
sults for RsmA-LacZ (Fig. 8B) showed a gradual increase in activ-
ity during exponential growth and the early stationary phase,
followed by a decrease later. In the case of RsmE, both constructs
showed an increase in expression in midexponential phase (Fig.
8C and D). The difference between the construct harboring the
proximal promoter region (P2) and the construct with both pro-
moter regions can be explained if the activity of the distal pro-
moter (P1) is maintained longer than that of P2.

The observations made in different genetic backgrounds with
respect to biofilm formation and expression of the extracellular
matrix components suggested the existence of cross-regulation
between rsm genes. This possibility was first explored by introduc-
ing the above-mentioned constructs in the triple mutant. Analysis
of �-galactosidase activity showed, in all cases, altered patterns
and/or increased levels of expression with respect to the wild type
(Fig. 8). The different fusions were then introduced in the single
and double mutants. The results obtained with �E and �A indi-
cated that both RsmE (Fig. 9A) and RsmA (Fig. 9B) have a clear
negative effect on their own expression, with the self-repression
effect of RsmA during the late stationary phase especially evident
(Fig. 9B), while in the remaining combinations of mutations and
reporter fusions, the observed changes were minor or nonexistent
(data not shown).

DISCUSSION

The regulatory cascade involving posttranscriptional regulators of
the Rsm family and their cognate small RNAs has gained increas-
ing relevance because, beyond its role in secondary metabolism, it
is arising as a central element in bacterial gene expression regula-
tion. RsmA homologs are present in diverse bacteria, from gener-
alist species able to adapt to a variety of environments, like P.
putida, to highly specialized bacteria with relatively few regulatory
proteins, such as the human gastric pathogen Helicobacter pylori,
where RsmA controls virulence and the stress response (44). It is
noticeable that in the former, which has been the focus of this
work, and in related species, such as P. fluorescens or P. protegens,
there are three very similar Rsm proteins. Although this could
imply the existence of regulatory redundancy or something like a
“backup system,” our data suggest that there is a combination of
differentiated and cumulative effects attributable to these pro-
teins. This is exemplified by the fact that RsmA and RsmE have
roles in swimming motility that can be detected only when both
are deleted, whereas the lack of RsmI has no detectable influence
on swimming. On the other hand, swarming is completely abol-
ished in all the mutants except �I. Other members of the RsmA/
CsrA family have been previously described as relevant elements
for swarming motility in different bacteria, such as P. aeruginosa
(45), Serratia marcescens (46), and Proteus mirabilis (47).

We have shown that Rsm proteins function as negative regula-

FIG 6 Influence of rsm mutations on mRNA levels of EPS-encoding genes in
cultures grown in solid medium. (A) mRNA levels of EPS genes in the rsm
triple mutant relative to the wild type analyzed by qRT-PCR. RNA was isolated
from samples grown on LB agar plates after 24 h (white bars) or 48 h (gray
bars). A value of 1 (dashed line) indicates expression levels identical to those of
the wild type. (B) Relative expression of genes corresponding to cellulose (Bcs)
and the specific EPS Peb in mutants �I (hatched bars), �E (gray bars), and �A
(white bars) with respect to the wild type after 48 h of growth on LB agar plates.
The data are the averages and standard deviations from three biological repli-
cates with three technical replicates. The values significantly different from
those of the wild type are indicated by asterisks (Student’s t test; P � 0.05).
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FIG 7 Influence of rsm mutations on expression of EPS- and adhesin-encoding genes during growth in liquid medium. Growth (solid symbols) and �-galac-
tosidase activity (open symbols) of KT2440 (circles), �IEA (triangles), and �EA (diamonds) carrying reporter fusions corresponding to Pea (PP_3132::=lacZ)
(A), Peb (PP_1795::=lacZ) (B), Bcs (PP_2629::=lacZ) (C), Alg (algD::=lacZ) (D), lapA::lacZ (E), and lapF::lacZ (F) were followed over time. The data are averages
and standard deviations from three biological replicates with two technical repetitions. Statistically significant differences between the wild type and �IEA were
detected from 4 to 8 h (A); at 2, 4, 8, 10, and 24 h (B); from 2 to 10 h (C); from 4 h onward (D); and from 5 h onward (F) (Student’s t test; P � 0.05). (D)
D-Cycloserine (75 �g/ml) was added after 2 h of growth, since in P. putida, the algD promoter is silent in liquid medium in the absence of cell wall stress (M. I.
Ramos-González, unpublished data).
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tors in the process of biofilm development: the lack of all three
proteins causes an increase in biofilm formation, but the robust-
ness of the biofilm in terms of bacterial association with the sur-
face is reduced, resulting in relatively easy and early detachment
(Fig. 3 and 4). This effect is observed on glass surfaces, especially
with �EA and �IEA, but it is not evident on plastic, where these
strains remain attached to the surface. Under these conditions the
single �E and �A mutants show delayed attachment relative to the
wild type, whereas the �I mutant presents early detachment.

We have also analyzed the effect of overexpressing each Rsm
protein in the wild type and in each mutant background. Our
results pinpoint RsmE as the main element modulating bacterial
attachment, with RsmI having a less pronounced effect that is
dependent on the presence of an intact RsmA, which indicated
that there is a regulatory interplay between Rsm proteins, so that
they may act in a concerted way on their targets. Expression of the

translational fusions constructed in the different genetic back-
grounds indicated the existence of self-regulation in rsmA and
rsmE and also revealed sequential activation of the different rsm
genes. Thus, rsmE and rsmA would be the first to be expressed
during growth in rich medium at 30°C, followed by rsmI in sta-
tionary phase. Expression of each gene also seems to be turned off
sequentially: first rsmA, then rsmE, and finally rsmI. It is also worth
mentioning the presence in rsmE of two distinct promoters with
different expression dynamics. Although the expression sequence
of rsm genes in the same bacterium had not been previously in-
vestigated, small RNAs are known to be sequentially expressed. In
P. fluorescens (now P. protegens) CHA0, the expression patterns of
the three sRNAs that interact with RsmA homologs have been
described, with rsmX and rsmY showing a linear increase during
growth while rsmZ is expressed at a later time (18). However, a
possible correlation with the expression patterns of Rsm proteins

FIG 8 Expression patterns of Rsm proteins in the wild-type KT2440 and the rsm triple mutant �IEA. Growth (solid symbols) and �-galactosidase activity (open
symbols) of KT2440 (circles) and �IEA (triangles) carrying the different Rsm-LacZ fusions are indicated in each panel. The RsmEP1P2-LacZ fusion contains both
distal and proximal promoters, and the RmsEP2-LacZ fusion contains only the proximal promoter. The data are averages and standard deviations from three
biological replicates with two technical repetitions. Statistically significant differences between the wild type and �IEA were detected from 7 h onward for
pOHR46, from 7 h onward for pOHR52, at 7 and 8 h for pOHR48, and from 3 to 7 h for pOHR47 (Student’s t test; P � 0.05).
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has not been studied. It may also be that different environmental
conditions cause alterations in the progression of expression of
the various elements. Detailed analysis of these aspects will be of
great interest in terms of the responses of P. putida to different
environmental conditions.

To have a clearer picture of the molecular basis for the role of
Rsm proteins in biofilm formation, we have examined their influ-
ence on the expression of elements that are required for surface
attachment (LapA), cell-cell interactions (LapF), and extracellular
matrix composition (both adhesins and EPS). We have shown
that the lack of Rsm proteins causes earlier and increased expres-
sion of LapF and also increases expression of cellulose and the
strain-specific EPS Peb. Previous work has supported the notion
that Pea (the other strain-specific EPS) and, to a minor extent, Peb

are the exopolysaccharides with the main structural roles in P.
putida biofilms grown under conditions similar to those used
here, while alginate and cellulose would have a role in different
environmental situations (48, 49). Therefore, removing Rsm pro-
teins (particularly RsmE and RsmA) likely promotes cell-cell in-
teractions mediated by LapF, giving rise to thicker biofilms, and
causes alterations in the balance and composition of the biofilm
extracellular matrix. This probably also has consequences for
characteristics such as hydrophobicity, which would explain the
lability of the biofilms formed by the triple mutant, despite their
increased biomass on glass surfaces, and the differences observed
with plastic surfaces. In P. aeruginosa, RsmA negatively influences
the expression of psl, one of its two species-specific EPS operons,
involved in the architecture of biofilms (7). Similarly, RsmA and
RsmE influence the expression of one of the two P. putida-specific
EPSs, Peb. However, the modulation of biofilm formation by the
Rsm system appears to be far more complex in this bacterium, not
only because of the existence of three proteins, but also because of
their influence on additional elements involved in surface coloni-
zation that are absent in P. aeruginosa (LapF and cellulose).

The results obtained here provide evidence of the regulatory
complexities associated with the adaptation of a versatile bacte-
rium like P. putida KT2440 to different environmental conditions.
The tools generated in this work (mutants, overexpression con-
structs, and reporter fusions) and the knowledge gained will be of
great importance for further dissection of the elements involved in
posttranscriptional control of expression in P. putida.
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