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Salicylate increases the expression of marA
and reduces in vitro biofilm formation
in uropathogenic Escherichia coli
by decreasing type 1 fimbriae expression
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Escherichia coli is one of the most frequent bacteria implicated in biofilm formation, which is a dynamic process whose
first step consists in bacteria adhesion to surfaces through type 1 fimbriae. Salicylate induces a number of morphological
and physiological alterations in bacteria including the activation of the transcriptional regulator MarA. In this report the
effects of salicylate on biofilm formation and their relationship with MarA were studied. An inverse relationship was
observed between in vitro biofilm formation and salicylate concentration added to the culture medium. Salicylate
increases the expression of marA and decreases the expression of fimA and fimB genes in the wild-type strain. In
addition, the fimA and fimB expression was decreased in a MarR mutant in which marA was also overexpressed. In
conclusion, the expression of type 1 fimbriae in presence of salicylate may be regulated by the level of marA expression
through fimB regulator, albeit through neither the ompX nor the tolC genes.

Introduction

Biofilms are currently defined as structured bacterial communities
embedded in a self-produced exopolysaccharide matrix adherent
to any abiotic or biological surface.! Biofilms are ubiquitous, with
almost all material coming into contact with naturally occurring
fluids being susceptible to this form of bacterial colonization.
These communities may be involved in the development of serious
human health problems and are also of concern in environmental
and industrial settings. Bacterial biofilm infections are particularly
problematic because sessile bacteria can withstand host immune
responses and are drastically more resistant to antibiotics, biocides
and hydrodynamic shear forces than their planktonic counterparts.”
Escherichia coli is one of the most frequent bacteria forming biofilm
which is a dynamic process whose first step consists of bacterial
fimbrial adherence to surfaces. This step is crucial for uropatho-
genic E. coli (UPEC) to colonize the bladder and to cause urinary
tract infections. E. coli express several adhesins which recognize
specific molecules on target surfaces.

UPEC strains may express a variety of fimbrial adherence
factors, such as P, S, Dr and type 1 fimbriae.> The last factor is
encoded by the chromosomally located fim gene cluster which
encodes the major structural subunit (FimA) and several minor
components: two adaptor proteins (FimG and FimF), the adhe-
sion (FimH), two chaperon proteins (FimC and FimD), two

site-specific recombinases (FimB and FimE) and the regulator
Fiml.# In addition to their contribution to virulence, they facili-
tate adherence to mucosal surfaces and inflammatory cells in vitro.’

In a previous study performed in our laboratory in which 151
UPEC clinical isolates collected from patients with cystitis,
pyelonephritis and prostatitis were analyzed, it was observed that
isolates forming in vitro biofilm presented a significantly higher
frequency of type 1 fimbriae expression.® Uropathogenic E. coli
can form intracellular bacterial communities with many biofilm-
like properties within the bladder epithelium. These communities
may allow bacteria to subvert host defenses and form a persistent
reservoir in the bladder.” Biofilm formation could play an impor-
tant role in the persistence of bacteria. In fact, the study of UPEC
strains causing relapses and re-infection in women showed that
those involved in relapses had greater capacity to form in vitro
biofilm than those implicated in re-infection.®

Salicylate is a member of a large group of pharmaceuticals
referred to as non-steroidal anti-inflammatories and is the active
component of the analgesic aspirin. Salicylate induces a number of
morphological and physiological alterations in bacteria.” Growth
of bacteria in the presence of salicylate can induce an intrinsic
multiple antibiotic resistance phenotype, increasing the resistance
to some antibiotics. These effects are induced by concentrations of
salicylate that do not affect bacterial growth rates suggesting that
they are specifically induced by salicylate.” One of these effects is
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Table 1. Relationship between uropathogenic E. coli HC91255 strain biofilm
formation and salicylate concentrations

Salicylate concentration OD620nm X )
0 mM 0.485-0.455 047 0.021
0.1 mM 0.485-0.391 0.438 0.066
0.5 mM 0.151-0.122 0.137 0.020
1 mM 0.117-0.083  0.100 0.024
5 mM 0.079-0.071 0.075 0.005
marR mutant 0.271-0.169 0.220 0.020
marR mutant + 1 mM salicylate 0.120-0.150 0.136 0.01
negative control 0.06-0.05 0.055 0.007

X, mean of three different experiments; J, standard deviation.

the activation of MarA, which is an AraC/XylS transcriptional
regulator of E. coli that directly activates or represses multiple
chromosomal genes. Thus, strains constitutively expressing MarA
showed altered expression of more than 60 chromosomal genes
including the TolC outer membrane channel and the outer
membrane protein OmpX. These genes belong to a variety of
functional groups some of which have been associated with iron
transport and metabolism. Other genes have also been reported to
be part of the s0xRS regulon of E. coli oxidative stress response.'’
Thus, overexpression of MarA affects many functions including
multiple-antibiotic resistance (Mar), virulence and survival."'

In this report, we studied the effects of salicylate on biofilm
formation and its relationship with MarA.

Results

The UPEC HC91255 clinical strain produced in vitro biofilm in

minimal culture medium, as confirmed by confocal image (not
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shown). An inverse relationship was observed between in vitro
biofilm formation and salicylate concentration when different
salicylate concentrations were added to the medium. Thus, the
mean and deviation of optical density at 600 nm values obtained
were 0.47 + 0.021, 0.438 + 0.066, 0.137 + 0.020, 0.1 + 0.024,
0.075 + 0.005 and 0.055 + 0.007, corresponding to salicylate
concentrations of 0 mM, 0.1 mM, 0.5 mM, 1 mM, 5 mM and
the negative control, respectively (Table 1). To rule out the possi-
bility that the results obtained were due to differences in the
growth rate, a count of viable bacteria was made and no differ-
ences were found in the number of colonies from bacteria growth
with or without the different salicylate concentrations.

HC91255 was also cultured in Nutrient Broth with and
without 1 mM of salicylate and grown undil an ODg;0nm of 0.6.
When proteins in cell-free extracts were run in 2D gels, several
differences were detected. The greatest change was observed for a
protein with an apparent molecular weight of 16 KDa whose
expression when decreased when the strain was grown in medium
with 1 mM salicylate (Fig. 1). This protein was further charac-
terized by MALDI-TOF and identified as the type 1 fimbriae
major subunit (FimA). Other proteins that also decreased their
expression in presence of salicylate were OmpF, OmpA and
NmpC (Fig. 1).

By amplification-restriction of the fimA promoter no differ-
ences in the orientation of this promoter was observed between
the strains being observed, a mixture of all four fragments (not
shown).

The results obtained by RT-PCR showed that in the presence
of salicylate the strain presented an overexpression of the marA
gene, as well as a reduction in fimA gene expression confirming
the result obtained in the protein analysis. No significant changes
were observed in the expression of ompX and 70/C genes (Fig. 2A).
In addition, a decrease in fimB but not fimE expression in the
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Figure 1. 2D-gel total proteins of the uropathogenic E. coli HC91255 strain. (A) Strain grown in LB without salicylate. (B) Strain grown in LB with 1 mM

www.landesbioscience.com

Virulence 281

Do not distribute.

I0Science.

©2012 Landes B



A &
- &
5 e
o ==
- -
e -
- ae
- -
4 .
-
. —

3
’

I3
’

Mn SwtMn SwtM n S wtM
fimB JimE gapA

~
MwtS Mrn M wtSMrn wtSMrn wtSMrn wt SMrn
gapA fimA marA ompX tolC
B _ ,
- | & 23 = - Lg
! n 1 1/ i=
=3 54 <3
3 b - . .
- - -~ - -
'?' . . 3 .- oo o
- .. 2 “n — o
-
“ - - 3 — »
R .-
L o <. 3 »
..
. ] - - - »’
i .. d‘
- - - - -~

M n Mrwt n Mr wt n Mr wt M
fimB fimA gapA

Figure 2. RT-PCR of the uropathogenic strain HC91255 and its marR mutant. M, size marker 100 bp (Invitrogen, Spain); wt, wild-type strain HC91255;
S, wild-type strain grown with 1 mM salicylate; Mr, marR mutant; n, negative control.

strain growth in presence of 1 mM salicylate was observed
(Fig. 2B).

A marR mutant from the HC91255 strain showing a deletion
of 13 bp between positions 268 and 281 in this gene was obtained
and studied. This mutation changed the amino acid sequence
after position 90 (Glu to Ala). The mutant selected had a MIC
of ciprofloxacin of 0.128 pg/ml. This mutant presented over-
expression of the marA gene whereas the fimA and fimB genes but
not fimE gene showed a decrease in its expression (Fig. 2A and B)
as also occurred when salicylate was added to the culture media.
These results were in accordance with the lower capacity of this
mutant to form in vitro biofilm in comparison with the wild-type
strain (0.47 vs. 0.220). The MarR mutant strain and the strain
grown in LB with salicylate had in common that both strains
overexpressed the marA gene.

Discussion

Fimbriae-mediated adherence is important for the virulence and
persistence of E. coli causing urinary tract infection. Adherence is
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considered the first and most important step in biofilm formation
and is mediated by type 1 fimbriae in E. coli.”

It is well known that salicylate induces a number of mor-
phological and physiological alterations in bacteria. Growth of
bacteria in the presence of salicylate can induce a multiple anti-
microbial resistance phenotype and can affect the production of
various factors involved with bacterial virulence.” Thus, E. coli
may exhibit increased resistance to quinolones, cephalosporins,
ampicillin, nalidixic acid, tetracyclines and chloramphenicol due,
in part, to increased transcription of the marRAB operon.
Salicylate inhibits the binding of MarR to mar operator region
of the mar operon which then leads to increased production of
MarA and a decrease in antibiotic accumulation associated with
a reduction in the production of the outer membrane porins
OmpF and OmpC and to a concomitant increase in the pro-
duction of the multidrug efflux pump AcrAB.">"> MarA expres-
sion is also involved in the virulence of E. coli. Using a murine
model of pyelonephritis, Casaz et al.'* observed that strains
lacking this gene were unable to maintain colonization of the
kidney. NmpC is an outer membrane protein, which functions as
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a porin. It has four regions with strong homologies to OmpF and
both proteins present conserved organization of the functional
sequence in their promoters.”” This fact opens the possibility
that NmpC could be affected by salicylate in the same way that
OmpF. Thus, NmpC could be affected by salicylate in the
same way as OmpF. Further studies are needed to elucidate this
relationship.

Moreover, salicylate affects the production of bacterial virulence
factors. It has also been shown that the synthesis of some types of
fimbriae in E. coli, such as colonizing factor antigen, P fimbriae
and type 1 fimbriae, are reduced following growth in the presence
of salicylate. Kunin et al.'® analyzed whether hypertonic media,
salicylates, and tetracycline resistance, which are known to reduce
OmpF expression, might also affect the expression of fimbriae
and found a reduction of hemoagglutination by P-fimbriated
strains using a salicylate concentration of 2.5 mM. They proposed
that OmpF may have a role in susceptibility to salicylate-induced
effects on fimbrial expression but did not relate MarA to this
effect. However, recent studies proposed that the effect of salicylate
in OmpF expression is due to the overexpression of the antsense
RNA MicF caused by the overexpression of MarA.'” Similarly, type
1 fimbriae expression was affected using a salicylate concentration
of 1 mM. Salicylate also appear to inhibit adherence mediated
by fimbrial adhesines of EAggEC to Hep-2 cells, although
production of outer membrane proteins was not affected.'®

The effect on biofilm formation caused by the presence of a
mutation in the marR gene observed is in accordance with the
results obtained when the strain was grown with salicylate. In
E. coli the mar locus is organized into two divergently positioned
transcriptional units, marC and marRAB, whose expression is
under the control of a centrally collated promoter and mar
operator region.'” In the absence of an appropriate stimulus,
MarR negatively regulates the maRAB operon by binding to
two regions, sites I and II, within 7470."*° The deletions found
in the mutant strain seemed to avoid the binding between MarR
and MarO and, therefore, the expression of the marA gene is not
regulated, causing an overexpression of this gene similar to what
occurred when the salicylate was added to the culture media
provoking a decrease in fimA expression and biofilm formation.

The phase variation of type 1 fimbriae is correlated with the
inversion of 314-bp DNA sequence immediately upstream of
fimA.*' Two elements, FimB and FimE, mapping adjacent to the
fim invertible element, are required for the inversion event. It was
reported that the relative concentration of these two proteins
determine both orientation of the fim invertible element and
frequence of inversion, mediating DNA inversion from the off
to the on orientation in the case of FimB, and from the on to
the off orientation in the case of FimE.”” The decrease in the
expression of the fimB gene on growth of the strain in LB with
salicylate and in the MarR mutant strain could be the cause of
a decrease in the DNA inversion from off to on thereby leading
to a decrease in fimA expression. The lack of differences observed
with the amplification-restriction of fimA promoter method could
be due to the presence of a mixed population of bacteria some of
which, the leats, have not affected by salicylate presence at the
moment of the experiment.

www.landesbioscience.com

Another two genes belonging to the mar regulon, ompX and
10lC, were studied. OmpX is one of the outer membrane proteins
that are present at significantly lower levels in attached cells
than in planktonic cells.”> Moreover, ompX belongs to the mar
regulon, which is also expressed at a lower level in attached E. coli
cells than in planktonic cells.* Deletion of ompX affected cell-
surface interactions of fimbriated and nonfimbriated cells in
opposite ways. Indeed, the production of type 1 fimbriae is
upregulated in an ompX deficient strain. However, it is not
known if the contrary, that is, overexpression of OmpX down-
regulates type 1 fimbriae, is also true. On the other hand, ompX
expression also influences motility and exopolysaccharide produc-
tion, thereby controlling phenotypes typically altered in surface-
associated bacteria.** Tenorio et al.”> created deletions in several
outer membrane proteins including 0mpX, finding that all of
these mutants were able to form biofilm in LB medium. In the
present study it was observed that the presence of salicylate in
the culture media did not affect ompX expression, although
biofilm formation decreased.

TolC is also a member of the mar regulon and has been shown
to be repressed in attached cells compared with levels in plantonic
cells as in the 0mpX gene.” As in the ompX gene, #0/C expression
was not significantly changed with the presence of salicylate in
the culture media neither in the marR mutant. Therefore, the
reduction in biofilm formation is due to marA overexpression
induced by salicylate causing a decrease in type 1 fimbriae
expression and affecting the adhesion step, the first and most
important step in biofilm formation.

Barbosa and Levy'® found an increase in the expression levels of
the ompX and 20/C genes when marA was overexpressed. The lack
of differences in the expression of these two genes between the
wild-type strain and its marR mutant in our study may be
explained by the RNA of the bacteria in the above mentioned
study being obtained in the mid-logarithmic phase (0.35 to 0.40)
while in our case, the RNA was obtained when the bacteria was
close to the stationary phase (0.5 to 0.6).

OmpA is the major outer membrane protein of Gram-negative
Enterobacteriaceae and is highly conserved among species.”® It
has been reported that OmpA is overexpressed during biofilm
formation facilitating the transport of polymeric substances
required for the formation of the extracellular matrix which is
produced in the biofilm maturation step.”” The fact that salicylate
decrease the expression of OmpA provoking a decrease in extra-
cellular matrix production contributes to avoid biofilm formation.

In conclusion, adherence to surfaces through type 1 fimbriae is
the most important step in biofilm formation. The expression of
these fimbriae is mainly regulated by the level of marA expression
through FimB. The effect of salicylate in biofilm reduction could
be intensified by the decrease of OmpA expression that causes a
decrease in extracellular matrix.

Materials and Methods

Bacterial strain. A biofilm forming UPEC HC91255 clinical
isolate was selected. This clinical isolate was collected from a
patient with cystitis and presented several virulence factors such
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as type 1 fimbriae, P-fimbriae, antigen-43, aerobactin and
yersiniobactin.

In vitro biofilm assay. Biofilm assay was performed using
minimal glucose medium (MG63).*® The strains were grown
overnight in LB medium at 37°C without shaking. An aliquot
(1.25 pl) of the overnight culture was subcultured in 125 pl of
M63 medium with 1% of LB in each well of a polystyrene
microtiter plate and incubated at 30°C overnight without shak-
ing. Then 1.25 pl of each culture was subcultured again in 125 pl
of M63 medium in a new polystyrene microtiter plate and
incubated as cited above. After 24 h, the culture was removed
from the plate and the biofilm was stained with 175 pl of violet
crystal for one minute, washed with 1x PBS, and air-dried for
about 1 h. The stain was solubilized in dimethyl sulfoxide
(DMSO, D5879-100ML, Sigma) to measure the absorbance at
Asso in an automatic spectrophotometer (Anthos Reader 2001,
Innogenetics). The result was considered positive when the
absorbance was > 4-fold the value obtained in the well containing
bacteria free medium. All the assays were performed in duplicate
using positive and negative controls.

To analyze the effect of salicylate in biofilm formation, dif-
ferent salicylate concentrations were added to the medium and
biofilm was analyzed following the previous protocol.

Protein extraction and analyses. Total protein was extracted
by sonication and treatment with 3% SDS (L3771, Sigma),
RNAsa and DNAsa. Briefly, 1 ml of a culture with an ODgppnm
of 0.6 was centrifuged ten minutes and the pellet was homo-
genized in 300 pl of microccocal nuclease (stock at 10 pg/ml).
The sample was sonicated in ice and 30 pl of 3% SDS and
RNAsa/DNAsa were added and maintained 15 min at 4°C. After
that, rehydratation solution was added (288 mg of urea plus
300 pl of 2x SDS). 2-DE protein analyses were performed
following the conditions described elsewhere.”” The protein spot
of interest was recovered, digested and sequenced by MALDI-
TOEF-TOF analysis.

Mutant obtention. A marR mutant of the HC91255 strain
was obtained by a muld-step selection process in the presence
of ciprofloxacin. The strain was grown at 37°C on McConkey
plates with different ciprofloxacin concentrations starting with
half of the MIC for the HC91255 strain (MIC to ciprofloxacin
0.004 pg/ml) and increasing 2-fold each step. marA and marR
of each mutant obtained in each step were amplified by PCR
using the primers marA-figo; (5'-AGCTTATGACGATGTCCA
GACG-3'), marA-ryrg; (5-CTAGAACTAGCTGTTGTAATG-
3"), marR-fi4s, (5-TCGTACCAGCGATCTGTTCAATG-3")
and marRerypy  (5-GTGGTCATCCGGTATTTATGC-3').%
The PCR reactions were performed under the following conditions:
one cycle of 3 min at 94°C, followed by 30 cycles of 1 min at 94°C,
1 min at 50°C, and 1 min at 72°C. The PCR-products were
sequenced and compared with the HC91255 wild-type strain.

Determination of fimA promoter segment orientation.
The orientation of the DNA segment containing the fimA
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promoter was performed using a PCR-based assay.’' Briefly,
the switch region was amplified with oligonucleotides OL4
and OL20 to generate a 726 bp DNA product. PCR product
were digested with 10 units of BszUI and resolved on 2%
agarose gels. The obtaining of two DNA fragments (433
and 293 bp) indicated phase ON whereas two fragments of
about 539 and 187 bp indicated phase OFF populations of
bacteria.’

RT-PCR. RT-PCR was performed to study the effect of
salycilate on expression of marA and other genes belonging
(fimA, fimB and fimE, ompX and 70/C) or not (gapA) to the MarA
regulon. For this purpose, the HC91255 and the marR mutant
strain were grown to an ODg0n, 0f 0.5 in Luria-Bertani medium
with or without 1 mM salicylate. One milliliter was centrifuged
and RNA from the pellet was extracted with TriReagent solution
(AM9738, Ambion) following the manufacturer’s instructions,
and treated with 1 pl of DNA-free DNase (AM1906, Ambion).
RT-PCR was performed using the AccessQuick RT-PCR System
(A1702, Promega). Five hundred nanograms of RNA were taken
as template. Specific primers were used for the gap gene included
as expression control (5'-GTATCAACGGTTTTGGCCG-3'/5'-
AGCTTTAGCAGCACCGGTA-3'", 140 bp amplicon), the fimA
gene  (5'-GGACAGGTTCGTACCGCATC-3'/5"-ACGTTG-
GTATGACCCGCATC-3', 250 bp amplicon), the ompX gene
(5'-CAGGGCCAAATGAACAAAATG-3'/5'-AGCACCGTAGG-
AGAAACCGTAGTC-3', 200 bp amplicon), the marA gene (5'-
CATTCATAGCTTTTGGACTGGAT-3'/5'-GTGTAAAAAGC
GCGATTCGCC-3', 220 bp amplicon), the #/C gene (5'-GGG
TCAGAACAAAATTGGCGTG-3'/5-TGATCAGATAGTTAT
AACGCG-3', 250 bp amplicon), and the fimB and fimE pro-
moters.”” The PCR reactions were performed under the following
conditions: one cycle of 45 min at 45°C and 3 min at 94°C,
followed by 30-35 cycles (fimA, ompX, and marA genes) or 16
cycles (gap gene) of 1 min at 94°C, 1 min at 56°C, and 1 min
at 72°C. The PCR products were run in commercial acrylamide
gels (GeneGel Excel, 17-6000-14, GE Healthcare) and stained
with the Plus One DNA Silver staining kit (17-6000-30, GE
Healthcare).
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