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Abstract
The LexA regulated SOS network is a bacterial response to DNA damage of metabolic or

environmental origin. In Clostridium difficile, a nosocomial pathogen causing a range of

intestinal diseases, the in-silico deduced LexA network included the core SOS genes

involved in the DNA repair and genes involved in various other biological functions that vary

among different ribotypes. Here we describe the construction and characterization of a lexA
ClosTron mutant in C. difficile R20291 strain. The mutation of lexA caused inhibition of cell

division resulting in a filamentous phenotype. The lexAmutant also showed decreased

sporulation, a reduction in swimming motility, greater sensitivity to metronidazole, and

increased biofilm formation. Changes in the regulation of toxin A, but not toxin B, were

observed in the lexAmutant in the presence of sub-inhibitory concentrations of levofloxacin.

C. difficile LexA is, therefore, not only a regulator of DNA damage but also controls many

biological functions associated with virulence.

Introduction
The SOS regulatory network is a part of bacterial response to DNA damage [1]. The master
regulators of this system are the global transcriptional repressor LexA and an inducer, the
recombinase protein RecA [2,3]. The mechanism of LexA activation is best studied in Escher-
ichia coli. In clostridia, a LexA/RecA based SOS network was reported in Clostridium perfrin-
gens where it was induced by methyl methane sulfonate (MMS) and UV radiation [4].
Moreover, LexA binding sites have been identified in both C. perfringens and Clostridium
acetobutylicum where addition of an operator sequence was shown to increase responsiveness
to irradiation [5].
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Besides the repression of DNA damage responsive genes, LexA also controls several other
genes including virulence factors. For instance, LexA was reported to regulate in Vibrio cho-
lerae the production of temperate phage CTX, encoding cholera toxin [6] and colicins in E. coli
[7,8]. Chellappa and co-workers [9] showed that induction of the SOS response represses fla-
gellar motility but increases biofilm formation in Pseudomonas aeruginosa. Furthermore, the
resistance of Bacillus subtilis spores to DNA double-strand breaks has been correlated to RecA
and its accessory proteins [10].

C. difficile is a nosocomial, Gram-positive, anaerobic pathogen which causes a range of
intestinal diseases associated with antibiotic treatment [11]. An in-silico study coupled to an
in-vitro LexA-DNA interaction analysis by surface plasmon resonance spectroscopy, identified
16 LexA target sites within genomes of C. difficile [12]. The identified putative LexA operators
were found within the pathogenicity locus PaLoc, which encodes two large clostridial toxins
TcdA and TcdB, and in the promoter region of the sspB gene that encodes for a protein
involved in sporulation [12]. Interestingly, minor changes in levels of some SOS proteins
(RecA, LexA, UvrB, UvrC) were observed in a Spo0A deficient C. difficilemutant [13]. More-
over, recent analysis of a stable metronidazole-resistant C. difficile isolate suggested a possible
role for DNA repair genes (uvrABC operon) in the mechanism of resistance to this drug [14].
LexA binding sites were found in promoter regions of the house-keeping genes rplR and rpoB,
suggesting the network controls various biological functions including pathogenicity related
properties [12].

To further analyse the possible association of LexA with C. difficile virulence we have con-
structed a lexAmutant that displays a constitutively induced SOS response and studied several
phenotypic properties.

Materials and Methods

Strains and plasmids used in this study
ClosTron mutagenesis was performed in C. difficile R20291 (BI/NAP1/027). Phenotypic analy-
sis of the lexAmutant was compared to the R20291 wild-type strain and C. difficile 630 (012).
The list of strains used in this study, including E. coli strains and plasmids applied in mutagene-
sis, is shown in S1 Table.

CdiR20291-lexA238a::CT strain construction and complementation. ClosTron-medi-
ated mutagenesis of lexA in C. difficile R20291 was performed as previously described [15].
The outputs of the intron targeting and design tool from www.clostron.com for the insertion
site at 238|239 nucleotide (antisense) are shown in S1 File. Construction of re-targeted
pMTL007C-E2 vector plasmids was outsourced (DNA2.0, USA; Heap, Kuehne [15]). LexA
mutant clones were PCR screened with screening primers and EBS universal primer (primer
sequences shown in S2 Table). Insertion of the intron was verified by sequencing PCR ampli-
fied lexA. Single insertion was verified by Southern Blot. Chromosomal DNA for Southern
blot was extracted using high quality phenol chloroform method as described elsewhere [16].
Southern blots were performed with DIG High Prime DNA Labelling and Detection Starter
Kit I (11 745 832 910, Roche) according to the manufacturer’s protocol. The CdiR20291--
lexA238a::CT strain called here: lexAmutant was complemented with an expression plasmid
pMTL84151 (GenBank: FJ797649.1) carrying lexA gene constructed through the use of Splice
Overlap Extension (SOE) PCR [17]. The lexA gene was amplified from R20291 genomic DNA
using primers containing NdeI and BamHI restriction sites (S2 Table) and cloned into plas-
mid vector pMTL84151. Transfer of the vector pMTL84151::lexA into C. difficile lexAmutant
was accomplished by conjugation with the E.coli CA434 donor as described for ClosTron

LexA and Virulence inC. difficile

PLOSONE | DOI:10.1371/journal.pone.0144763 December 18, 2015 2 / 17

Competing Interests: The authors have declared
that no competing interests exist.

http://www.clostron.com


delivery [18] (S1 Table). The CdiR20291-lexA238a::CT::pMTL84151::lexA strain is called
here complemented lexAmutant.

Routine growth of C. difficile strains. Prior to each experiment, fresh cultures were
restreaked from a -80°C stock, in an anaerobic workstation (DonWhitley Scientific, United
Kingdom) at 37°C and incubated for 24–48 h. The wild-type strains were cultured in BHIS cc
(brain heart infusion supplemented with 0.1% (w/v) L-cysteine (Sigma-Aldrich) and 5 mg/ml
yeast extract (Oxoid) and Clostridium difficile supplement (cc) (250 μg/ml D-cycloserine and
8 μg/ml cefoxitin (Sigma-Aldrich)). The lexAmutant strain was grown on BHISLm (BHIS cc
supplemented with 20 μg/ml lincomycin). The plasmid complemented lexAmutant strain was
cultivated on BHISTm (BHIS cc supplemented with 15 μg/ml thiamphenicol) to prevent loss
of complementation plasmid carrying thiamphenicol resistance gene.

Antibiotic susceptibility
Antibiotic susceptibility testing was performed using Etest1 (AB bioMeriux) as described ear-
lier [19] for the following antibiotics: erythromycin (EM); tetracycline (TC); doxycycline (DC);
clindamycin (CM); amoxicillin (AC); rifampicin (RI); metronidazole (MZ); vancomycin (VA);
piperacyllin/tazobactam (PTc), and; levofloxacin (LE). The MIC assay for ampicillin (AM) was
performed using the microbroth dilution assay in an anaerobic cabinet using pre-reduced
BHIS media. Suspension of a fresh culture at OD620 0.6 was prepared and inoculated at ratio
1:100 in 96-well plate into media containing two-fold dilutions of antibiotic (32 to 0.125 μg/
ml) and incubated for 24–48 h. The MIC was determined by measurement of turbidity with
Sunrise™ (Tecan) at OD620. MIC was determined in triplicate and in three independent experi-
ments. The MIC breakpoint was specified where possible [20, 21, 22, 23].

Cell morphology and growth curve analysis
Cell morphology was examined under light microscopy. The strains were revived from a stock,
restreaked onto appropriate medium and incubated overnight. Small samples were harvested
in triplicate and slides were Gram stained with PREVI-color-gram (BioMerieux).

Growth curve analysis was performed in four different liquid media: BHIS (described
above); BHISG (BHIS supplemented with 1% (w/v) glucose); PY (1% (w/v) bacto peptone,
1% (w/v) yeast extract, salts: 8 μg/ml CaCl2, 8 μg/ml MgSO4, 40 μg/ml K2HPO4, 40 μg/ml
KH2PO4, 0.4 mg/ml NaHCO3, 80 μg/ml NaCl) and PYG (PY supplemented with 1% (w/v)
glucose).

In all growth curve experiments, a 0.3 ml aliquot of overnight culture was diluted in 5 ml of
liquid medium and incubated for 5 h. The growth curve was set up by inoculation of fresh
medium with the 5 h old culture in a 1: 1000 ratio. The optical density was checked every 2 h
for the first 16 h then at 26, 34 and 50 h. Additional samples for microscopical analysis and
cytotoxicity assay were also taken at each time point. The experiment was performed in at least
3 independent replicas.

Extraction and purification of the C. difficile total RNA
Total RNA of wild-type and lexAmutant was extracted using RNAprotect Bacteria Reagent
(76506, QIAGEN) QIAzol lysis reagent (79306, QIAGEN) combined with RNeasy Mini Kit
(74104, QIAGEN). RNAprotect Bacteria Reagent in a 1:1 ratio was added to the sample taken
at 12 and 24 h during bacterial growth, incubated for 5 min at room temperature and centri-
fuged for 10 min at 5000 x g. The supernatant was removed and pellet stored at -80°C for up to
5 days. Thereafter, pellets were thawed, suspended in 2 ml of ethanol:methanol mixture [1:1]
and incubated at -80°C for minimum 20 min. After centrifugation for 10 min at 3000 rpm at
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4°C the pellet was washed twice in 500 μl of TE buffer (10 mM Tris, 1 mM EDTA, pH 7.6) and
once in 200 μl of SET buffer (50 mM NaCl; 5 mM EDTA; 30 mM Tris-HCl pH 7.0; 10% SDS
(w/v)). The primary lysis was undertaken in 83 μl of TL buffer (50mM Tris, pH 6.5; 50 mg/ml
lysozyme), 2 μl of SUPERase In1 RNase inhibitor (AM2694, Life technologies) and 10 μl pro-
teinase K mix (19131, QIAGEN) for 45 min at 37°C with mixing 350 rpm. The secondary lysis
was performed in 600 μl of QIAzol lysis for 5 min at room temperature. Nucleic acids were sep-
arated by adding 140 μl of chloroform and incubated 2–3 min followed by 15 min centrifuga-
tion at 13200 rpm (maximal speed) at 4°C. The upper layer was mixed with 1.5 x volume of
100% ethanol. The sample, including any precipitate was transferred into RNeasy Mini Spin
column (74104, QIAGEN) and centrifuged for 15 s at 8000 x g. Further RNA purification with
RNeasy Mini Kit (74104, QIAGEN) was performed according to manufacturer description.
The concentration of isolated RNA was measured with a NanoDrop ND-1000 spectrophotom-
eter, adjusted to 100 ng/μl and stored at -80°C.

RecA gene expression measurement—reverse transcription quantitative
real time PCR
Reverse transcription quantitative real time PCR (RT-qPCR) was performed on Rotor-Gene Q
(QIAGEN) with rotor Gene Probe RT-PCR kit (204574, QIAGEN) according to the manufac-
turer instructions. Briefly, 12.5 μl of 2x Rotor-Gene Probe RT-PCR Master Mix (containing
HotStarTaq Plus DNA polymerase, Rotor-Gene Probe RT-PCR Buffer and dNTPs mix);
0.25 μl of Rotor-Gene RTMix (containing Omniscript1 and Sensiscript1 Reverse Transcrip-
tases); 1.2 μl of each recA and rpsJ primers; 0.6 μl of each recA and rpsJ probe and 4.75 μl per
1.5 μl sample (150 ng/reaction) were used. Reverse transcription was performed at 50°C for 30
min followed by PCR initial activation step at 95°C for 5 min and 40 cycles of 3 s denaturation
step at 95°C and 12 s annealing/extension step at 59°C. Cycling was acquired on green (for
rpsJ) and orange (for recA) channels. Expression levels of recA were tested in BHIS and BHISL
(BHIS supplemented with 8 μg/ml LE) at 12 h and 24 h. The primers and the probe for recA
amplification were selected with Primer3 (http://simgene.com/Primer3). The rpsJ gene was
selected for normalisation (reference gene) after optimisation. Modified primers proposed by
Metcalf et al. [24] for the rpsJ gene were used. The probe for rpsJ was designed with Primer3.
All oligonucleotides are listed in S2 Table. The experiments were performed in two biological
replicates (RNA originating from two independent culture extractions) and two technical repli-
cates (biological sample tested in triplicates in two independent PCR amplifications). Ct values

were analysed using a relative expression ratio with an equation: 2�1DDC
T as applied previously

[25, 26]. The expression ratio was calculated for the lexAmutant, lexAmutant grown in the
presence of LE and the R20291 wild-type grown in the presence of LE relative to the R20291
wild-type calibrator.

Sporulation
Sporulation assays for the wild-type and lexAmutant strains were performed by enumeration
of total and heat resistant CFU (colony forming units) for up to 6 days with sampling at 24 h
intervals. Cultures were cultivated in BHIS and PY medium as described for the growth curve
experiments and the assay was performed as described by Burns and co-workers [27] with the
difference that the heat treatment was performed at 70°C for 20 min. The spore number was
defined as CFU following heat treatment. Sporulation frequencies were determined as the ratio
of the number of heat resistant CFU and the total number of CFU before heat treatment. At
least three independent experiments were performed and standard errors of the means were
calculated.

LexA and Virulence inC. difficile
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Biofilm formation
The biofilm formation assay was performed for the C. difficile R20291 wild-type, lexAmutant,
plasmid complemented lexAmutant and strain 630 as described by Dapa and co-workers [28].
The biofilm was generated in a tissue culture treated 24-well polystyrene plate (CLS3527,
Sigma-Aldrich). The optical density OD570 of crystal violet retained by the biofilm was mea-
sured on a Sunrise™ instrument (Tecan). Non-inoculated broth medium was used as a negative
control. The average OD570 of biofilm cell mass and standard deviation was calculated based
on three independent experiments performed in duplicate.

Motility test
To assess the motility of the wild-type strain and lexAmutant, the following protocol was adopted.
A 0.3 ml aliquot of an overnight culture was diluted into 5 ml of liquid medium, incubated for 5 h,
further diluted in 1:1000 ratio, incubated for 16 h and the turbidity adjusted to the OD620 value of
0.6. Motility was measured by either stabbing cell suspensions into solidified media in a test tube,
or by their inoculation onto the surface of agar media in Petri dishes. In the former case, a sterile
toothpick carrying culture suspension was stabbed, in triplicate, into a test tube containing 5 ml of
pre-reduced 0.5% (w/v) BHIS agar. For the latter test, 10 μl drops of a culture were spotted onto
the surface of the same media in Petri dishes. In both cases incubation was for 2 days at 37°C, in
an anaerobic workstation and two independent experiments were performed.

Cytotoxicity assay
Vero cells (ATTC) were routinely cultured in 75 cm2 Flasks in Dulbecco`s Modified Eagle
Medium (DMEM) supplemented with 10% (v/v) Foetal bovine serum (FBS), 1% (v/v) sodium
pyruvate, 1% (v/v) MEM non-essential amino acids solution, 100X, 1% (v/v) penicillin/strepto-
mycin at 37°C with 5% (v/v) CO2. Cytotoxic assays were performed in 96 well plates on 80–90%
confluent Vero cells in DMEM supplemented with a lower concentration of FBS (1% (v/v)).

C. difficile samples taken at different time points during bacterial growth were centrifuged 5
times at 13200 rpm for 10 min and the supernatant was stored at -20°C for time period not
exceeding 7 days prior to intoxication. The five-fold dilutions of supernatants were prepared
and applied to cells in 1:10 (v/v) ratio and incubated overnight. Sterile media were used as a
negative control. The serial dilution titre that exhibited 50% cytotoxicity was recorded and
plotted on a logarithmic scale. The experiment was performed in 3 independent replicates.

ELISA for toxin A and toxin B
ELISA for the separate detection of C. difficile Toxin A or Toxin B in suspensions (TGC-E002-
1, tgcBIOMICS) was used to detect and quantify the level of both toxins being produced by the
wild-type and lexAmutant strains. Four different time points were tested (4, 12, 26 and 50 h)
during growth in PY medium and PY medium supplemented with 8 μg/ml LE. The samples
were taken throughout the growth curve, prepared according to the manufacturer’s instruc-
tions and a dilution of 1:10 prepared in the dilution buffer provided in the kit. The ELISA assay
was performed according to manufacturer`s description. The experiment was performed in 2
independent replicates.

Results and Discussion

Mutagenesis of the lexA gene in C. difficile R20291
To study the characteristics of the SOS response in C. difficile we attempted to make two funda-
mentally different classes of mutants. In one instance a knock-out mutant made by insertional
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inactivation that was no longer able to produce LexA protein, and in the other case a mutant
encoding a variant, non-cleavable LexA in which the Ser residue at position 135 was replaced
with Ala. The methodology adopted to make the latter mutant was the allelic exchange method
described by Cartman and co-workers [29]. However, in no instance was this successful either
in strain 630 or R20291. The most likely explanation for this failure is that mutation leading to
formation of non-cleavable LexA is lethal for C. difficile as the protein seems to repress several
essential genes [12]. We were, however, able to obtain an insertional ClosTron mutant in strain
R20291 which would result in the production of a dysfunctional LexA protein (designation:
CdiR20291-lexA238a::CT called here: lexAmutant) (Fig 1). The lexA deletion is lethal for E.
coli unless another gene, sulA, is inactivated. The SulA protein arrests cell division after DNA
damage [30]. In contrast, lexA deficient B. subtilis and B.megaterium strains are viable [31, 32].
In the C. difficile lexAmutant, the ClosTron intron is inserted between a region of DNA encod-
ing the LexA DNA binding domain sequence and a region of the gene coding for the LexA
dimerisation and catalytic domain (Fig 1). Therefore, the mutant strain could synthesize
repressor residues 1–92 harbouring the DNA binding domain fused to the several intron-
encoded amino acids. Thus, the LexA-derivative might retain some affinity for SOS target
sequences. To assist the characterisation of the mutant, a complemented strain was con-
structed. Complementation was achieved by cloning the wild-type lexA gene into the expres-
sion plasmid pMTL84151 (pMTL84151::lexA) which was introduced into the lexAmutant
strain to yield the strain CdiR20291-lexA238a::CT::pMTL84151::lexA, called here comple-
mented lexAmutant strain.

Morphological and growth properties of C. difficile lexAmutant
The characteristics of the lexAmutant were compared to its isogenic parent, C. difficile R20291,
C. difficile 630 (in biofilm formation experiments only) and to the complemented lexAmutant
strain. The initial examination under light microscope indicated that the lexAmutation altered
cell morphology, causing them to grow as abnormal, filamentous rods (Fig 2B). This abnormal-
ity was alleviated in the complemented strain where the morphology of growing cells was indis-
tinguishable from that of the wild-type parent strain (Fig 2). A filamentous phenotype is
indicative of a defect in cell division inhibition and has previously been described to be associ-
ated with the activated SOS response [31, 32].

A filamentous phenotype of the lexAmutant was observed in all four media tested (BHIS,
BHISG, PY, PYG) (Fig 3; S2 File). The wild-type and the lexAmutant growth rate and doubling
times, as computed with online calculator [33], were comparable between the two strains (Fig
3). The lexAmutant strain showed a comparable growth curve to the wild-type in BHIS and
PY media unless glucose was added.

SOS response is constitutively induced in lexAmutant
The lack of a functionally active LexA protein in the mutant strain may lead to the constitutive
expression of the SOS response. To test this hypothesis we followed the expression of the core
SOS gene, recA in the lexAmutant and in the wild-type parent strain when grown in BHIS
medium.

In the lexAmutant, a 1.6-fold change in recA expression was observed after 12 h of growth
(compared to the wild-type calibrator) and a 3.2-fold change after 24 h (S3 Table, sample 1; Fig
4), thus data imply that LexA-regulon genes are constitutively expressed in the mutant.

In addition, we followed recA expression in the lexAmutant and in the R20291 wild-type in
the presence of 8 μg/ml LE, an antibiotic known to induce the SOS response in E. coli and S.
aureus [34, 35]. The wild-type and its lexAmutant exhibited LE resistance with an MIC of
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greater than 32 μg/ml (S4 Table), which is related to amino acid substitution Thr82-Ile in
GyrA [36]. Thus, despite the fact that in V. cholerae and E. coli fluoroquinolones were shown
to induce the SOS response at concentrations that were 100- to 230-fold lower than the MIC
[37, 38, 39], we used a relatively high concentration of LE for our experiments (8 μg/ml). The
effect of LE on recA expression was more significant in the strain lacking the functional LexA
(mutant) than in its isogenic strain (Fig 4, S3 Table). In comparison to the non-induced growth
of the wild-type, we observed a 2.5-fold increase in recAmRNA levels after 12 h of growth in
the LE induced lexAmutant and its isogenic parent strain. Furthermore, for the 24 h time
point we observed a 6.9-fold increase and a 73.5-fold increase in recA expression in the wild-
type and in the lexAmutant strain, respectively. Therefore, our results suggest that recA expres-
sion is not solely LexA-controlled but is also regulated by a LexA independent mechanism that
is sensitive to LE.

Decreased sporulation of LexA mutant
R20291 produces lower number of spores in comparison to strain 630. Previous studies have
shown that cultures of R20291 contain 1x105 -1x106 heat resistant CFU/ml after 5 days of

Fig 1. Representation of theC. difficileR20291 lexA gene. The arrow denotes the nucleotide sequence of
the R20291 lexA gene. The fragment marked in red shows a 45 nucleotide sequence which is absent in the
genome of C. difficile 630. Small black arrows indicate the position of sequences coding for LexA domains.
The position of the cleavage site and catalytic residues is marked in purple. The ClosTron insertion site is
marked in green. The green bracket beginning at nucleotide 34 indicates the sequence used for ClosTron
design. The numbers of R20291 lexA nucleotides are presented below the arrow in black. The numbers in
purple indicate the nucleotide numbering of R20291 active/insertion sites which correlates with numbers in
black. The numbers in green indicate the nucleotide numbers of a sequence used for ClosTron design. The
numbers in red indicate the nucleotide numbering of CD630 active/insertion sites.

doi:10.1371/journal.pone.0144763.g001

Fig 2. Cell morphology after Gram staining. (A) R20291 wild-type; (B) lexAmutant (CdiR20291-lexA238a::CT); (C) plasmid complemented lexAmutant
(CdiR20291-lexA238a::CT::pMTL84151::lexA).

doi:10.1371/journal.pone.0144763.g002
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Fig 3. Growth andmorphology of the R20291 wild-type (WT) and the lexAmutant (LexA::CT) in variousmedia.Growth and cell morphology in (A)
BHIS medium; (B) BHISGmedium; (C) PY medium (D) PYGmedium. Growth was analysed by measurement of turbidity at OD(620) at time 0, 2, 4, 6, 8, 10,
12, 14, 16, 26, 34 and 50 h. The dotted curve shows data taken for calculation of DT—doubling time and GR—growth rate. The time points of sampling for
Gram staining (6, 8, 16 and 26 h) are shown on curves with black asterisks.

doi:10.1371/journal.pone.0144763.g003
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incubation, while C. difficile 630 produces 1x108 heat resistant CFU/ml after the same time
period [27, 40]. We observed, 3.5x106 heat resistant CFU/ml for the R20291 wild-type strain
after 5 days which remains in agreement with these studies [27, 40] (Fig 5).

In the lexAmutant significantly less spores were detected in comparison to the wild-type
(Fig 5). After 6 days of growth in BHIS medium, 1.8x107/ml spores of the wild-type R20291
strain were produced, while approximately 5 log10 less spores were detected in the lexAmutant
(1.4x102 CFU/ml). In less nutritious PY medium, the spore number of the R20291 wild-type

Fig 4. Fold differences in recA gene expression at 12 h and 24 h of growth. The columns represent the
fold difference in recA expression of the test sample relative to the R20291 wild-type calibrator. Red colour
designates the lexAmutant (LexA::CT), while the blue colour designates the R20291 wild-type (WT). The
stripped columns represent those strains grown in the presence of levofloxacin (8 μg/ml). The plain red
columns show the fold change in recA expression of the lexAmutant relative to the calibrator. The striped
blue columns show the fold change in recA expression of R20291 grown in levofloxacin (8 μl/ml) relative to
the calibrator. The stripped red columns show the fold change in recA expression of lexAmutant grown in
levofloxacin (8 μl/ml) relative to the calibrator. Low relative expression ratio expressed as a fold difference
indicates similar gene expression by the test sample and the calibrator. High relative expression ratio
indicates higher fold of expression by the tested strain relative to the calibrator.

doi:10.1371/journal.pone.0144763.g004

Fig 5. Sporulation properties of lexAmutant compared to its parent R20291 strain. (A) The colony
formation following heat treatment (70°C, 20 min) of C. difficile strain R20291 (WT) and the lexAmutant
(LexA::CT) in BHIS and PYmedium. (B) The sporulation frequency is based on the ratio of heat resistant
spores and total colony forming units of C. difficile R20291 wild-type and the lexAmutant. The cultures were
grown in BHIS and PY and plated on BHIS Tc. The bars stand for averages of three independent experiments
and error bars indicate standard errors of the means. The detection limit for colony counts was 50 CFU/ml for
the wild-type and 10 CFU/ml for the mutant.

doi:10.1371/journal.pone.0144763.g005

LexA and Virulence inC. difficile

PLOSONE | DOI:10.1371/journal.pone.0144763 December 18, 2015 9 / 17



strain increased ~1 log10 relative to BHIS (3.5x108 CFU/ml) while there was an approximately
3.6-fold increase in spore numbers in the lexAmutant (5.0x102CFU/ml) (Fig 5), yet still signifi-
cantly less than the wild-type. The sporulation frequency of R20291 was 10%, while the sporu-
lation frequency of the lexAmutant was approximately 0.2% (Fig 5B).

The decrease in sporulation exhibited by the lexAmutant indicates that the intact SOS sys-
tem plays a role in C. difficile sporulation, a phenomena that was also observed in B. subtilis.
The LexA regulon of B. subtilis includes cwlD, which encodes a cell-wall hydrolase which is
necessary for spore formation and dormancy [41, 42]. In this bacterium, LexA also represses
the expression of the sda gene which encodes for the checkpoint factor that prevents sporula-
tion in response to DNA damage [43]. Although Sda is absent in C. difficile [44], and therefore
cannot be related to decreased sporulation, we previously reported that LexA interacted in
vitro with the putative promoter region of another gene involved in sporulation, sspB [12].
Thus, the LexA network of C. difficile, in common with B. subtilis, also controls sporulation.
However, our data implies that regulation occurs via a different pathway which might involve
sspB. Moreover, Pettit and co-workers [13] observed changes in expression of SOS related pro-
teins between C. difficile wild-type and a C. difficile spo0A deficient mutant (log2 difference:
recA (-0.14), lexA (0.18), uvrB (0.18), uvrC (0.34)). Thus, several SOS and sporulation genes
seem to be co-dependent on LexA and Spo0A. The SOS response is activated upon DNA dam-
age while the spores are produced as a bacterial response to overcome and survive harsh envi-
ronmental conditions. Decreased sporulation upon induction of the SOS response could be
beneficial for the bacterium as it ensures the cell does not enter sporulation before the repair of
damaged DNA.

Changed motility and higher biofilm formation by the lexAmutant
We assayed the lexAmutant strain for biofilm formation and compared the data to the charac-
teristics of CD630 (control strain), R20291 (wild-type) and the complemented lexAmutant
(Fig 6). The average optical density (OD570) measurements of biofilm cell mass for CD630,
R20291, the lexAmutant and the complemented lexAmutant strains were OD570 = 1.0(±0.07);
OD570 = 1.4(±0.26); OD570 = 4.1(±0.32); and OD570 = 1.7(±0.44), respectively (Fig 6). The
R20291 wild-type strain produced more biofilm than the CD630 strain (Fig 6), which is in
agreement with previous study [28]. The C. difficile lexAmutant strain produced significantly
more biofilm than the R20291 wild type and CD630 strains. The complemented lexAmutant
essentially restored the wild-type phenotype (Fig 6). In other species, SOS inductory antibiot-
ics, such as quinolones and aminoglycosides, were shown to induce biofilm formation through
the interplay between RecA and LexA [45]. Here we show, for the first time, that biofilm pro-
duction in C. difficile can be stimulated by induction of the SOS response.

The possible effect of inactivated lexA on cell motility was also assessed. We tested the
ability of the lexAmutant cells to swim, through stabbing of cells into a sloppy agar (0.5%, w/
v), and the ability to glide, through inoculation onto the surface of agar. Fig 7A shows the
results of the swimming motility assays. The wild-type (on the right) showed migration
through the agar and the formation of multiple branches separated from the root. In contrast,
the lexAmutant grew only within the hollow after stabbing. These data indicate that the lexA
mutant is less able to swim than the wild-type. Similar observations were made in P. aerugi-
nosa, where flagellum related motility was repressed when the SOS response was induced by
ciprofloxacin [9].

In contrast, the lexAmutant showed some gliding motility (formation of rhizoid edge) after
48 h, while R20291 seemed non-motile within the same time period (Fig 7B). The formation of
SOS-inducible biofilm in P. aeruginosa was related to motility as the initial event facilitating
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Fig 6. Biofilm formation after 24 h byC. difficile 630, R20291 wild-type, lexAmutant and
complemented lexAmutant Top, pictures of biofilm after crystal violet staining corresponding to the bottom
columns presenting numerical value of average OD570 readings from at least 3 independent experiments
(reading taken in triplicates). Error bars shows standard deviation of the repeats. Top picture labelled as “–ve”
shows the water only, negative control which was deducted from final readings before graphical presentation.

doi:10.1371/journal.pone.0144763.g006

Fig 7. Themotility of theC. difficile lexAmutant and its wild-type after 48 h. (A) Reduced swimming
motility of the lexAmutant in 0.5% BHIS pre-reduced medium. (B) Increased gliding motility of the lexAmutant
in 0.5% BHIS pre-reduced medium. The experiments were performed in two biological replicates, each in
triplicate.

doi:10.1371/journal.pone.0144763.g007
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biofilm development [9]. The observed increase in biofilm formation associated with the lexA
mutant, coupled with observed ability to undergo gliding, suggests a similar relationship in C.
difficile as observed in P. aeruginosa. The mechanism of this regulation in P. aeruginosa
remains unclear.

Insertional mutation in lexA prevented inhibition of toxin A production by
levofloxacin
In our previous work we showed in vitro LexA binding to the promoter region of the toxin A
gene (tcdA) which is located within the pathogenicity locus PaLoc [12]. Here we followed tox-
ins A and B production levels of the R20291 wild-type strain and its lexAmutant derivative by
cytotoxicity assay and ELISA. The bacterial cells were grown in PY medium with and without
8 μg/ml LE to look for the suggested induction of the SOS response. Fig 8 shows the 50% cyto-
toxicity presented as a cytotoxicity titre of serial dilution (Fig 8A and 8B) as well as toxin spe-
cific ELISA (Fig 8C–8F) for the C. difficile R20291 parent strain and the lexAmutant (Standard
deviation of replicas is shown in S3 File).

The cytotoxicity on Vero cells between the mutant and its isogenic parent when both grown
in PY medium was comparable (Fig 8A). Cytotoxic activity was observed after only 4 h, in the
early stages of exponential phase. This activity increased substantially after 16 h when the cells
entered stationary phase. These data are broadly in agreement with the data of others [46]. The
presence of LE in the growth media decreased cytotoxic activity produced by both strains by 1
log (Fig 8A and 8B). A similar effect has been previously reported [47, 48].

There was no difference in toxin B production, as measured by ELISA, either between the
R20291 wild-type strain and the lexAmutant grown in PY medium (Fig 8E) or in PY supple-
mented with LE (8 μg/ml) (Fig 8F). Toxin B was first detected at the 26 h time point at compa-
rable levels in both strains. In contrast, a two-fold decrease in the amount of toxin A produced
was evident after 26 h (at 12 h: wt OD(450–620) = 0, mutant OD(450–620) = 2.5; at 26 h: wt
OD(450–620) = 1.75, mutant OD(450–620) = 3.5) with the wild-type R20291 cells when LE was
present (Fig 8C and 8D). The presence of LE had no measureable effect on the amount of toxin
A produced by the lexAmutant (Fig 8C and 8D), but appeared to influence the timing of pro-
duction. Thus, toxin A was detected at an earlier phase of growth when LE was present.

Different quinolone antibiotics have different effects on C. difficile toxin production. LE is
known to decrease toxin production [47, 48] but also to induce the SOS response [34, 35]. In
contrast, another SOS inducing fluoroquinolone, ciprofloxacin, increases tcdA expression and
also shifts the initiation of expression into an earlier point in the growth phase [49]. Our data
suggest that the inhibitory action of LE on toxin A production was countered by the constitu-
tively induced SOS response present in the lexAmutant (Fig 8D). These data suggest that a
fully induced SOS system is involved in the expression of the tcdA gene.

To date, the majority of studies support a model where the expression of the genes encoding
both C. difficile toxins (A and B) are regulated simultaneously [50, 51]. The differences in toxin
A and toxin B levels shown in this study, taken together with our previous finding that LexA
binds to the tcdA promoter region [12] suggest, that the LexA regulated SOS response plays a
role in the regulation of toxin A but not toxin B production.

Increased sensitivity to metronidazole in C. difficile LexA mutant
Among the tested antibiotics (MIC determination in S4 Table): protein synthesis inhibitors
(EM, TC, DC, CM), DNA/RNA synthesis inhibitors (LE, RI, MZ) and cell wall synthesis inhib-
itors (VA, PTc, AC, AM), dissimilarity was observed in the sensitivity to metronidazole and
clindamycin (CM). The resistance of the lexAmutant to CM is due to the presence of the ermB
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located within the inserted ClosTron-derived intron which encodes for resistance to (LM) lin-
comycin (CM is LM derivate). The MICmz of the R20291 wild-type strain was determined as
1.5–2.0 μg/ml, while the MICmz of the lexAmutant was 0.5 μg/ml (S4 Table). The metronida-
zole susceptibility of C. difficile varies. Resistance has been shown to be heterogeneous and
inducible but the precise mechanism has yet to be established [14, 52–56]. The observed
increase in sensitivity to metronidazole in the lexAmutant is in contrast to a previous study

Fig 8. Toxin production by R20291 wild-type (WT) and the lexAmutant (LexA::CT) when grown in PY with and without levofloxacin
supplementation. The line charts show the growth curve expressed as turbidity OD620 as a constant lines with the scale on the left; the cytotoxicity and
ELISA toxicity expressed as cytotoxicity titre and ELISA OD450-620 as a broken lines with the scales on the right. The samples for cytotoxicity were taken as
described for Fig 4 while the samples for ELISA were taken at 4, 12, 26 and 50 h which is shown as an asterisk on the growth curve.

doi:10.1371/journal.pone.0144763.g008
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describing increased expression of core SOS genes in a metronidazole resistant strain,
CD26A54_R, relatively to its sensitive counterpart CD26A54_S [14]. The resistance mecha-
nisms described in Bacteroides fragilis andHelicobacter pylori also include overexpression of
recA and a DNA repair/recombination protein. The data presented here supports the notion
that the mechanism of metronidazole resistance in C. difficile is connected to the SOS network.
However, it also suggests that an increased SOS response is associated with an increase in met-
ronidazole resistance rather than decreased sensitivity.

Conclusions
The SOS response is widespread, being found in almost all eubacterial groups [1], but it varies
significantly from species to species. Often, in addition to DNA repair, LexA controls various
other functions, such as the expression of toxin genes [7] and antibiotic resistance determi-
nants [57] or the transfer of genetic elements [6, 58].

In the present study we have generated the first LexA deficient mutant of C. difficile and
provided experimental evidence that the C. difficile SOS response is based on the LexA-RecA�

paradigm. Moreover, we demonstrated that in C. difficile, LexA is not only a regulator of the
DNA damage response but also controls other biological functions related to virulence, notably
motility, biofilm production, sporulation, toxin A production and metronidazole resistance.
Our data imply that LE induces recA expression in C. difficile in a LexA-independent manner.

Our findings suggest that drugs which interfere with induction of the SOS response may not
only provide next generation C. difficile antibiotics, as LexA seems to control several house-
keeping genes [12], but also decrease its virulence potential.

Supporting Information
S1 File. Intron targeting and design tool results.
(DOCX)

S2 File. Standard deviation of R20291 wild-type and lexAmutant growth curves in various
media.
(PDF)

S3 File. Standard deviation of R20291 wild-type and lexAmutant cytotoxicity and ELISA.
(PDF)

S1 Table. List of strains and plasmids used in this study.
(DOCX)

S2 Table. List of oligonucleotides used in this study.
(XLSX)

S3 Table. The calculation of recA fold difference in expression.
(DOCX)

S4 Table. Antimicrobial susceptibility testing of C. difficile R20291 wt and R20291-LexA::
CT mutant.
(DOCX)

Acknowledgments
The authors would like to acknowledge helpful comments and technical help by Michelle
Kelly, Tanja Dapa and Aleksander Kocuvan.

LexA and Virulence inC. difficile

PLOSONE | DOI:10.1371/journal.pone.0144763 December 18, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144763.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144763.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144763.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144763.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144763.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144763.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144763.s007


Author Contributions
Conceived and designed the experiments: BMW STC NPMMBMR. Performed the experi-
ments: BMW STC. Analyzed the data: BMW STC NPMMBMR. Contributed reagents/materi-
als/analysis tools: NPMMR. Wrote the paper: BMWNPMMBMR.

References
1. Erill I, Campoy S, Barbe J. Aeons of distress: an evolutionary perspective on the bacterial SOS

response. FEMSMicrobiol Rev. 2007; 31(6):637–56. doi: 10.1111/j.1574-6976.2007.00082.x PMID:
17883408

2. Butala M, Žgur-Bertok D, Busby SJ. The bacterial LexA transcriptional repressor. Cell Mol Life Sci.
2009; 66(1):82–93. doi: 10.1007/s00018-008-8378-6 PMID: 18726173

3. Cox MM. Regulation of bacterial RecA protein function. Critical reviews in biochemistry and molecular
biology. 2007; 42(1):41–63. doi: 10.1080/10409230701260258 PMID: 17364684

4. Johnston JL, Sloan J, Fyfe JA, Davies JK, Rood JI. The recA gene from Clostridium perfringens is
induced by methyl methanesulphonate and contains an upstream Cheo box. Microbiology. 1997; 143
(Pt 3):885–90. PMID: 9084172

5. Nuyts S, Van Mellaert L, Barbe S, Lammertyn E, Theys J, Landuyt W, et al. Insertion or deletion of the
Cheo box modifies radiation inducibility of Clostridium promoters. Appl Environ Microbiol. 2001; 67
(10):4464–70. PMID: 11571144

6. Quinones M, Kimsey HH, Waldor MK. LexA cleavage is required for CTX prophage induction. Mol Cell.
2005; 17(2):291–300. doi: 10.1016/j.molcel.2004.11.046 PMID: 15664197

7. Žgur-Bertok D. Regulating colicin synthesis to cope with stress and lethality of colicin production. Bio-
chem Soc Trans. 2012; 40(6):1507–11. doi: 10.1042/BST20120184 PMID: 23176507

8. Jerman B, Butala M, Žgur-Bertok D. Sublethal concentrations of ciprofloxacin induce bacteriocin syn-
thesis in Escherichia coli. Antimicrob Agents Chemother. 2005; 49(7):3087–90. doi: 10.1128/AAC.49.7.
3087-3090.2005 PMID: 15980407

9. Chellappa ST, Maredia R, Phipps K, Haskins WE,Weitao T. Motility of Pseudomonas aeruginosa con-
tributes to SOS-inducible biofilm formation. Res Microbiol. 2013; 164(10):1019–27. doi: 10.1016/j.
resmic.2013.10.001 PMID: 24125694

10. Vlasic I, Mertens R, Seco EM, Carrasco B, Ayora S, Reitz G, et al. Bacillus subtilisRecA and its acces-
sory factors, RecF, RecO, RecR and RecX, are required for spore resistance to DNA double-strand
break. Nucleic Acids Res. 2014; 42(4):2295–307. doi: 10.1093/nar/gkt1194 PMID: 24285298

11. Rupnik M, Wilcox MH, Gerding DN. Clostridium difficile infection: new developments in epidemiology
and pathogenesis. Nat Rev Microbiol. 2009; 7(7):526–36. doi: 10.1038/nrmicro2164 PMID: 19528959

12. Walter BM, Rupnik M, Hodnik V, Anderluh G, Dupuy B, Paulic N, et al. The LexA regulated genes of the
Clostridium difficile. BMCMicrobiol. 2014; 14(1):88. doi: 10.1186/1471-2180-14-88

13. Pettit LJ, Browne HP, Yu L, Smits WK, Fagan RP, Barquist L, et al. Functional genomics reveals that
Clostridium difficile Spo0A coordinates sporulation, virulence and metabolism. BMCGenomics. 2014;
15:160. doi: 10.1186/1471-2164-15-160 PMID: 24568651

14. Chong PM, Lynch T, McCorrister S, Kibsey P, Miller M, Gravel D, et al. Proteomic analysis of a NAP1
Clostridium difficile clinical isolate resistant to metronidazole. PloS One. 2014; 9(1):e82622. doi: 10.
1371/journal.pone.0082622 PMID: 24400070

15. Heap JT, Kuehne SA, EhsaanM, Cartman ST, Cooksley CM, Scott JC, et al. The ClosTron: Mutagene-
sis inClostridium refined and streamlined. J Microbiol Methods. 2010; 80(1):49–55. doi: 10.1016/j.
mimet.2009.10.018 PMID: 19891996

16. Bouillaut L, McBride SM, Sorg JA. Genetic manipulation of Clostridium difficile. Curr Protoc Microbiol.
2011;Chapter 9:Unit 9A 2. doi: 10.1002/9780471729259.mc09a02s20

17. Heap JT, Pennington OJ, Cartman ST, Minton NP. A modular system for Clostridium shuttle plasmids.
J Microbiol Methods. 2009; 78(1):79–85. doi: 10.1016/j.mimet.2009.05.004 PMID: 19445976

18. Heap JT, Pennington OJ, Cartman ST, Carter GP, Minton NP. The ClosTron: a universal gene knock-
out system for the genusClostridium. J Microbiol Methods. 2007; 70(3):452–64. doi: 10.1016/j.mimet.
2007.05.021 PMID: 17658189

19. Zidaric V, Pardon B, Dos Vultos T, Deprez P, Brouwer MS, Roberts AP, et al. Different antibiotic resis-
tance and sporulation properties within multiclonal Clostridium difficile PCR ribotypes 078, 126, and
033 in a single calf farm. Appl Environ Microbiol. 2012; 78(24):8515–22. doi: 10.1128/AEM.02185-12
PMID: 23001653

LexA and Virulence inC. difficile

PLOSONE | DOI:10.1371/journal.pone.0144763 December 18, 2015 15 / 17

http://dx.doi.org/10.1111/j.1574-6976.2007.00082.x
http://www.ncbi.nlm.nih.gov/pubmed/17883408
http://dx.doi.org/10.1007/s00018-008-8378-6
http://www.ncbi.nlm.nih.gov/pubmed/18726173
http://dx.doi.org/10.1080/10409230701260258
http://www.ncbi.nlm.nih.gov/pubmed/17364684
http://www.ncbi.nlm.nih.gov/pubmed/9084172
http://www.ncbi.nlm.nih.gov/pubmed/11571144
http://dx.doi.org/10.1016/j.molcel.2004.11.046
http://www.ncbi.nlm.nih.gov/pubmed/15664197
http://dx.doi.org/10.1042/BST20120184
http://www.ncbi.nlm.nih.gov/pubmed/23176507
http://dx.doi.org/10.1128/AAC.49.7.3087-3090.2005
http://dx.doi.org/10.1128/AAC.49.7.3087-3090.2005
http://www.ncbi.nlm.nih.gov/pubmed/15980407
http://dx.doi.org/10.1016/j.resmic.2013.10.001
http://dx.doi.org/10.1016/j.resmic.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24125694
http://dx.doi.org/10.1093/nar/gkt1194
http://www.ncbi.nlm.nih.gov/pubmed/24285298
http://dx.doi.org/10.1038/nrmicro2164
http://www.ncbi.nlm.nih.gov/pubmed/19528959
http://dx.doi.org/10.1186/1471-2180-14-88
http://dx.doi.org/10.1186/1471-2164-15-160
http://www.ncbi.nlm.nih.gov/pubmed/24568651
http://dx.doi.org/10.1371/journal.pone.0082622
http://dx.doi.org/10.1371/journal.pone.0082622
http://www.ncbi.nlm.nih.gov/pubmed/24400070
http://dx.doi.org/10.1016/j.mimet.2009.10.018
http://dx.doi.org/10.1016/j.mimet.2009.10.018
http://www.ncbi.nlm.nih.gov/pubmed/19891996
http://dx.doi.org/10.1002/9780471729259.mc09a02s20
http://dx.doi.org/10.1016/j.mimet.2009.05.004
http://www.ncbi.nlm.nih.gov/pubmed/19445976
http://dx.doi.org/10.1016/j.mimet.2007.05.021
http://dx.doi.org/10.1016/j.mimet.2007.05.021
http://www.ncbi.nlm.nih.gov/pubmed/17658189
http://dx.doi.org/10.1128/AEM.02185-12
http://www.ncbi.nlm.nih.gov/pubmed/23001653


20. Spigaglia P, Barbanti F, Mastrantonio P, Brazier JS, Barbut F, DelmeeM, et al. Fluoroquinolone resis-
tance inClostridium difficile isolates from a prospective study of Clostridium difficile infections in
Europe. J Med Microbiol. 2008; 57(Pt 6):784–9. doi: 10.1099/jmm.0.47738-0 PMID: 18480338

21. Keessen EC, Hensgens MP, Spigaglia P, Barbanti F, Sanders IM, Kuijper EJ, et al. Antimicrobial sus-
ceptibility profiles of human and piglet Clostridium difficile PCR-ribotype 078. Antimicrob Resist Infect
Control. 2013; 2:14. doi: 10.1186/2047-2994-2-14 PMID: 23566553

22. Lachowicz D, Pituch H, Obuch-Woszczatynski P. Antimicrobial susceptibility patterns of Clostridium
difficile strains belonging to different polymerase chain reaction ribotypes isolated in Poland in 2012.
Anaerobe. 2015; 31:37–41. doi: 10.1016/j.anaerobe.2014.09.004 PMID: 25242196

23. The European Committee on Antimicrobial Susceptibility Testing. Breakpoint tables for interpretation of
MICs and zone diameters. Version 5.0, 2015. Available: http://www.eucast.org.

24. Metcalf D, Sharif S, Weese JS. Evaluation of candidate reference genes in Clostridium difficile for gene
expression normalization. Anaerobe. 2010; 16(4):439–43. doi: 10.1016/j.anaerobe.2010.06.007 PMID:
20599622

25. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402–8. PMID: 11846609

26. Deneve C, Delomenie C, Barc MC, Collignon A, Janoir C. Antibiotics involved in Clostridium difficile-
associated disease increase colonization factor gene expression. J Med Microbiol. 2008; 57(Pt 6):732–
8. doi: 10.1099/jmm.0.47676-0 PMID: 18480330

27. Burns DA, Heap JT, Minton NP. SleC is essential for germination of Clostridium difficile spores in nutri-
ent-rich medium supplemented with the bile salt taurocholate. J Bacteriol. 2010; 192(3):657–64. doi:
10.1128/JB.01209-09 PMID: 19933358

28. Đapa T, Leuzzi R, Ng YK, Baban ST, Adamo R, Kuehne SA, et al. Multiple factors modulate biofilm for-
mation by the anaerobic pathogenClostridium difficile. J Bacteriol. 2013; 195(3):545–55. doi: 10.1128/
JB.01980-12 PMID: 23175653

29. Cartman ST, Kelly ML, Heeg D, Heap JT, Minton NP. Precise manipulation of theClostridium difficile
chromosome reveals a lack of association between the tcdC genotype and toxin production. Appl Envi-
ron Microbiol. 2012; 78(13):4683–90. doi: 10.1128/AEM.00249-12 PMID: 22522680

30. Godoy V, G., Beuning P, J., Walker G, C. LexA regulatory system. In: LennarzWJ, LaneWD, editors.
Encyclopedia of Biological Chemistry. San Diego: Elsevier; 2004. pp.546–50.

31. Buchholz M, Nahrstedt H, Pillukat MH, Deppe V, Meinhardt F. yneAmRNA instability is involved in tem-
porary inhibition of cell division during the SOS response of Bacillus megaterium. Microbiol. 2013; 159
(Pt 8):1564–74. doi: 10.1099/mic.0.064766-0

32. Kawai Y, Moriya S, Ogasawara N. Identification of a protein, YneA, responsible for cell division sup-
pression during the SOS response in Bacillus subtilis. Mol Microbiol. 2003; 47(4):1113–22. PMID:
12581363

33. Roth V. Doubling time online calculator. 2006. Available: http://www.doubling-time.com/compute.php.

34. Sagar S, Kumar R. Role of SOS Response in Bacterial Drug Resistance. Int J Pharm Sci Rev Res.
2014; 25(1):102–5.

35. Singh R, Ledesma KR, Chang KT, Tam VH. Impact of recA on levofloxacin exposure-related resistance
development. Antimicrob Agents Chemother. 2010; 54(10):4262–8. doi: 10.1128/AAC.00168-10
PMID: 20660686

36. Spigaglia P, Barbanti F, Louie T, Barbut F, Mastrantonio P. Molecular analysis of the gyrA and gyrB
quinolone resistance-determining regions of fluoroquinolone-resistant Clostridium difficilemutants
selected in vitro. Antimicrob Agents Chemother. 2009; 53(6):2463–8. doi: 10.1128/AAC.01252-08
PMID: 19364867

37. Redgrave LS, Sutton SB, Webber MA, Piddock LJ. Fluoroquinolone resistance: mechanisms, impact
on bacteria, and role in evolutionary success. Trends Microbiol. 2014; 22(8):438–45. doi: 10.1016/j.tim.
2014.04.007 PMID: 24842194

38. Baharoglu Z, Krin E, Mazel D. RpoS plays a central role in the SOS induction by sub-lethal aminoglyco-
side concentrations in Vibrio cholerae. PLoS Genet. 2013; 9(4):e1003421. doi: 10.1371/journal.pgen.
1003421 PMID: 23613664

39. Gullberg E, Cao S, Berg OG, Ilback C, Sandegren L, Hughes D, et al. Selection of resistant bacteria at
very low antibiotic concentrations. PLoS Pathog. 2011; 7(7):e1002158. doi: 10.1371/journal.ppat.
1002158 PMID: 21811410

40. Burns DA, Heeg D, Cartman ST, Minton NP. Reconsidering the sporulation characteristics of hyperviru-
lent Clostridium difficile BI/NAP1/027. PloS One. 2011; 6(9):e24894. doi: 10.1371/journal.pone.
0024894 PMID: 21949780

LexA and Virulence inC. difficile

PLOSONE | DOI:10.1371/journal.pone.0144763 December 18, 2015 16 / 17

http://dx.doi.org/10.1099/jmm.0.47738-0
http://www.ncbi.nlm.nih.gov/pubmed/18480338
http://dx.doi.org/10.1186/2047-2994-2-14
http://www.ncbi.nlm.nih.gov/pubmed/23566553
http://dx.doi.org/10.1016/j.anaerobe.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25242196
http://www.eucast.org
http://dx.doi.org/10.1016/j.anaerobe.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20599622
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1099/jmm.0.47676-0
http://www.ncbi.nlm.nih.gov/pubmed/18480330
http://dx.doi.org/10.1128/JB.01209-09
http://www.ncbi.nlm.nih.gov/pubmed/19933358
http://dx.doi.org/10.1128/JB.01980-12
http://dx.doi.org/10.1128/JB.01980-12
http://www.ncbi.nlm.nih.gov/pubmed/23175653
http://dx.doi.org/10.1128/AEM.00249-12
http://www.ncbi.nlm.nih.gov/pubmed/22522680
http://dx.doi.org/10.1099/mic.0.064766-0
http://www.ncbi.nlm.nih.gov/pubmed/12581363
http://www.doubling-time.com/compute.php
http://dx.doi.org/10.1128/AAC.00168-10
http://www.ncbi.nlm.nih.gov/pubmed/20660686
http://dx.doi.org/10.1128/AAC.01252-08
http://www.ncbi.nlm.nih.gov/pubmed/19364867
http://dx.doi.org/10.1016/j.tim.2014.04.007
http://dx.doi.org/10.1016/j.tim.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24842194
http://dx.doi.org/10.1371/journal.pgen.1003421
http://dx.doi.org/10.1371/journal.pgen.1003421
http://www.ncbi.nlm.nih.gov/pubmed/23613664
http://dx.doi.org/10.1371/journal.ppat.1002158
http://dx.doi.org/10.1371/journal.ppat.1002158
http://www.ncbi.nlm.nih.gov/pubmed/21811410
http://dx.doi.org/10.1371/journal.pone.0024894
http://dx.doi.org/10.1371/journal.pone.0024894
http://www.ncbi.nlm.nih.gov/pubmed/21949780


41. Au N, Kuester-Schoeck E, Mandava V, Bothwell LE, Canny SP, Chachu K, et al. Genetic composition
of the Bacillus subtilis SOS system. J Bacteriol. 2005; 187(22):7655–66. doi: 10.1128/JB.187.22.7655-
7666.2005 PMID: 16267290

42. Cowan AE, Koppel DE, Setlow B, Setlow P. A soluble protein is immobile in dormant spores of Bacillus
subtilis but is mobile in germinated spores: implications for spore dormancy. Proc Natl Acad Sci U S A.
2003; 100(7):4209–14. doi: 10.1073/pnas.0636762100 PMID: 12646705

43. Rowland SL, Burkholder WF, Cunningham KA, Maciejewski MW, Grossman AD, King GF. Structure
and mechanism of action of Sda, an inhibitor of the histidine kinases that regulate initiation of sporula-
tion in Bacillus subtilis. Mol Cell. 2004; 13(5):689–701. PMID: 15023339

44. Edwards AN, McBride SM. Initiation of sporulation in Clostridium difficile: a twist on the classic model.
FEMSMicrobiol Lett. 2014; 358(2):110–8. doi: 10.1111/1574-6968.12499 PMID: 24910370

45. Gotoh H, Kasaraneni N, Devineni N, Dallo SF, Weitao T. SOS involvement in stress-inducible biofilm
formation. Biofouling. 2010; 26(5):603–11. doi: 10.1080/08927014.2010.501895 PMID: 20603726

46. Fang A, Gerson DF, Demain AL. Production ofClostridium difficile toxin in a medium totally free of both
animal and dairy proteins or digests. Proc Natl Acad Sci U S A. 2009; 106(32):13225–9. doi: 10.1073/
pnas.0906425106 PMID: 19651616

47. Drummond LJ, Smith DG, Poxton IR. Effects of sub-MIC concentrations of antibiotics on growth of and
toxin production by Clostridium difficile. J Med Microbiol. 2003; 52(Pt 12):1033–8. PMID: 14614060

48. Pultz NJ, Donskey CJ. Effect of antibiotic treatment on growth of and toxin production by Clostridium
difficile in the cecal contents of mice. Antimicrob Agents Chemother. 2005; 49(8):3529–32. doi: 10.
1128/AAC.49.8.3529-3532.2005 PMID: 16048976

49. Aldape MJ, Packham AE, Nute DW, Bryant AE, Stevens DL. Effects of ciprofloxacin on the expression
and production of exotoxins by Clostridium difficile. J Med Microbiol. 2013; 62(Pt 5):741–7. doi: 10.
1099/jmm.0.056218-0 PMID: 23429695

50. Dupuy B, Sonenshein AL. Regulated transcription of Clostridium difficile toxin genes. Mol Microbiol.
1998; 27(1):107–20. PMID: 9466260

51. Mani N, Dupuy B. Regulation of toxin synthesis inClostridium difficile by an alternative RNA polymer-
ase sigma factor. Proc Natl Acad Sci U S A. 2001; 98(10):5844–9. doi: 10.1073/pnas.101126598
PMID: 11320220

52. Lynch T, Chong P, Zhang J, Hizon R, Du T, GrahamMR, et al. Characterization of a stable, metronida-
zole-resistant Clostridium difficile clinical isolate. PloS One. 2013; 8(1):e53757. doi: 10.1371/journal.
pone.0053757 PMID: 23349739

53. Mathur H, O'Connor PM, Hill C, Cotter PD, Ross RP. Analysis of anti-Clostridium difficile activity of thur-
icin CD, vancomycin, metronidazole, ramoplanin, and actagardine, both singly and in paired combina-
tions. Antimicrob Agents Chemother. 2013; 57(6):2882–6. doi: 10.1128/AAC.00261-13 PMID:
23571539

54. Moura I, Spigaglia P, Barbanti F, Mastrantonio P. Analysis of metronidazole susceptibility in different
Clostridium difficile PCR ribotypes. J Antimicrob Chemother. 2013; 68(2):362–5. doi: 10.1093/jac/
dks420 PMID: 23104495

55. Tenover FC, Tickler IA, Persing DH. Antimicrobial-resistant strains of Clostridium difficile from North
America. Antimicrob Agents Chemother. 2012; 56(6):2929–32. doi: 10.1128/AAC.00220-12 PMID:
22411613

56. Pelaez T, Cercenado E, Alcala L, Marin M, Martin-Lopez A, Martinez-Alarcon J, et al. Metronidazole
resistance in Clostridium difficile is heterogeneous. J Clin Microbiol. 2008; 46(9):3028–32. doi: 10.
1128/JCM.00524-08 PMID: 18650353

57. Da Re S, Garnier F, Guerin E, Campoy S, Denis F, Ploy MC. The SOS response promotes qnrB quino-
lone-resistance determinant expression. EMBO reports. 2009; 10(8):929–33. PMID: 19556999

58. Hocquet D, Llanes C, Thouverez M, Kulasekara HD, Bertrand X, Plesiat P, et al. Evidence for induction
of integron-based antibiotic resistance by the SOS response in a clinical setting. PLoS pathogens.
2012; 8(6):e1002778. doi: 10.1371/journal.ppat.1002778 PMID: 22719259

LexA and Virulence inC. difficile

PLOSONE | DOI:10.1371/journal.pone.0144763 December 18, 2015 17 / 17

http://dx.doi.org/10.1128/JB.187.22.7655-7666.2005
http://dx.doi.org/10.1128/JB.187.22.7655-7666.2005
http://www.ncbi.nlm.nih.gov/pubmed/16267290
http://dx.doi.org/10.1073/pnas.0636762100
http://www.ncbi.nlm.nih.gov/pubmed/12646705
http://www.ncbi.nlm.nih.gov/pubmed/15023339
http://dx.doi.org/10.1111/1574-6968.12499
http://www.ncbi.nlm.nih.gov/pubmed/24910370
http://dx.doi.org/10.1080/08927014.2010.501895
http://www.ncbi.nlm.nih.gov/pubmed/20603726
http://dx.doi.org/10.1073/pnas.0906425106
http://dx.doi.org/10.1073/pnas.0906425106
http://www.ncbi.nlm.nih.gov/pubmed/19651616
http://www.ncbi.nlm.nih.gov/pubmed/14614060
http://dx.doi.org/10.1128/AAC.49.8.3529-3532.2005
http://dx.doi.org/10.1128/AAC.49.8.3529-3532.2005
http://www.ncbi.nlm.nih.gov/pubmed/16048976
http://dx.doi.org/10.1099/jmm.0.056218-0
http://dx.doi.org/10.1099/jmm.0.056218-0
http://www.ncbi.nlm.nih.gov/pubmed/23429695
http://www.ncbi.nlm.nih.gov/pubmed/9466260
http://dx.doi.org/10.1073/pnas.101126598
http://www.ncbi.nlm.nih.gov/pubmed/11320220
http://dx.doi.org/10.1371/journal.pone.0053757
http://dx.doi.org/10.1371/journal.pone.0053757
http://www.ncbi.nlm.nih.gov/pubmed/23349739
http://dx.doi.org/10.1128/AAC.00261-13
http://www.ncbi.nlm.nih.gov/pubmed/23571539
http://dx.doi.org/10.1093/jac/dks420
http://dx.doi.org/10.1093/jac/dks420
http://www.ncbi.nlm.nih.gov/pubmed/23104495
http://dx.doi.org/10.1128/AAC.00220-12
http://www.ncbi.nlm.nih.gov/pubmed/22411613
http://dx.doi.org/10.1128/JCM.00524-08
http://dx.doi.org/10.1128/JCM.00524-08
http://www.ncbi.nlm.nih.gov/pubmed/18650353
http://www.ncbi.nlm.nih.gov/pubmed/19556999
http://dx.doi.org/10.1371/journal.ppat.1002778
http://www.ncbi.nlm.nih.gov/pubmed/22719259

