Tablel, Primer list that used in this work.

[sequence descriptl
GAACATATGTTTGCATGGAGG to make plasmid for allelic replacement
CAAGCTCTGGOGCACTAGTT 10 make pl 1 for allelic repl.
ATTGTAAAGAGTGAAGGGAG to construct pTS 1303, 1304
AAAGTTGOACAATCTATCCTA o 130
AGGATAGATTGTCCAACTTT 10 ¢ pTSI308-1310
TTTATGGGTAACTATGATGT 10 ¢ pTS1305
ACTTGTTCCTATCATATGTA o make CPE1563 probe
ATTCTTCCTCCGCTGTCACT |t construct pTSIJ 14
AGTGACAGCGOAGGAAGAAT to make CPE1562 probe
ATGGTATTCATACAATATTG 1o construct pTS 1306
[TTTAAACCTTCACATAAA to make CPE1562 probe,

[ TAGGTATTCCATCTACTAT ] primer
TTTTTCAGCTATTAACTTCGA 10 pIS1313.1314
TTTACAGCAAGCATACTTA 1o comstruct pTS1310,1311, to make 1561 probe
TTCTGOAGGAGCACATTCAG to construct pTS 1302
TCCTTAGAGTCATACATIGC 1o make CPE1561 probe
TTGTTAAAAACTATAGATTCTT 10 check mutation, agrlDd Nonhem
GGCCGGTTTAAAACCTACCT o check i agrD Nornh,
TATACTAGATTAGAGAGGGAGAAT]0 make CPELS60 probe
CTCTTCTCCTCCATATCTAGC o make CPE|560 probe
ACTTCAGCTAAGCTATGCTG |0 construct pTS 1302
AAGGTCATAGGTGTTGTATAGC to make plasmid for allelic replacement
TAACAGTACGTGTTCCAAAC o construct pTS 1301, 1303
AGATGOGOCGOTAGACGTAG |to make plasmid for allelic repl
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g the VirR/VirS

Analysis of the complete sequence of the genome of Clostridium perfringens strain 13 resulted in identification
of five genes, including pfod (encoding theta toxin) and vrr (encoding VirR/VirS-regulated RNA), with con-
sensus VirR-binding sequences upstream of the open reading frame (ORF), suggesting that expression of these
genes may be regulated directly by the two-component VirR/VirS system. To test this possibility, we examined
VirR/Vir§ system-mediated transcriptional regulation of three genes, vir7, ccp (encoding alpha-clostripain),
and virll, with the novel VirR-binding sequences. Northern analysis revealed that the steady-state levels
(increases or decreases in the amounts of RNA expressed) of virT, ccp, and virll mRNAs were lower in a virR
mutant strain than in the wild-type strain, as were the levels of the pfo4 and vrr transcripts. The consensus
VirR-binding sites were located similarly relative to the transcription start sites in the virT, ccp, and virll
promoters. Mutation and overexpression analyses with virT and virl/ revealed that the virT gene product has
a negative effect on expression of pfod and cep, whercas the virll gene product positively affects expression of
pfoA, virT, ccp, and vrr. Nonsense and frameshift mutations in the virT or virll putative ORF did not affect the
regulatory functions, suggesting that virT and virll may encode RNA regulators rather than proteins. These
results suggest that a complex regulatory network, perhaps involving several regulatory RNA molecules,

governs the expression of the VirR/VirS regulon in C. perfringens.

The gram-positive anaerobic bacterium Clostridium perfrin-
gens produces numerous extracellular toxins that are believed
to play important roles in the pathogenicity of various diseases,
including gas gangrene, which is also known as clostridial myo-
necrosis (9, 21), Because the toxins are thought to act syner-
gistically in the development of gas gangrene (2), knowledge of
the mechanisms that regulate expression of loxin genes is crit-
ical for understanding the pathogenesis of myonecrosis.

Bacterial two-component systems, consisting of a sensor his-
tidine kinase and a response regulator, enable bacteria to
respond to various environmental conditions through a phos-
phorelay between the sensor and the regulator. The two-com-
ponent VirR/VirS system comprising the VirR response regu-
lator and the VirS sensor protein is known to be involved in
global regulation of the production of theta-toxin (also known
as perfringolysin O), kappa-toxin (or collagenase), alpha-toxin
(or phospholipase C), sialidase, protease, and hemagglutinin in
C. perfringens (13, 24). The VirR/VirS system regulates the
mRNA levels of plc (alpha-toxin), pfoA (theta-toxin), and col4
(kappa-toxin) (4). Primer extension analysis revealed both
VirR/VirS-dependent and independent promoters for pfod
and cold and a single VirR/VirS-dependent promoter for ple
(4). The absence of a consensus binding site for phosphory-
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lated VirR protein in the promoters of the cold and plc genes
(4) suggests that complex regulatory networks might be in-
volved in C. perfringens toxin production (26).

Four targets of the VirR/VirS system have been identified
through differential display analyses. The VirR/VirS system
was found to promote expression of pip (encoding protein
tyrosine phosphatase), cpd (encoding 2',3'-cyclic nucleotide
phosphodiesterase), and Ayp7 (encoding a hypothetical 7-kDa
protein) (3) and to inhibit expression of the ycg/-merB-cysK-
xS (ygaG) operon (3, 20). It was suggested previously that
hyp7 acts as a secondary regulator that positively regulates the
levels of col4 and ple mRNAs but not the level of pfod mRNA
(3). However, we reported previously that VirR/VirS-regu-
lated RNA (VR-RNA) (encoded by vrr) transcribed from the
Hyp7 coding region is a regulatory RNA that mediates the
signal from the VirR/Vir$ system to control the expression of
colAd, ple, pip, cpd, and ycgl-merB-cysK-luxS, whereas pfod is
regulated directly by the VirR/Vir§S system (28). The VirR/
VirS-VR-RNA cascade was also found to affect levels of plas-
mid-borne ¢pb2 (encoding beta2 toxin) and cna (encoding a
possible collagen adhesin) mRNAs positively and negatively,
respectively (19).

Two repeated sequences have been found upstream of the
pfoA promoter (4), and it was reported previously that the
VirR protein binds independently to these two repeats (CCC
AGTTNTNCAC) (6). Interestingly, a monomeric repeat sim-
ilar but not identical to the pfod VirR-binding site has also
been found in the promoter of vir, the gene encoding VR-
RNA (28). A CCAGTTNNNCAC core motif was highly con-
served in both genes. These findings suggest that the VirR
protein may bind to the wr promoter, activating transcription
of VR-RNA, which in turn activates col4 and ple transcription,
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description® Reference or source
C. perfringens strains

13 Wild-type strain (type A) 14

TS133 Strain 13 virR::Tet" 24

TS140 Strain 13 Avrr Em* 28

TS190 Strain 13 virT:Em’ This study
E. coli DH5a supE44 AlacU169 (80 lacZAMIS) hsdR17 recAl endAl gyrA96 thi-1 reidl Takara Bio Inc.
Plasmids

pBT405 PIIR418 (Y(Pst] 4.3-kb strain 13 genomic library) (virR™ virS™ Shimizu, unpublished data

complementation vector), Amp'

pJIR418 E. coli-C. perfringens shuttle vector, Cm" Em’ 29

pSB1031 pJIR418 (I(PCR-amplified 637-bp fragment) (wr' complementation vector) 4

pTS930 pJIR41S ()(PCR-amplified 1 4m-bp frn;mcm} (m-T‘ mmplcrncmanon vector) This study

pTS93l pJIR418 ((PCR-amplified 539-bp fi ) (virli® I ion vector) This study

pIs9s2 pTS930 (S85T—A) This study

pTS933 pTSQS] (182A—T) This study

pTS934 pUC1H18 Q(PCR-amplified 334-bp fragment) (vird™ suicide vector), Em'* This study

pTS93s pTS930 (1-bp frameshift at position 33) This study

pTS936 pTS931 (1-bp frameshift at position 15) This study

puC19 Cloning vector, Amp’ lacZ' pMB 1 on Takara Bio Inc.

pUCIL18 Cloning vector, Amp' lacZ' pMB 1 or Takara Bio Inc.

® Tet", resi to etracycline; Em', to eryth Cm', ce to chl icol; Amp', e (0 ampicillin.

thus forming the basis for a regulatory cascade in the VirR/
VirS regulon (28).

The complete genomic sequence of C. perfringens strain 13
has been reported (25). On the basis of sequence similarities
with other known virulence genes, more than 20 candidate
virulence genes were identified. By screening the genome for
the previously identified VirR-binding consensus sequence, we
identified genes potentially regulated by the VirR/VirS system,
Five genes were found to have the consensus VirR-binding site
in their putative promoter regions (25). In the present study,
regulation of expression of these novel target genes was ana-
lyzed to improve our understanding of the VirR/Vir§ regulon

in C. perfringens.

MATERIALS AND METHODS

Strains, plasmids, medium, and culture conditions. The strains and plasmids
used in this study are listed in Table L. All C. perfringens strains were cultured in
Gifu anaerobic medium (Nissui, Japan) at 37°C under anaerobic conditions as
described previously (24). A single-crossover mutation was introduced into the
virT gene of C. perfringens strain 13 with a pUC19-based suicide vector containing
a 334-bp internal PCR fragment of wirl -nd lhe .rrmB gene from pJIR418 (29),
Escherichia coli DHSa was cultured as 4 previously (22). Plasmi

CPED846 (ccp), and CPEM920 (virl), respectively, are shown in Table 2 Signals
were detected with a Fluorlmager analyzer (GE Healthcare),

Assays for perfringolysin O and alpha-clostripain, The perfringolysin O ac-
uvn?ml.he(‘,,_, Wgens culture wis d by the horse eryth-
rocyte hemol hod described Iy (2). C. perfringens cells were cul-
tured for 3 b to mid <log phase (see Fig. 2A) and collected by centrifugation. The
supernatani was used for the hemolytic assay. Hemolytic activity was expressed
a8 the reciprocal of the dilution that resulted in 50% hemolysis of 0.5% horse
erythrocytes, The proteolytic activity of alpha-clostripain in the culture supema-
tant was d-ﬂerrnmr.l:l unth nmuuniu (Sigma Aldrich Japan) and the cysteine

pecific i and in (Wako Pure Gwmlnk) as
pumoﬂydem'ibodlll.n}lnbrkl‘. . perfringens cells were 1for 2 h
to early log phase (see Fig. 2A) and collected hy centrifugation, and 500 ! of the
supematant was mixed with an equal volume of an azocasein solution (5 mg/ml
azocasein in 25 mM Tris-HOl [pH 7.5]-5 mM dithiothreitol) with or without 10
M leupeptin or antipain, The mixture was incubated for 2 b nire wllh pnlle

shaking, intact azocasein was | by 3% trichl acid precip
nndlbcnbsurbnnl:e at 450 nm of the sup was d ined
Site-d is and M hift mutagenesis. Site-directed mu-

tagenesis of the wirl p.-ne harbored by pTS930 was performed with an LA PCR
in vitro mutagenesis kit (Takara Bio) with the mutagenic primer virT-NM (Table
2) to obtain pTS932. The wirll gene on pTS931 was mutated by using a
QuikChange site-directed genesis kit (Stratagene) with pri virlU-NM-F
and virll-NM-R (Table 2) to obtain pTS933. Similarly, 1-base deletion frame-
shift mulmnm at positions 33 nnd 15 i.n the vrT and virll coding regions,

pUC19 and pUC118 were used for cloning in £ coli; md pJIR418 (29) was used
as an E. coli-C. perfringeny shuttle vector,

DNA ipulation, R bi DNA was manipulnted as described previ-
ousl)- (22), nnlcu otbclwisc nn:ed. C. perfringens strains were transformed by
ibed (24).

Nurlbcrl hbrldinﬂon. Tolll RNA from C. perfringens was extracted and
Northem blotling was ptdurmed as previously described (1) with an AlkPhos-
direct kit and CDP-star chemiluminescence (GE Healthcare), DNA probes were

1 from g ic DNA of C. perfringens strain 13 by performing PCR with
lh: ppmwilu primer sets (Table "). In some situations, the signal densities of
the mRNA bands were d with a d All Northern hybridi
tion experiments were performed al least three times, and the r!pmdu:ibﬂityw
confirmed. The results described below are representative results from the re-

peated npedmcnu.

Primer Primer wis n.amcd out as described
p:eﬂounly(l?}hyusin;m A h kit and the
Promega primer extension system. Olignnutleotide prtmer: 0845.PE, 0846-PE,
and 0920-PE used to determine the transcription start sites of CPE084S (virl),

¥ ly, in the pl § vectors pTS930 and pTS931 (Table
1), respectively, were obtalned by lmn| # QuikChange site-directed mutagenesis
kit (Stratagene) with primers virT-FM-F and virT-FM-R for virT and primers
virU-FM-F and virU-FM-R lor virl/ to construct pTS935 and pTS936 (Table 1),
All 1 d were perfi | ing to the facturer s’ instructions.

RESULTS

Screening for VirR-binding sites in the C. perfringens ge-
nome. We scanned the genomic sequence of C. perfringens (25)
for VirR-binding sites (CCAGTTNNNCAC) located upstream
of the open reading frame (ORF). Only five genes, pfod,
CPEO0845 (virl), CPE0846 (ccp), CPE0920 (virll), and vir, were
found to have sequences similar to the VirR-binding site in
their putative promoter regions (Fig. 1) (25). With the excep-
tion of virT and ccp, which are located back to back and are
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TABLE 2. Oligonucleotides used in this study

Primer Sequence (5'to 3") Use
virT-F GAAGGTAAGTACCAAGATGA Northern blotting
virT-R TGATATTGCCACCCCAACTT Northern blotting
cep-F GAGGCCGAAAAGACTGAAGG Northern blotting
cep-R GCCCAATGTGGTATTGCTTG Northern blotting
virll-F CGATTCGTTTTTGATAGAAATGG Northern blotting
virll-R TTTATITCTAGTTTITCCTTTGATGA Northern blotting
vir-F GACCAGTTACGCACAAAC Northern blotting
vir-R GGACAGTTCTATTTCTAGG Northern blotting
pfoA-F GCAAGTATTGCAATGGCTTT Northern blotting
ploA-R GTAAGTAATACTAGATCCAGGGT Northern blotting
colA-F GGTCTAGAGGATAGTGGAAGA Northern blotting
colA-R GTTCCTCTCATATCGTAAGT Northern blotting
0845.PE TITATCAATGGGTAACGTAAAGAAAGTACCAGATA Primer extension
0846-PE GTTGAAACTCCTCCTAATAGAACGCTACCAATGGT Primer extension
0920-PE TCGGTATAATAAAAATGATATTGTTACTAATATG Primer extension
virT-NM GAAAGTACCAGATTAAATAGAAATAG Site-directed mutagenesis
virlJ-NM-1 TTIGGTATTATATATTAATATTTTCGTC Site-direcled mutagenesis
virU-NM-2 GACGAAAATATTAATATATAATACCAA Site-directed mutagenesis
virT-FM-F ATCGCTTTAAGTTTATCATTTCTATTTTATCTGGT Site-directed mutagenesis
virT-FM-R ACCAGATAAAATAGAAATGATAAACTTAAAGCGAT Site-directed mulagenesis
virU-FM-F GATATGAAAGACGAAAAATTAATATAAAATACCAA Site-directed mutagenesis
virU-FM-R TTGGTATTTTATATTAATTTTTCGTCTTTCATATC Site-directed mutagenesis

transcribed on opposite strands, these five genes are not clus-
tered (Fig. 1). The deduced amino acid sequence of the puta-
tive protein encoded by ccp was highly similar to that of alpha-
clostripain, a cysteine proteinase from Clostridium histolyticum
(7). The expression of ccp was previously shown to be positively
regulated by the VirR/VirS system (27). The putative proteins
encoded by virT and virll showed no significant similarity to
known proteins, and their functions remain unclear, Identifi-

cation of the previously uncharacterized putative VirR-binding
sites in virT, ccp, and virll led to an investigation of whether
these three genes, like pfod and vrr, are targets for direct
regulation by the VirR/Vir§ system.

Transcriptional regulation of virT, ccp, and virl by the VirR/
VirS system. We performed Northern analyses of RNA of C,
perfringens strains with different mutant backgrounds at differ-
ent growth stages to look for changes in the steady-state levels

plc {alpha-toxin or

PiSspechoets C) CPED162 CPEO184
208000 pfoA (theta-toxin) z:f;w
colA (kappa-toxin or 1600 bp
collagenase)

CPE0848 (alpha-clostripain) CCJO
1672bp

L »

CPEDB44

s strain 13
3,031,430 bp

i ot

1031000 c‘m {hypothatical) VirT 1035000
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CPE0819 CPE0821
“— i
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B B
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FIG. 1. Schematic diagram of the locations of putative VirR-binding sites in five genes (pfod, virT, ccp, virU, and vrr) on the chromosome of
C. perfringens wild-type strain 13. The solid and cross-hatched arrows represent genes with VirR-binding sites and their flanking genes, respectively.
Open circles indicate putative VirR-binding sites. The chromosomal locations of other genes mentioned in this paper are also indicated. The
nucleotid bers are the bers for the chromosomal sequence of C. perfringens strain 13 (GenBank accession number BA0OO0016).
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FIG. 2. Growth curves and Northern blot analyses for the virR
mutant (T5133) of C. perfringens. (A) Growth curves for C. perfringens
strains with a 1% inoculum. All three C. perfringens strains grew with
a doubling time of ~20 min in Gifu anaerobic medium. O, strain
13(pJIR418); [, strain TS133(pJIR418) (virR); 4, strain TS133
(pBT405) (wirR ™ virS *). OD 600 nm, optical density at 600 nm. (B) To-
tal RNA was prepared from each culture at the indicated times (2 and
3 h). Either 10 g (for virT and ccp) or 40 pg (for virl)) of total RNA
was resolved by agarose electrophoresis, blotted onto a nylon mem-
brane, and hybridized with probes for virT (CPE0845), ccp (CPE0846),
and virl/ (CPED920). Lane 1, strain 13(pJIR418); lane 2, strain TS133
(pJIR41B); lane 3, strain TS133(pBT405),

of virT, cep, and virll that confirmed that that there is regula-
tion by the VirR/VirS system. In C. perfringens wild-type strain
13, a 1.0-kb transcript of virT was clearly detected after 2 h of
growth (early to mid-exponential phase) (Fig. 2B, upper left
panel), and the level had decreased after 3 h of incubation (late
exponential phase) (Fig. 2B, upper right panel). Similar pat-
terns were observed for expression of the 1.6-kb alpha-clostri-
pain (ccp) transcript (Fig. 2B, center panels) and the 0.5-kb
virll transcript (Fig. 2B, lower panels) in the wild-type back-
ground. Even with 40 pg of total RNA blotted onto the mem-
brane, the virlU transcript signal was very low for strain 13,
indicating that the level of expression of virl/ was significantly
lower than the level of expression of virT or ccp. The time
points of accumulation for virT, ccp, and virll mRNAs were
similar to those for pfoA and vir; all of the molecules were most
abundant during the early exponential to mid-exponential
growth phase (3, 4). Importantly, transcripts of virT, ccp, and
virl/ either were undetectable or the bands were very weak for
the virR mutant strain TS133 (Fig. 2B, lane 2). Expression of
these genes was increased by transformation of intact virR and
vir§ genes into TS133 (Fig. 2B, lane 3). These data clearly
indicate that the steady-state RNA levels for virT, ccp, and virl
were regulated positively by the VirR/VirS system in C. per-
fringens in a manner similar to the manner of regulation of
pfoA and wir (3, 4, 28). The higher levels of the virT, ccp, and
virU transcripts in the complemented strains were likely due

J. BACTERIOL,

to the high copy number of the pBT405 complementation
plasmid.

Promoter analysis of the VirR/VirS-regulated genes. To an-
alyze the promoter regions of the three VirR/VirS-regulated
genes, we identified transcription initiation sites for virT, cep,
and virll by performing a primer extension experiment with
wild-type and virR mutant RNA templates. The virT-specific
primer generated a single extension product with wild-type
strain 13 RNA, whereas no product was obtained with the virR
mutant strain TS133 (Fig. 3A, left panel). Similarly, both the
cep and virll gene-specific primers (Fig. 3A, middle and right
panels, respectively) yielded single extension products with the
wild-type RNA template, whereas no products were obtained
with virR mutant strain RNA. These results indicate that tran-
scription initiation from single sites in virT, ecp, and virll is
dependent on the VirR/VirS system because little mRNA for
these genes was present in the virR mutant strain.

The length of each primer extension product was used to
assign the position 1 site of transcription initiation for virT, ccp,
and virU and 1o identily conserved elements (—35 and —10) in
the promoter of each gene (Fig. 3B). We compared the loca-
tions of the VirR-binding sequences (CCAGTTWTNCA), the
consensus promoter sequences (—35 and —10), and the
mRNA start sites with those determined for pfod and vir in
previous studies (4, 28) (Fig. 3B) and found that the relative
distances between these elements were highly conserved in the
five promoter regions. In particular, all five genes have a 42-bp
interval between the VirR-binding sequences and the mRNA
start site (Fig. 3B). The locations of the consensus promoter
sequences (—35 and —10) were almost identical in all five
genes.

In previous studies, two repeated sequences (VB1 and VB2)
in the promoter region of pfoA (Fig. 3B) were identified as
independent binding sites for the VirR protein (5, 6). The
promoter regions of wrr, virl, ccp, and virll contained se-
quences similar to the VB2 sequence of pfod (Fig. 3B). Al-
though more divergent than the similarities between these four
genes and pfoAd in the VB2 consensus sequence, sequences
similar to VBI1 were found in these four genes (Fig. 3B),
suggesting that the VBI region may also be important for
regulation of transcript by the VirR protein, The promoter
structures of these five VirR-regulated genes are highly con-
served and are distinct from the promoter structures of previ-
ously analyzed VirR/VirS-regulated genes (4, 19). The ability
of the VirR prolein to bind to the conserved sequences up-
stream of virT, ccp, and virU was confirmed in a previous study
(5). Moreover, VirR has been reported to bind to some VirR
boxes found in genes of two other strains of C, perfringens,
ATCCI13124 and SM101 (16), which suggests that the VirR-
dependent regulatory system is present in various types of C.
perfringens strains. Binding of a glutathione S-transferase—
VirR fusion protein to the VirR-binding sequence was also
examined using gel mobility shift assays, and this analysis con-
firmed that the VirR protein bound specifically to the con-
served sequences in the promoter regions of pfod, v, virT, ccp,
and virU (data not shown).

Functional analysis of the virT and virU genes. We were
unable to predict the putative function of either virT or virll
using the results of computer-based searches for sequence
similarities. To explore the functional roles of these genes, we
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FIG. 3. Identification of the transcription initiation sites of the virl, ccp, and virll genes in C. perfringens. (A) Primer extension products derived
using the oligonucleotide primers listed in Table 2 with template RNA prepared from 2-h cultures of C. perfringens strains (lane 1, wild-type strain

13; lane 2, virR strain TS133) were separated by electrophoresis on acryl

ide gels. Seq ing reactions with the same primers and appropriate

DNA templates were run on the same gel. The positions of extended products obtained with the virT, cep, and virll primers are indicated by arrows,
and the putative mRNA start sites are indicated by circles, (B) Deduced promoter sequences (—35 and —10) and consensus VirR-binding sites
of the five VirR/VirS-regulated genes, The putative promoter sequences and mRNA start sites are indicated by boxes and circles, respectively. The
deduced VirR-binding sequence of each gene is indicated by a dotted box, and conserved nucleotides are underlined. The promoter sequences of
the theta-toxin (pfo4) and VR-RNA (vrr) genes are aligned, and the VB1 and VB2 regions are shown.

constructed vir? isogenic mutants of strain 13 (see Materials
and Methods). The resulting virl mutation in strain TS190,
which was confirmed by Southern hybridization with a virl
gene probe (data not shown), was used to examine expression
of VirR/VirS-regulated genes. Compared to wild-type strain
13, in mutant strain TS190 there were at least 2.5-fold in-
creases in the levels of both pfoA and ccp mRNAs during the
logarithmic growth phase (2 and 3 h) (Fig. 4A). When mutant
strain TS190 was complemented with the virT" pTS930 plas-
mid [resulting in TS190(pTS930)], the level of each of the
transcripts was reduced to the wild-type level, although
complementation was not complete until the 3-h time point for
unknown reasons (Fig. 4A). These data suggest that the virT
gene product acts as a negative regulator of pfo4 and ccp in the
wild-type strain. However, no significant change in ple, cold,
vir, or virll expression was observed in TS190 (Fig. 4A), indi-
cating that the negative effect of the virT gene product was
specific to pfoA and ccp.

For unknown reasons, repeated attempls to construct a
strain 13 virll mutant using single-crossover or double-cross-
over recombination methods failed. As an alternative ap-
proach to test the function of virl/, we introduced a virl/ over-
expression plasmid, pTS931, into wild-type strain 13 (o
measure the effect of virll on the steady-state levels of putative
VirR/Vir$ target genes. In 3-h cultures, the pfoA, ccp, vir, and
virT mRNA levels were all increased in response to the higher
number of virll copies (Fig. 4B), suggesting that the virl/ gene
encodes a positive regulator of pfod, ccp, vir, and virT expres-
sion. Although the abundance of ple and colA transcripts also
increased slightly following transformation of pTS931 into

strain 13 (Fig. 4B), we believe that this may have been a
secondary effect of increased VR-RNA (Fig. 4B, vir panels),
which is known to enhance expression of ple and cold.

In addition to measuring changes in the levels of the pfod
and ccp mRNAs, we also measured the activities of the se-
creted gene products, perfringolysin O and alpha-clostripain,
respectively, in supernatants from cultures of wild-type and
mutant C. perfringens strains, Perfringolysin O activity was
measured by determining the hemolytic activities of the culture
supernatants with horse erythrocytes. The hemolytic activities
of virl” mutant strain TS190, TS190 with the plasmid expressing
virl’ (pTS930), and wild-type strain 13 with the virl/ overex-
pression plasmid (pTS5931) were 3.9-, 1.2- and 4.3-fold higher,
respectively, than the hemolytic activity of wild-type strain 13
(Table 3). These results, which correspond well with the results
of the Northern analyses, indicate that the activity encoded by
wild-type virli stimulates the production of perfringolysin O,
whereas the wild-type virT gene product inhibits the produc-
tion of perfringolysin O.

Azocasein, a colorimetric substrate of alpha-clostripain and
other cysteine proteinases, was used to measure alpha-clostri-
pain activity specifically in culture supernatants containing two
inhibitors of cysteine proteinases, leupeptin and antipain. In
the presence of these inhibitors, the proteolytic activity of each
strain, as measured by absorbance at 450 nm, decreased be-
tween 25 and 60% (Fig. 5A). The difference in activity repre-
sents alpha-clostripain-specific proteolysis of azocasein (Fig.
5B). The alpha-clostripain activity was increased in the virT
mutant strain TS190, and when the mutation was comple-
mented with pTS930 (virT™"), the activity decreased to a level
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FIG. 4. Northern blot analyses of the virT mutant and wild-type strains transformed with the virll* expression plasmid (pTS931). Total RNA
was prepared from each culture at the times indicated (2 and 3 h), and 10 pg of cach RNA preparation (40 pg for hybridization with virl! probe)
was resolved by agarose electrophoresis, blotted onto nylon membranes, and hybridized with ple, pfod, cold, eep, vrr, virT, and virl/ gene probes
as indicated. The band densities relative 1o those for wild-type strain 13 are indicated above the bands, (A) Lane 1, wild-type strain 13(pJIR418);
lane 2, strain TSI9(pJIR418) (AvirT); lane 3, strain TS190(pTS930) (AvirT virT"). (B) Lane 1, wild-type strain 13(pJIR418); lane 2, wild-type

strain 13(pTS931) (virll").

similar to the level in the wild-type strain (Fig. 5B), indicating
that expression of alpha-clostripain is negatively regulated by
virT'. Similarly, the alpha-clostripain activity was higher in the
virU-overexpressing strain than in the wild-type strain (Fig.
5B), suggesting that the virll gene product stimulates alpha-
clostripain production. The similarities between the changes in
perfringolysin O and alpha-clostripain activitics and the
changes in the levels of mRNAs for these genes in different
genetic backgrounds (wild-type strain versus virT mutant or
virU-overexpressing strain) suggest that the virT gene product
negatively controls expression of pfad and ccp and that the
virll gene product enhances expression of pfad and cep in C.
perfringens.

Mutational analyses of virT and virl. It has been reported
that in C. perfringens regulatory RNA molecules control ex-
pression of several genes, including toxin genes (17, 28). Con-

TABLE 3. Perfringolysin O activities of various
C. perfringens strains

Perfringolysin DLﬂfclI;nce
Strain Genotype O titer wm{p‘;rcii to
(log.)* struin 13
13 Wild type 74 =05 1
TS133 Strain 13 wirR:Tet' 20=0.1 <0.1
TS190 Strain 13 Avirl 94 = 05 39
TS19(pTS930) Strain 13 AwirT (virT ") 7.7 204 1.2
13(pTS931) Strain 13 (virll *) 9507 4.3

" Each value was calculated by using the results of triplicate independent
experiments, and the values are means * standard deviations.
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FIG. 5, Alpha-clostripain activities of various C. perfringens strains.
(A) The alpba-clostripain activity of each C. perfringens strain (indi-
cated at the bottom) was determined with azocasein as a substrate
under conditions with no inhibitor (=), with leupeptin (LP), or with
antipain (AP). For each strain and treatment combination, the mean
absorbance and standard deviation (eérror bar) calculated from three
independent experiments are shown. (B) The difference in mean pro-
tealytic activity between assays without inhibitors and assays with the
leupeptin or antipain inhibitor (shown in panel A), which represents
alpha-clostripain-specific proteolytic activity, was plotted for each C. per-
fringens strain, WT, wild type; OD 450 nm, optical density at 450 nm.
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FIG. 6. Site-directed mutagenesis of the virl’ (A) and virl/ (B) genes and the effects of the mutations on steady-state levels of VirR-regulated
gene mRNAs, The nonsense and frameshift codons engineered in the virl” and virll coding regions (left panels) are indicated by large boxes. The
positions of the nonsense mutation (NM) and frameshift mutation (FM) are indicated by TAA and an asterisk, respectively. Plasmids carrying
mutated virl” and virl genes (designated pTS932 and pTS935 for virT and pTS933 and pTS935 for virl)) were transformed into different C.
perfringens strains. The band densities relative to those for wild-type strain 13 are indicated above the bands. (A) (Panel a) Lane |, wild-type strain
13(pJIR418); lane 2, strain TS190(pJIR418) (AvirT); lane 3, strain TS190(pTS930 (AvirT virT™); lane 4, strain TS190(pTS932) (AvirT virT™™),
(Panel b) Lane 1, wild-type strain 13(pJIR418); lane 2, strain TS190(pJIR418) (AvirT); lane 3, strain TS190(pTS930) (Avirl virl ™ ); lane 4, strain
TS190(pTS935) (AvirT virT™), (B) (Panel a) Lane 1, wild-type strain 13(pJIR418); lane 2, wild-type strain 13(pTS8931) (virll* ); lane 3, wild-type
strain 13(pTS933) (Wr™™), (Panel b) Lane 1, wild-type strain 13(pJIR418); lune 2, wild-type strain 13(pT8931) (virl'*); lane 3, wild-type strain
13(pT$9360 (virl/*™). Northern analyses were performed with the indicated probes (right panels),

sidering the relatively small size of the virT and virl/ ORFs (609
and 216 bp, respectively), it is possible that these genes, like vir
and virX, encode regulatory RNAs. To test this hypothesis,
nonsense mutations were introduced into the protein-encoding
regions of virl and virll with plasmid vectors (pTS932 and
pTS933, respectively), and then differences between the ccp
and pfod steady-state mRNA levels in samples of wild-type
and mutant cell total RNAs were determined (Fig. 6). When
the virT nonsense mutant gene in pTS932 was introduced into
the isogenic virT mutant strain TS190, the relative levels of ccp
and pfoA transeripts in TS190(pTS9232) were not different from
the levels in TS190(pTS930) containing an intact virT gene
(Fig. 6A, panel a, lanes 3 and 4). Similarly, a nonsense muta-
tion was constructed in the coding region of virll in plasmid
pT5933, which was transformed into wild-type strain 13 (Fig.
6B). The results indicated that there was a difference in the
level of vr, pfoA, or ccp mRNA between wild-type strain 13
overexpressing intact virll (pTS931) and wild-type strain 13
overexpressing mutated virll (pTS933) (Fig. 6B, panel a, lanes
2 and 3). Furthermore, one-base deletions at positions 33 and
15in the virT and virll coding regions (Fig. 6) were introduced
to generate frameshift mutations, resulting in plasmids pTS935
and pTS936, respectively. Plasmid pTS935 was transformed
into the isogenic virT mutant strain TS190 and wild-type strain
13, and the mRNA levels for pfod and ccp were determined by
Northern hybridization. As shown in Fig, 6, the relative levels
of ecp and pfod transcripts in TS190(pTS935) with frame-

shifted virT were not different from the levels in TS190
(pTS930) containing an intact virl gene. Similarly, the tran-
script levels of ccp and pfad were not different in strain 13
harboring pTS936 (with frameshifted virl)) and strain 13 har-
boring pTS931. Taken together, these results indicate that
there was no diflerence in the regulatory functions of virT and
virl/ whether the ORFs were intact or not intact, These data
strongly suggest that both the virl® and virU genes encode
regulatory RNA molecules, not proteins, that regulate the
VirR/Vir§ regulon. The promoters of pfad, virT, cep, vrr, and
virl were screened, and no conserved sequence molifs (besides
the VirR consensus sequence) were found, indicating that it is
unlikely that there are other regulatory RNAs or proteins that
are shared by these VirR/VirS-regulated genes.

DISCUSSION

A genome-wide search for promoter-proximal VirR-binding
sites previously identified the theta-toxin-encoding gene pfoA
(6) and the vir gene, which encodes regulatory VR-RNA (28),
and also identified three new genes, virT, ccp, and virl, as
potential members of the VirR/VirS regulon (25). To test the
veracity of this in silico identification, genetic and molecular
analyses of virT, ccp, and virl/ functions and regulation by the
VirR/VirS system were performed.

Comparative Northern analyses of wild-type and virR mu-
tant strains of C. perfringens revealed that virT, ccp, and virll
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FIG. 7. Schematic diagram of the VirR/VirS regulon. The diagram was constructed by using the results of this and previous studies (3, 4, 12,

17, 18, 20, 24, 25, 28).

are positively regulated by the VirR/Vir§ system at the RNA
level. The sequence and location of a putative VirR-binding
consensus site (VB1/VB2) and its location (from position —40
to position —80 upstream of the initiation site¢) were conserved
in the pfoA, vrr, virT, cop, and virll promoters, suggesting that
VirR may bind directly to these sites to activate transcription
(5). Gel shift assays confirmed that the VirR protein binds
specifically to the conserved promoter sequences. These data
led us to conclude that the VirR/VirS regulon involves five
genes regulated directly by the VirR protein in C. perfringens
(Fig. 7).

The deduced amino acid sequence encoded by cep is highly
similar to the amino acid sequence of alpha-clostripain from C.
histolyticum (EC 3.4.22.8) (7), which is a heterodimeric cys-
teine endopeptidase with specificity for Arg-X peptidyl bonds
(7, 8). The two polypeptide chains (termed light and heavy) of
the native enzyme are encoded by a single 1,581-bp gene, and
the junction between the two polypeptide DNA sequences
encodes a linker nonapeptide (7). Alpha-clostripain has been
implicated in damage of cells in fetal rat calvaria (10) and may
contribute to the virulence of other clostridial infections (23).
Detection of alpha-clostripain protein and the enzymatic ac-
tivity in the supernatants of C. perfringens cultures (27) suggest
that alpha-clostripain may be a virulence factor. The C. per-
fringens genome lacks many genes needed for amino acid bio-
synthesis, and alpha-clostripain may participate in degradation
of host proteins that yields nutrients required for C. perfringens
survival and growth (25). Further studies are needed 1o eluci-
date the roles of alpha-clostripain in C. perfringens nutrient
uptake and pathogenicity.

Although we were unable to predict the functions of the
molecules encoded by virT and virll based on homology with
other genes (25), the activities of these molecules clearly in-
fluence VirR/VirS gene regulation; the virT product acts as a
negative regulator of expression, and the virll product acts as
a positive regulator of expression (Fig. 4). The inability to alter

these effects by nonsense mutations in virT and virll suggests
that these genes, like vir (28) and virX (17), encode regulatory
RNA molecules rather than proteins (Fig. 6). A possible sec-
ondary structure was examined for the predicted virT and virl/
RNA molecules. The predicted secondary structures of the
whole virl" and virll RNAs were tight and compact overall,
similar to the structure predicted for VR-RNA (data not
shown) (28). The transcriptional terminator downstream of the
virT and virll regions was also searched, and only virll was
found to have inverted repeal sequences. Furthermore, North-
ern analyses were performed with 50-mer synthetic sense and
antisense oligonucleotide probes to look for changes in the
steady-state levels of virT and virll mRNAS. Both virT and virl/
transcripts were detected in wild-type strain 13 with antisense
probes, whereas no signals were obtained with the sense virT
and virll probes (data not shown),

Unexpectedly, the number of regulatory RNA molecules
found to be involved in regulation of virulence (and other)
genes in C. perfringens is increasing. Based on recent reports of
the importance of small RNA molecules in regulation of tran-
scription and/or translation in both prokaryotes and eu-
karyotes (12, 15), many RNA molecules involved in other
aspects of C. perfringens gene regulation may still be unknown.
In the case of the virT and virll RNAs, the absence of a
putative consensus sequence for direct annealing of these
RNAs to the promoters of the virT- and virl-regulated genes
pfoA, virT, ccp, virU, and vrr suggests that these regulatory
RNAs may affect the activity of other proteins or RNA regu-
lators for these five genes. Because the effects of virT and virl)
mutations on transcription were much more subtle than those
of the VirR/VirS system or VR-RNA, virT and virU may fine-
tune transcription of VirR/VirS-regulated genes to maintain
balanced gene expression. Future studies of the eflects of virT'
and virl/ on gene regulation, such as DNA microarray analyses
of C. perfringens cultured under changing environmental con-
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ditions, may provide a more detailed view of the overall effects
of these regulatory genes.

The conclusion that the VirR/VirS system directly regulates
only five genes (pfod, vrr, virT, cep, and virlU) in C. perfringens
via VirR binding is somewhat surprising. It has been reported
that the VirR/VirS system influences expression of many other
genes, including ple (encoding alpha-toxin), cold (encoding
kappa-toxin), cpd (encoding 2',3'-cyclic nucleotide phosphodi-
esterase), pip (encoding protein tyrosine phosphatase), yeg/
(encoding a hypothetical protein), metB (encoding cystathi-
onine gamma-lyase), cysK (encoding cysteine synthase), and
xS (encoding the autoinducer 2 production protein) (3, 4, 18,
20). However, for ple, colA, cpd, pip, and yegl-metB-cysK-luxS,
VR-RNA has been shown to be a secondary RNA regulator (3,
28) (Fig. 7). Another RNA regulator, virX, controls the levels
of pfoA, ple, and coldA mRNAs independent of the VirR/VirS
regulatory cascade (17) (Fig. 7). Furthermore, cell-cell signal-
ing by autoinducer 2 synthesized by the /xS gene product,
which may be mediated through an unidentified two-compo-
nent system (18), also plays an important role in the regulation
of toxin production.

It is clear that the VirR/VirS regulon consists of two classes
of genes, the genes that are regulated directly by the VirR/VirS
system and the genes that are regulated indirectly (Fig. 7). The
mechanism of regulation of the VirR/VirS regulon, including
the actions of the virT and virll regulatory RNA molecules,
should be clarified by comprehensive DNA microarray-based
analyses of gene expression.
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Clostridium perfringens is an anaerobic, gram-positive, spore-forming bacterium responsible for the produc-
tion of severe histotoxic and gastrointestinal diseases in humans and animals, In silico analysis of the three
available genome-sequenced C. perfringens strains (13, SM101, and ATCC13124) revealed that genes that
encode flagellar proteins and genes involved in chemotaxis are absent. However, those strains exhibit type IV
pilus (TFP)-dependent gliding motility. Since carbon catabolite regulation has been implicated in the control
of different bacterial behaviors, we investigated the effects of glucose and other readily metabolized carbohy-
drates on C. perfringens gliding motility. Our results demonstrate that carbon catabolite regulation constitutes
an important physiological regulatory mechanism that reduces the proficiencies of the gliding motilities of a
large number of unrelated human- and animal-derived pathogenic C. perfringens strains, Glucose produces a
strong dose-dependent inhibition of gliding development without affecting vegetative growth. Maximum gliding
inhibition was observed at a glucose concentration (1%) previously reported to also inhibit other important
behaviors in C. perfringens, such as spore development. The inhibition of gliding development in the presence
of glucose was due, at least in part, to the repression of the genes pilT and pilD, whose products are essential
for TFP-dependent gliding proficiency. The inhibitory effects of glucose on pilT and pilD expression were under
the control of the key regulatory protein CcpA (catabolite control protein A). The deficiency in CcpA activity
of a ccpA knockout C. perfringens mutant strain restored the expressions of pil T and pilD and gliding proficiency
in the presence of 1% glucose. The carbon catabolite repression of the gliding motility of the ccp4 mutant strain
was restored after the introduction of a complementing plasmid harboring a wild-type copy of cepA. These
results point to a central role for CepA in orchestrating the negative effect of carbon catabolite regulation on
C. perfringens gliding motility. Furthermore, we discovered a novel positive role for CepA in pilT and pilD
expression and gliding proficiency in the absence of catabolite regulation. Carbon catabolite repression of
gliding motility and the dual role of CcpA, ecither as repressor or as activator of gliding, are analyzed in the
context of the different social behaviors and diseases produced by C. perfringens.

Motility is an important attribute utilized by many patho-
genic and nonpathogenic bacteria to colonize new environ-
ments, to search for nutrients, and to allow the formation of
complex architectural structures (e.g., biofilms and fruiting
bodies) (14, 15, 25). Translocation in liquid medium (swim-
ming) is mediated by flagella, and the swimming model has
been traditionally used to describe bacterial motility. However,
it is also true that in nature, most bacteria are associated with
surfaces and therefore have evolved diverse mechanisms of
translocation on solid or semisolid biotic and abiotic surfaces
which are important for rapid dissemination and colonization
during the course of an infection (21). Among the surface-
associated mechanisms of motility that play key roles in cell-
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cell and cell-surface interactions, it is worth mentioning (i)
swarming, a flagellum-dependent social form of translocation
where planktonic cells differentiate into giant and hyperflagel-
lated cells that move in groups (“swarms”) to explore and
colonize new habitats (10); (ii) twitching, a flagellum-indepen-
dent but type IV pilus (TFP)-dependent form of intermittent
and jerky surface motility (4, 14, 15), which has been demon-
strated to occur in the opportunistic pathogen Pseudomonas
aeruginosa (5), in the pathogen Neisseria gonorrhoeae (23), and
recently in Haemophilus influenzae, which was previously con-
sidered a nonmotile bacterium (2); and (iii) gliding, which has
been studied in detail in model organisms, such as Myxococcs
xanthus and Synechocystis and Anabaena spp. (19). In M. xan-
thus, two types of mechanisms for gliding motility are utilized:
adventurous gliding and social gliding (16). Adventurous glid-
ing motility is observed when cells are isolated or in low num-
bers without contact with each other. In this sense, gliding
motility is defined as a smooth movement of rod-shaped cells
in the direction of their long axeés on a surface. It has been
proposed that the driving force for adventurous gliding motility
in M. xanthus is generated by the action of a nozzle-like struc-
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ture that produces a polysaccharide slime trail. Social gliding
motility, similar to twitching motility, is dependent on the ac-
tive extension and retraction of TFP (16). For other bacteria
(e.g., Cviophaga spp., Flavobacterium spp., and Mycoplasma
mobile), gliding takes place in the absence of TFP and ATP
consumption. Instead, they generate motility with motility pro-
teins anchored to the membrane that in turn use proton motive
force and/or polar polysaccharide extrusion to achieve cellular
motility over surfaces; all these gliding examples point out the
extreme diversity of gliding mechanisms (4, 14, 15, 22, 24).
Extracellular TFP appendages are polymers of the small pro-
tein PilA, or pilin. In P. aeruginosa, PilA is initially translated
as a prepilin with a short leader peptide cleaved by PilD (48);
PilB provides energy for assembly. PilT and PilU are nucleo-
side triphosphate binding proteins that have been implicated in
pilus retraction during twitching motility (4). In P. aenuginosa,
almost 40 genes are involved in the biosynthesis and function
of TEP (23, 47). Besides the key role of TFP in twitching and
gliding, these appendages also mediate other important phe-
nomena, such as adherence, fruiting body formation, bacterio-
phage absorption, DNA uptake, cytotoxicity, activation of host
cell responses, and biofilm development (1, 14, 23, 24, 31).

Clostridium perfringens is a gram-positive, anaerobic, spore-
forming bacterium that causes severe gastrointestinal and his-
totoxic infections in humans and animals (28, 32, 33). This
pathogen has been traditionally described as a nonmotile bac-
terium, as no genes that encode flagellar proteins or genes
involved in chemotaxis were identified in the complete
genomic sequences of the three human-pathogenic C. perfrin-
gens strains 13, SM101, and ATCC13124 (26, 36). However,
sequence analysis (data not shown) suggests that the three
strains carry genes which code for TFP components (such as
pilA 1o pilD and pilT) (26, 36). Recently, Varga et al. demon-
strated that C. perfringens strains 13, SM101, and ATCC13124
exhibited social gliding motility on brain heart infusion agar
(BHIA) plates, and TFP were detected on the surfaces of the
bacteria (41). This study also demonstrated that pilT and pilC
mutants failed to produce detectable pili and were nonmotile
on BHIA (41). Other putative TFP biosynthesis genes found in
C. perfringens remain to be characterized, and the exact mech-
anism of TFP assembly and its physiological role, importance,
and regulation are currently unknown.

In this respect, diverse bacterial behaviors, such as biofilm
development, sporulation, fruiting body formation, and sur-
face-associated motility, are regulated by environmental, met-
abolic, and quorum-sensing signals (9, 10, 16, 28, 46). In
particular, carbon catabolite regulation is a widespread phe-
nomenon in bacteria where the expressions of a number of
genes are regulated by the presence of a preferred carbon
source, such as glucose or fructose (27, 39, 43). In C. perfrin-
gens, and many low-G+ C-content, gram-positive bacteria, car-
bon catabolite control is under the regulation of CcpA (catab-
olite control protein A), a pleiotropic transcriptional regulator
belonging to the Lacl/GalR family of transcription factors (27,
39, 43). CepA functions as a DNA binding protein, either
activating or repressing genes generally in the presence of a
preferred carbon source (35, 43). More precisely, surface-as-
sociated motility is an interesting example of social bacterial
behavior that could be regulated by nutrient (i.e., carbon)
availability in nature. Interestingly, in P. aeruginosa, swarming
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TABLE 1. C. perfringens strains and plasmids used in this study

Strain or plasmid Isolation source or phenotype ‘:{L’E :Im
. perfringens strains
Human isolates
Strain 13 Gas gangrene 36
KO13 ccpA mutant derivative of This study
strain 13
NCTC8239 Food poisoning 7
NCTC10239 Food poisoning i
SM101 Food poisoning 49
191-10 Food poisoning 38
F4406 Sporadic diarrhea 7
F4969 Sporadic diarrhea 7
F5603 Sporadic diarrhea 7
B11 Antibiotic-associated diarthea 7
B41 Antibiotic-associated diarthea 7
NB16 Antibiotic-associated diarrhea 7
Animal isolates
JGS1807 Diarrheic pig 45
JGS1818 Diarrheic pig 45
204442 Diarrheic dog R. Carman
317206 Diarrheic dog R. Carman
AHT327 Diarrheic horse 44
AHT2911 Diarrheic horse 44
Plasmids
pMRS127 sigK-gusA in pJIR751 30
pEIZ2 piT promoter fused with This study
gusA in pMRS127
pPilDgus-127 pilD promoter fused with This study

gusA in pMRS127
KO2 This study
pIRT750 C. perfringens-E. coli shuttle 3

veclor

pIH100 “This study

(but not twitching) motility is carbon source regulated; poor
swarming activity is observed in the presence of glucose (37).
Therefore, the ability of the pathogen to carry out surface-
associated social motility during the course of the infection is
of crucial importance (2, 10, 14, 21, 24). In this work, we have
investigated the effects of glucose and other readily metabo-
lized carbohydrates on the TFP-dependent social gliding mo-
tilities of a collection of pathogenic C. perfringens strains iso-
lated from human and animal sources. Our results clearly
demonstrate that carbon catabolite repression is a general and
common regulatory mechanism of gliding motility in C. per-
fringens, independent of the source of isolation (human or
animal) or type of infection (diarrhea or myonecrosis). We
demonstrate that the repressive effect of glucose on gliding
motility is partially due to the CepA-mediated down-regulation
of TEP biosynthesis genes. In addition, we have discovered and
analyzed a novel carbon catabolite-independent positive role
for CepA in C. perfringens gliding motility.

MATERIALS AND METHODS

Strains and culture conditions, The C. perfringens strains used in this study are
listed in Table 1. The growth media employed to propagate strains were fuid
thioglyeolate (FTG) and TGY (3% tryptic soy broth, 2% glucose, 1% yeast
extract, and 0.1% cysteine) (8, 32), TY medium results from the omission of
glucose from the TGY formula. All cultures were grown under anaerobic con-
ditions in anaerobic jars containing GasPak (BD) at 37°C.
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TABLE 2. Primers used in this study

Primer Primer sequence” Positions” Gene Use’
CFPP53 5" GCGTCGACGAGATATGGTCTTITAGATGG 3’ ~333 to 312 piT promoter GUS
CPP55 5" GCTGCAGCAGATGCTCCTTCTTTAACTG 3 +2810 + 48 pilT promoter GUS
CPP230 5' GCGTCGACCTTGAAGATITAGATAAGCCTC 3' +1910 + 41 pilD promoter GUS
CPP231 5' GCTGCAGCCTTCCAATTATTAATCCAAATAA 3’ ~361 to ~341 pilD promoter GUS
CCP-F 5' AACTAGGATATAGACCTAAT 3’ +172 10 +192 ccpA MP
CCP-R 5' TGATCCCATATCATACATTG 3’ +876 10 +89%6 ccpA MP
KO-F 5' CTGGAGTGTCAATAGCAAC 3/ +34 10 +53 ccpA PROBE
KO-R 5' TCTCCTAGTGATGAACTCAT 3 +366 to +386 cepA PROBE
CPP265 5' ATATCCATCAAGTTCATCTATAGAG 3 —505 to —481 cepA COMP
CPP266 5' TATGTTACCTAATGATTATGCATT 3' +1012 to +1036 cepA COMP
Pl 5' ATGCTGATTACTCAGAAGCT 3’ =774 1o =754 cepA upstream PCR
P2 5' CTCATAAGCCCTTGATGAAC 3' +1461 1o +1484 cepA downstream PCR
M13-F 5' GTA AAA CGA CGG CCA GT ¥ pUCIS vector PCR
MI3-R 5' CAGGAAACAGCTATGAC 3’ pUCIS vector PCR

o Rnatndm sites that have been Id{kd are underlined,

5The id poalmn by
“GUS, ion of !ur Pl
COMP, tion of

¥ -8

Motility assays. C. perfringens strains were grown overnight in FTG a1 37°C,
and 300 pl of this culture was inoculated and propagated in TGY for § h at the

ng besms l'mm the first codon and refers 1o the relevant position within the respective gene sequence (36).
assay, MP, construction of mutator plasmid; PROBE, construction of DNA probe for southem blot analysis;

event i of the suicidal mutator plasmid

same temperaiure. Next, 1 ml of culture was centrifuged and ated
wwofold. Five microliters of the d cell suspension was sp d onto a
predried (1 h at 37°C) BHIA, TGY agar (TGYA), or TY agar (TYA) plate. All
plates were supplemented with 0.7% agar. The inoculated plates were then
incubated anacrobically for 48 to 96 h mt 37°C. Photographs of the plates were
tuken with a Canon Power Shot SD550 digital camera.
Construction of gusd fusion plasmids and the B-glucuronidase assay. The
PCR-amplified product carrying the upstream region of gD or pilT was first
cloned into the pCR-XL-TOPO vector by using a TOPO-XL cloning kit (In-
vitrogen), Bricfly, the DNA fragment carrying the promoter region of pilT or
il from SM101 or strain 13 was amplificd by PCR using primers CPPSYCPPSS
or CPP2CPP231, respectively (Table 2). The Sall site was incorporated into
the forward primer and the Pstl site into the reverse primer of each primer pair.
These PCR products were then cloned into the pCR-XL-TOPO vector, The

(pKO2) on «pA and utilized in the present uludy

The i I disruption of wild-type ccpA in KO13 was first demonstrated
by PCR analysis of DNA isolated from the mutant (see Fig. S1 in the supple-
mental material), As expected, a 1.6-kb product was amplified from KO13 DNA
by using primers P1 and M13F and a 2.5-kb product by using primers P2 and
MI3R. H , no PCR product was obtained with either P1 and MI3R or P2
and MI3F, These PCR results are consistent with the suicidal mutator plasmid
pRO2 having been inserted into the wild-type ccpA gene in KO13. Southern blot
analyses showed that a 2.4-kb HindlIl DNA fragment from wild-type strain 13
hybridized with our cepd-specific probe. However, two hybridizing bands, of 2.9
and 4.3 kb, were observed with DNA from mutant strain MO13, This profile is
consistent with the expected result since the inserted pKO2 plasmid has a
Hind11I site.

Southern blot analysis. A 350-bp i | cepd DNA fragment was amplified
from strain 13 by PCR using primers KO-F and KO-R (Table 2) and labeled with

recombinant clones carnrying the d DNA fragm were confi i by
restriction enzyme digestion, PCR analysis, and then DNA sequencing. The
Sall-PstI fragments carrying the promoter region of pilD or pilT from pCR-XL-
TOPO clones were then recloned into the Sall/Pst] sites of pMRS127 to create
pilD-gusA or pilT-guxA fusion constructs derived from either strain SM101 or
strain 13. These reporter plasmids were then introduced by electroporation and
Cm’ selection (8) into the corresponding wild-type C. perfringens strains 13 and
SM101 and the isogenic derivates deficient in CepA.

The strains carrying the gusA fusions were grown overnight in FTG a1 37°C,
and 150 ul of each culture was inoculated into TY and TGY. Ar various time
points, 1 ml of each culture was centrifuged for 2 min at 9,000 rpm, and the pellet
was stored frozen at =20°C until used, The cell pellets were resuspended with |
ml of buffer Z (8.54 g of Na,HPO,, 5.5 g of NaH,PO, - H,0, 075 g of KQ,
0.25 g of MgSO,, and 1.4 ml of f-mercaptoethanol - TH3O, pH 7, per liter) (13,
28). Adequate aliquots of the pended cells were brought to a final volume
of 730 ! with buffer Z. Next, 10 ! of 10 mg/ml lysozyme was added and the
mixture was incubated for 30 min at 37°C, followed by the addition of 10 wl 10%
Triton X-100 (Slyna). Th: en:ymalj: r:m:lmns were initiated by adding 100 ul
of 6 mM 4-nitropt B-o-gl Je (Sigma), After 15 min of incubation at
37°C, the reaction was stopped by adding 150 ! of 1 M Na,CO,. The absarbance
was measured at 405 nm, and the f-gl idase activity was calculated using
the following equation: (A > 1,000)(optical density at 600 nm [OD 0 ]pls
cross chk inf or sup, edi file not provided x culture volume [in milliliters] x time
[in minutes]) (19).

Insertional inactivation of copd gene in strain 13, To disrupt copA in strain 13,
an internal 760-bp fragment of the ccpd gene was amplified by PCR using
primers CCP-F and CCP-R (Table 2} and clcmcd mln the Smal site of pUCI8 to
create pKOL. For selection, an eryth (ermBF) was
ligated into the Hincll site of pKOI, creating pKO2. The plasmid pKO2 (which
has no arlsi.n of repllcntian for C. perfringens) was transformed Into strain 13 by
electre and Em’ sel One Em' clone (KO13) was analyzed (see
Fig. S1 Iu the supplemental material) for correct integration by a single crossover

Ikaline phosph using the Gene Images AlkPhos direct labeling and detec-
tion lysll:m (Ammlmm Bimdenm) (28, 44). Isolated C. perfringens DNA sam-
ples, prepared as described previously (8, 38), were digested with HindIIl, sep-
arated by electrophoresis on 1% agarose gels, and transferred by Southern
blotting. The blot was hybridized with the AlkPhos-labeled cepd probe, and the

hybridized probe was then detected by CDPstar chemil ence (Amersh
Bioscience),
C ion of the CepA P id pIH100. A 1,539-bp [rag-

ment containing the ecpd open reading frame and its 450-bp upstream region
was amplified by PCR using primers CPP265 and CPP266 (Table 2) and then
cloned inta pCR-TOPO-XL (Invitrogen) to generate pCopA-comp-XL. Next,
the ~1.5-kb Kpul/Xball fragment was cloned into the KpnI/Xbal sites of shutile
vector pITR750 to generate the copd-complementing plasmid pIH100,

RESULTS

Glucose represses the gliding motilities of wild C. perfringens
strains isolated from human and animal infections, A recent
study demonstrated TFP-dependent gliding motility in three
human-derived C. perfringens strains for which genome se-
quences have been previously determined (41). TFP-depen-
dent gliding motility constitutes an important bacterial behav-
ior also known as twitching (14, 15, 24), Taking into account
that the referred study (41) was limited to the analysis of only
three strains, all of human origin, when there exists a great
diversity of C. perfringens isolates causing diverse infections
(i.e., gas gangrene, food poisoning, antibiotic-associated diar-
rhea, etc.) in human beings and animals, we considered it of
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FIG. 1. Glucose represses the gliding motilities of C. perfringens strains isolated from different mammalian hosts, (A) Gliding phenotypes of the
three genome-sequenced human pathogen C. perfringens strains 13, SM101, and NCTC8239, Gliding was developed after inoculation of a 5-pl drop
of a concentrated middle-log-phase culture of the corresponding strain on BHIA or TYA medium with or without 2% glucose supplementation,
Top-bottom photographs were taken after 72 h of anaerobic incubation at 37°C. BHIA, TYA medium without glucose; BHIG and TGY, media

supplemented with 2% glucose. Black dotted circles show the diameters of the initial inoculation spots (see Materis

and Methods for details),

(B) Gliding phenotypes of a collection of human and animal pathogenic C. perfringens strains: 1, NB16; 2, JGS1818; 3, 204442, 4, NCTC 10239,
5, 317206; 6, AHT327; 7, B11; 8, B41; 9, F5603; 10, F496%; and 11, AHT2911 (see Table 1 for the origin and type of infection produced for each

pathogenic strain).

interest to evaluate whether gliding motility was an intrinsic
and general property of wild and undomesticated C. perfringens
isolates, To this end, we performed a gliding motility analysis
on a collection of 17 different pathogenic human- and animal-
derived C. perfringens strains (including those strains whose
gliding behavior was previously reported) (Table 1). In our
study, motility is defined as the ability of cells to spread away
from the edge of inoculation point by at least 0.4 cm in a
curved flare pattern after 72 h at 37°C. When culture aliquots
(see Materials and Methods for details) of strains 13, SM101,
and NCTC8239 were spotted onto BHIA or TYA plates, the
pattern of eolony translocation was similar to that of the glid-
ing motility previously observed (41), showing a distinctive
curved flare pattern (Fig. 1A). Interestingly, both on TGYA
and on BHIGA plates (which contained 2% glucose), the spot-
ted cultures of strains 13, SM101, and NCTC8239 remained in
the inoculation point, indicating that gliding motility was in-
hibited. In addition, we noted that the degree of molility was
more evident on TYA than on the BHIA that was used in the
previous study (41) (Fig. 1A and data not shown). Therefore,
all subsequent motility experiments were conducted using
TYA plates.

When the gliding motility assay was performed on the entire
collection of C. perfringens isolates (Table 1), all the strains
exhibited full proficiency in social gliding motility on TYA
plates. Gliding motility was, in contrast, completely blocked in
the presence of glucose (Fig. 1B and data not shown), There-
fore, taking into consideration that glucose is a known inhibitor
of other bacterial social behaviors, such as sporulation (28, 30)
and biofilm formation (39), we concluded that the glucose

added to the BHIA and TYA plates, yielding BHIG and
TGYA, respectively, was responsible for the repressive effect
on the gliding motilities of all the surveyed C. perfringens iso-
lates.

To determine how gliding motility was affected by different
glucose levels, a glucose gradient was generated on a TYA
plate (see Materials and Methods). Five microliters of a con-
centrated middle-log phase culture of the food poisoning strain
SM101 was inoculated at various positions distributed along
the TYA glucose concentration testing plate (see Materials
and Methods), As observed in Fig. 2A, the extent of gliding
motility exhibited by the pathogenic food poisoning SM101
strain was inversely proportional (o the glucose concentration;
as the concentration of glucose decreases, the extent of gliding
motility increases,

To determine the minimum concentration of glucose re-
quired to inhibit gliding motility, five different concentrations
of the sugar were independently assayed: 0.1%, 0.25%, 0.5%,
1%, and 2%. As shown in Fig. 2B, at a glucose concentration
of 1%, no gliding motility was observed in the gas gangrene
producer strain 13 or in the food poisoning isolate NCTCB8239.
In contrast, these two strains were able to glide slightly on
Tya plates supplemented with 0.5% glucose. No inhibition of
gliding motility was observed when these strains were spotted
on TYA plates supplemented with 0.25% and 0.1% glucose
(Fig. 2B and data not shown). Therefore, glucose repression
of social ghiding motility in C. perfringens was concentration
dependent and apparently triggered at a glucose concentra-
tion of 0.5%.
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FIG. 1. Dose-dependent repressive effect of glucose (Glu) on C.
perfringens gliding proficiency. (A) Glucose gradient effect on the glid-
ing motility of the enterotoxigenic ¢pe* food poisoning C. perfringens
strain SM101. One-third of a TYA plate was cut out and replaced with
7 ml of melted TGYA medium, which contained 29 glucose (see
Materials and Methods and elsewhere in text for details). Afier solid-
ification of the added TGYA, a natural glucose gradient was generated
(shown from left to right) due to the diffusion of glucose molecules
from the TGYA section (which contained 2% added glucose) to the
TYA portion (which contained 0% added glucose) of the plate.
(B) Evaluation of the minimum glucose concentration required (o
inhibit gliding proficiency of the food poisoning and gas gangrene
producer strains NCTC8239 and 13, For panels A and B, strains were
grown on TYA plates as indicated in Fig. | and supplemented with
glucose as shown in the figure, Top-bottom photographs were taken
after 72 h of anacrobic incubation at 37°C.

Carbon catabolite repression of C. perfringens gliding mo-
tility. In order to determine if the observed inhibitory effect of
glucose on gliding motility was a general phenomenon of car-
bon catabolite regulation (repression), other readily metabo-
lized carbohydrates, such as galactose, fructose, lactose, and
sucrose, were tested, The motilities of strains NCTC8239 (food
poisoning) and 13 (gas gangrene) were inhibited when these
strains were grown on plates containing 2% of either fructose,
galactose, lactose, or sucrose (Fig. 3). Next, we analyzed the
effects on gliding of complex carbohydrates (e.g., raffinose and
starch), which are slowly metabolized but are required for
efficient sporulation of C. perfringens and for C. perfringens
enterotoxin (CPE) production (17, 18). When 2% raffinose was
added to TYA plates, no inhibition of gliding motility was
observed (Fig. 3). With 2% starch, the extents of motility in
both strains (13 and NCTC8239) were suppressed (o a minor
degree, although gliding was not affected in the presence of
0.4% starch (Fig. 3). When similar experiments were per-
formed on the rest of the C. perfringens isolates listed in this
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FIG. 3. Effects of simple and complex carbohydrates on C. perfrin-
gens gliding motility, Rapidly metabolized carbohydrates (Fru, fruc-
tose; Gal, galactose; Lac, lactose; Suc, sucrose) and complex carbohy-
drates (Raf, raffinose) commonly used to enhance sporulation and
CPE production in Spo0A-proficient C. perfringens strains were as-
sayed for their abilities 1o affect gliding motility. The gliding pheno-
types of the gas gangrene producer and SpolA-deficient strain 13 and
the SpolA-proficient and food poisoning strain NCTC8239 are shown,
Top-bottom photographs were taken after 96 h of anaerobic incuba-
tion at 37°C on TYA plates supplemented with the corresponding
concentrations of sugar as indicated.

work (Table 1), no gliding motility was observed for all tested
strains grown on TYA plates supplemented with 2% [ruclose,
galactose, lactose, or sucrose, while gliding motility was ob-
served with 2% raffinose supplementation. However, on TYA
plates supplemented with 2% starch, all tested strains were
nonmotile on the agar surface, with the exception of the strains
NCTC10239 (food poisoning), which exhibited partial gliding
motility, and JGS1807 (diarrheic pig), which was highly motile
even in the presence of 2% starch (data not shown), The
overall results indicated that the complex carbohydrates raf-
finose and starch did not affect gliding motility at the concen-
trations routinely used (2% and 0.4%, respectively) for C.
perfringens spore formation and CPE production (17, 18, 28).
More importantly, we demonstrate for the first time that C
perfringens gliding motility is subject to carbon catabolite re-
pression.,

Kinetics of TFP-dependent gliding motility in C. perfringens.
Proficiency in surface-associated motility is an important fea-
ture of many human and animal pathogens (2, 10, 14, 21, 24),
In the cases of virulent and invasive C. perfringens isolates, an
efficient mechanism of translocation on solid or semisolid sur-
faces could be favorable for escape from host defenses and for
rapid dissemination of the infection (i.e., an aggressive gan-
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FIG. 4, Kinetics of gliding development of the gas gangrene producer C. perfringens strain 13 in the absence and presence of added glucose,
Five microliters of a concentrated middle-log-phase culture of strain 13 grown in TY broth was inoculated in the center of each 100-mm petri dish,
containing TYA medium with or without supplementation with 2% glucose, Inoculated petri dishes were anaerobically incubated at 37°C, and
gliding proficiency was recorded at different times, measuring the distance traveled (in mm) from the initial inoculation point (black dotted circles)
to the edge of the expanding colony (white dotted circles). Open and closed symbols represent the experiments performed in the absence and the
presence of 2% added glucose, respectively. White arrows indicate the onset (under the influx of unknown signals; see text for details) of gliding
development. The onset of gliding was observed only in TYA plates without glucose supplementation, while in the presence of glucose, gliding was
never initinted. Photographs are representative of six independent experiments, and plotted values are the averages for those repetitions,

grene can progress at a rate of 1 cm h™'), Therefore, we
consider it of interest to characterize the kinetics and efficiency
of the gliding motility of strain 13 (gas gangrene producer) on
semisolid TYA plates in the absence and presence of added
glucose. As observed in Fig. 4, it is possible to visualize two
clear phases of colony growth and expansion. Initially, the
growing colony expanded on the TYA surface from the inoc-
ulation point at a rate comparable to the speed of colony
expansion expected from nonswimming bacteria. During the
first 20 h of incubation, the size of the growing colony was
evenly increased by a factor of 1.75 as a consequence of cell
division, reaching a speed of colony spreading of approxi-
mately 125 pm h ' (Fig. 4 and data not shown). After this
initial phase of even colony spreading, a striking change oc-
curred: social gliding was initiated by groups of cells located at
the edge of the colony (see marked burgeoning cells in Fig. 4
at a developmental time of 20 h). After the appearance of
these first signs of active surface gliding motility (the emer-
gence of up-and-coming cells from the budding sites), a robust

and uniform gliding was strongly induced, reaching a maximal
speed of 600 to 700 um h™' (Fig. 4), a value for gliding speed
comparable 1o the average values (200 pum h™* to 1,000 pm
h™ ") for social gliding and twitching speed previously reported
for other microorganisms (10, 14, 24).

Interestingly, in the presence of 2% glucose, gliding mo-
tility was not generated even after long incubation times
(Fig. 4 and data not shown). The morphology of the C.
perfringens colony developed on TYA plates supplemented
with glucose (gliding-deficient phenotype) was quite similar
to the morphology of the colony developed on TYA plates
without glucose supplementation just before the onset of
active gliding; it was also very similar to that of the central
part of a mature colony that has glided for more than 40 h
on TYA plates (Fig. 4 and data not shown). These observa-
tions indicate that glucose and other sugars (data not
shown) did not affect the initial phase of vegetative colony
spreading. However, they do show that the sugar completely
blocked (with carbon catabolite repression) the onset of the
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FIG. 5. Glucose represses pif 7" and pilD> transcription in gas gangrene and food poisoning C. perfringens strains. Transcription of pilT (A) and
pilD (B) promoters measured by a B-glucuronidase assay of C. perfringens strains 13 and SM101, harboring reporter pilT-gusA (A) and pilD-gusA
(B) transeriptional fusions. Strains were grown on TY broth with or without the addition of 1% glucose as indicated in the figure (+ or —,
respectively). Accumulated f-glucuronidase activity was measured after 30 h of growth. A representative result from three independent assays is
shown. Gene arrangements of pil7' (A) and pilD (B) chromosomal regions in C. perfringens strains 13 and SM101 are shown at the bottom of the
figure, with the repressive effects of glucose on gene transcription indicated (see text for details).

second phase of surface translocation, which relied on the
development of active gliding.

Effects of glucose on pilT and pilD expression of gas gan-
grene and food poisoning-producing C. perfringens strains.
The recent study of Varga et al. demonstrated that the gliding
of C. perfringens strain 13 depended on the products of pilT and
pilC, which are required for TFP assembly (41). The pilT mu-
tant of strain 13 does not spread out from the inoculation spot
as the wild type does, and no pili were detected using field
emission-scanning electron microscopy (41). Since glucose and
other readily metabolized carbohydrates completely sup-
pressed gliding motility in all the surveyed C. perfringens strains
(Table 1) that we analyzed (Fig. 1 to 4 and data not shown), we
considered the scenario where the transcription of pil genes
might be affected by carbon catabolite repression. Therefore,
to test this hypothesis, we measured the expression levels of
two other genes required for TFP-dependent motility, pilD and
pilT, in TY medium with and without glucose supplementation
(Fig. 5). The B-glucuronidase pilD-gusA and pilT-gusA reporter
fusions were introduced separately into strains 13 and SM101
by DNA electroporation, and pil-driven B-glucuronidase activ-
ity was assayed (see Materials and Methods for details). There
were no significant differences in the growth of strains carrying
the pil-gusA fusions in medium with or without added glucose
(data not shown), although the final cellular yield was slightly
higher in TY medium supplemented with glucose than in non-
supplemented TY medium (data not shown). Interestingly, in

the presence of 1% glucose, there were dramatic down-regu-
lations of pilD and pilT promoter activities in both C. perfrin-
gens strains (Fig, 5). The expression levels of pilT were reduced
by 60% in the gas gangrene producer strain 13 and by 75% in
the food poisoning isolate SM101 when these strains were
grown in the presence of 1% glucose (Fig. 5A). Similarly,
significant reductions in pilD-gusA expression were observed in
cultures of strains 13 (—~80% reduction) and SM101 (~75%
reduction) when these strains were grown in the presence of
1% glucose in comparison with their expression levels in the
absence of glucose (Fig. 5B). These results demonstrated that
glucose strongly down-regulates the expression levels of the
pilT and pilD genes. They also suggest that the inhibitory effect
of carbon catabolite regulation on gliding motility took place,
at least partially, at the level of TFP expression,

Dual role of the carbon catabolite protein CepA in C. per-
JSringens gliding motility. It is known that catabolite control
protein A (CcpA) plays a key role in low-G+ C-content, gram-
positive bacteria, interconnecting carbon metabolism with sev-
eral cellular responses, such as virulence, spore formation, and
biofilm development (39, 43). In C. perfringens, CepA is re-
quired for efficient sporulation and expression of the entero-
toxin (CPE) that is responsible for the symptoms of food poi-
soning and diarrhea in humans and animals (42). Due to the
observed repressive effect of glucose on the expression levels of
pil genes (Fig. 5) that are essential for the ability of C. perfrin-
gens to glide on a solid substrate (41), we were tempted to



VoL. 190, 2008

REGULATION OF GLIDING IN C. PERFRINGENS 55

A Strain 13

CCpA

CcCpA*

CcpA*

ccpA

CCpA” CCpA
.

0% glu
10  mm
m —_ - — ———
B 0 pilT-gusA pilD-gusA
‘. |
- .
0 |
250
200
E 150
100
A B #
0
Glucose = + - = + +
Genotype  copA® copAt copA  copAt  copAt  copA

FIG. 6. CepA mediates carbon catabolite repression of C. perfringens gliding motility. (A) Gliding motility phenotypes of the CepA-proficient
(ccpA™) C. perfringens sirain 13 and its isogenic CepA-deficient derivate KO13 (see Materials and Methods for details). A motility assay was
performed according to the protocol described in the above figure legends. Top-bottom photographs were taken after 40 h of anaerobic incubation

on TYA plates supplemented or not supplemented with glucose (glu) as indicated in the figure. Black dotted circl

ndicate the initial sizes of the

colonies immediately after drop inoculation. (B) Expression of piT-gusA and pilD-gusA reporter fusions in ccp4™ and ccp4 cultures of isogenic
C. perfringens strains 13 and KO13 grown for 30 h on TY broth in the absence (=) or presence (+) of 1% glucose. p-Glucuronidase activity was
calculated as indicated in Fig. 5. For panels A and B, a representative set of results obtained from five independent experiments is shown.

analyze whether CcpA has a role in the carbon catabolite
repression of C. perfringens gliding motility. To explore this
possibility, we constructed a C. perfringens ccpA mutant strain
(see Materials and Methods and Fig. S1 in the supplemental
material) to assay the gliding phenotypes and the activities of
TFP genes (piT and pilD) of isogenic cepA™ and copd C.
perfringens strains grown in the presence or absence of added
glucose. When gliding proficiency was evaluated in the pres-
ence of 19 and 2% glucose, the CepA-proficient strain 13 was,
as expected, unable 1o move at both sugar concentrations,
remaining situated at the point of inoculation (round and
smooth colony morphology). In contrast, the isogenic cepA
mutant derivate KO13, deficient in CepA production and in-
oculated on the same plates, was able to retain more than 50%
of its gliding ability in the presence of 1% glucose and also
showed a low but perceptible and reproducible level of gliding
proficiency on TYA plates supplemented with 2% glucose
(Fig. 6A). Under similar conditions, no gliding motility was
observed in the presence of 1% glucose with the ccpA mutant

strain harboring the CcpA-complementing plasmid pIH100
(Table 1 and data not shown), suggesting that functional CcpA
was required for carbon catabolite repression of C. perfringens
social gliding motility.

In order to further confirm the role of CcpA in carbon
catabolite repression of C, perfringens gliding motility, we com-
pared the expression levels of pilT and pilD in isogenic CepA-
proficient and CepA-deficient C. perfringens cultures grown in
TY broth plus/minus 1% glucose. As shown in Fig. 6B, the
CcpA-deficient cultures, but not the cultures that express
CepA, showed active expression of pilT and pilD in the pres-
ence of glucose at almost the same level observed for wild-type
cultures grown in the absence of glucose. Collectively, these
results demonstrate that CepA was actively involved in the
carbon catabolite repression of C, perfringens gliding motility
and the glucose-induced down-regulation of TFP biosynthetic
genes,

An intriguing observation was that the gliding ability of the
CepA-deficient C. perfringens strain KO13 grown in the ab-
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FIG. 7. CepA has a novel catabolite-independent positive role in C. perfringens gliding motility. (A) Growth curvyes of the cepA® C. perfringens
strain 13 and its isogenic cepA derivate KO13. Growth was monitored over uruc. measuring the ODjgqos of both cultures developed on TY broth
al 37°C. A representative set of results obtained from five independent exper ts is shown, Closed symbols, wild type (wt); open symbols, cepA
mutant. (B) Kinetics of gliding motility of strain 13 (wt) and its |50gcmc CepA-deficient derivate KO13 (copA mutant) developed on TYA plates
without sugar supplementation. Gliding was recorded as indicated in Fig. 4. Average values of gliding obtained from five independent experiments
are plotted. (C) chum:mcnl of CepA activity for full expression of pif " and pilD genes of C. perfringens strain 13 grown on TY broth without

ucose 1. -Glucuronidase activities driven from CepA-proficient and CepA-deficient €, perfringens cultures (strains 13 and KO13,
respccuvcly) hnrbonng mponerpl.* T-gusA (left) and pilD-gusA (right) transeriptional fusions are shown. The four cultures were grown on TY broth
without addition of glucose; accumulated B-glncummdm activity was measured at the times indicated in the figure. Closed and open symbols
represent CcpA proficient and CepA-deficient isogenic cultures, respectively. A representative set of results obtained from five independent

experiments is shown.

sence of sugar supplementation was delayed in comparison
with the gliding proficiency of the wild-type (ccpA™) strain 13
(see right panel, no added glucose, in Fig. 6A). This observa-
tion could uncover an additional, and unexpected, carbon-
independent positive requirement of CepA for full proficiency
of C. perfringens in gliding motility. It is worth indicating that
the slight but reproducible catabolite-independent positive ef-
fect of CcpA on social behaviors has been previously docu-
mented during biofilm formation in Bacillus subtilis (39) and
spore development in C. perfringens (42). In these bacteria, the
absence of CcpA activity was reflected in a low level of profi-
ciency in biofilm development and spore formation in compar-
ison with the abilities of the wild-type (CepA-proficient) strains
(39, 42).

We confirmed our hypothesis by quantifying the gliding de-
veloped by the copA * (strain 13) and its isogenic ccpA mutant
derivate on TYA plates in the absence of glucose supplemen-
tation. Previously, we determined that introduction of the ccpA

mutation in strain 13 did not affect its growing ability and the
final cellular yield after growth in liquid TY medium (Fig. 7A).
In contrast to what occurred in broth, where the growth phe-
notypes of the CcpA-proficient and CepA-deficient cultures
were the same, we observed clear differences in the speed and
kinetics of gliding between the ccpA™ and ecpA strains, The
gliding proficiency of the ccpA mutant strain showed a reduced
speed compared with the velocity of gliding of the wild-type
strain: 250 um h~" and 670 pm h " for the CepA-deficient and
CepA-proficient strains, respectively (Fig, 7B). Also, the glid-
ing of the ccpA mutant strain stopped before the gliding of the
wild-type strain did (Fig. 6A, right, and 7B). These observa-
tions strongly suggest a novel and overlooked positive role for
CepA in the proficiency of gliding motility of C. perfringens in
the absence of sugar supplementation. To confirm this conclu-
sion, we measured the expression levels of pilD and pilT
(whose products are essential for TFP-dependent gliding mo-
tility) in wild-type and CcpA-deficient C. perfringens cultures



