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A triple-locus nucleotide sequence analysis based on toxin regulatory genes tcdC, tcdR and cdtR was initiated
to assess the sequence variability of these genes among Clostridium difficile isolates and to study the genetic
relatedness between isolates. A preliminary investigation of the variability of the tcdC gene was done with 57
clinical and veterinary isolates. Twenty-three isolates representing nine main clusters were selected for tcdC,
tcdR, and cdtR analysis. The numbers of alleles found for #cdC, tcdR and cdtR were nine, six, and five,
respectively. All strains possessed the cdfR gene except toxin A-negative toxin B-positive variants. All but one
binary toxin CDT-positive isolate harbored a deletion (>1 bp) in the fcdC gene. The combined analyses of the
three genes allowed us to distinguish five lineages correlated with the different types of deletion in #cdC, i.e., 18
bp (associated or not with a deletion at position 117), 36 bp, 39 bp, and 54 bp, and with the wild-type fcdC (no
deletion). The fcdR and tcdC genes, though located within the same pathogenicity locus, were found to have
evolved separately. Coevolution of the three genes was noted only with strains harboring a 39-bp or a 54-bp
deletion in 7cdC that formed two homogeneous, separate divergent clusters. Our study supported the existence
of the known clones (PCR ribotype 027 isolates and toxin A-negative toxin B-positive C. difficile variants) and
evidence for clonality of isolates with a 39-bp deletion (toxinotype V, PCR ribotype 078) that are frequently

isolated worldwide from human infections and from food animals.

Clostridium difficile, a gram-positive spore-forming strictly
anaerobic bacillus, is responsible for 15 to 25% of postantibi-
otic diarrhea and 95% of pseudomembranous colitis in hu-
mans. C. difficile is the main cause of infectious nosocomial
diarrhea in adult patients and colitis during or following an
antibiotic treatment (3, 4, 28). Since 2003, severe infections in
hospitalized patients have increased in North America (United
States and Canada and particularly the province of Quebec)
(26, 27, 33, 34) and more recently in some European countries
(England, Wales, Ireland, The Netherlands, Belgium, Luxem-
bourg, and France) (18, 21, 22, 51). Most of these epidemics
led to the isolation of quinolone-resistant strains sharing com-
mon characteristics (PCR ribotype 027, toxinotype III, and
strains producing, besides the toxins TcdA and TcdB, the bi-
nary toxin CDT). C. difficile infection is also associated with
enteric diseases in animals, including horses, dogs, and swine
(5, 19, 37, 45). Its implication in food-borne diseases and as a
zoonotic agent have been recently demonstrated (38, 43, 44).

The major virulence factors of C. difficile are the large
clostridial toxins TcdA and TcdB, which are produced by all
pathogenic strains isolated from patients suffering from post-
antibiotic diarrhea with C. difficile infection. TcdA and TcdB
toxin-encoding genes together with fcdR (formerly tcdD [39])
and tcdC, which regulate toxin production positively and neg-
atively, respectively, are located on the chromosome within a
pathogenicity locus named PaLoc (31, 32). A third toxin, the
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binary toxin CDT, whose encoding genes cdtA and cdtB are
located outside the Paloc, is produced by some strains. A
recently identified gene, cdfR, positively regulates the produc-
tion of CDT (8). The cdt locus (CdtLoc) is the region contain-
ing cdtR, cdtA, and cdtB, and only those isolates that had the
tcdA and tcdB genes carried cdtR (8). Ninety-six percent of
cdtR-positive isolates also carry the cdtAB genes (the full-
length CdtLoc encoding the functional binary toxin) or at the
very least, fragments of these genes (a truncated CdtLoc) (8).
The CdtLoc is widely disseminated; apart from toxin A-nega-
tive toxin B-positive (A— B+) isolates, which do not harbor
CdtLoc, more than 90% of C. difficile isolates analyzed contain
this region (8). CDT-producing strains are found mainly in
outbreaks and represent less than 10% of isolates. In most
cases, they are variant strains with changes in the PalLoc region
(40). The role of CDT in the pathogenesis and the disease is
not yet known but must be considered as an additional viru-
lence factor. CDT-producing strains were most often isolated
from severe cases of C. difficile colitis (1).

Recently, the discovery of various deletions in the fcdC gene
gave rise to numerous hypotheses about the increased viru-
lence of PCR ribotype 027 strains in humans (33, 47, 53).
These strains harbored a 1-bp deletion at position 117 that was
always associated with an 18-bp deletion (29). Some other tcdC
genotypes with or without deletions have also been described
(9, 29, 47).

The purposes of this study were, first, to study the variability
of tcdC gene sequences from C. difficile isolates originating
from various hosts (humans and animals) and harboring vari-
ous types of deletion (as determined by gel electrophoresis) or
no deletion (wild type [wt]) in fcdC, and second, to undertake
a triple-locus sequence analysis based on the toxin regulatory
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genes tcdC, tcdR, and cdtR to assess the sequence variability of
these genes and then to study the genetic relatedness of the
isolates. We demonstrate that the tcdR, tcdC, and cdtR genes
have evolved divergently among most strains studied, except in
isolates harboring a 39-bp or a 54-bp deletion in tcdC.

MATERIALS AND METHODS

Bacterial isolates. Fifty-three C. difficile isolates chosen according to their
hosts and the estimated (by gel electrophoresis) tcdC deletion size have been
studied (Table 1), including 25 isolates with a 36- or 39-bp deletion (7 from
horses, 4 from piglets, and 14 from humans). The other human isolates consisted
of six with a 54-bp deletion; nine belonging to the 027 clone; three with an 18-bp
deletion, belonging to toxinotype III; and two A— B+ toxin variants (from
France, toxinotype VIII). In addition, eight isolates without a deletion in tcdC
(four from French human patients and four from German horses) were included.
Among the French 027 isolates, the “historical” 027 C. difficile strain AIP 196.84
was included. This strain was isolated in 1984 by M. R. Popoff at the Institut
Pasteur from a young patient with severe pseudomembranous colitis (36). The
reference strain VPI 10463 and strain 630 were also included. Purity of strains
was controlled by streaking on meat-yeast extract agar medium complemented
with 5% egg yolk.

Sequencing of toxin regulatory genes fcdC, tcdR and cdtR. Bacteria were
cultivated in Trypticase yeast extract glucose (TGY) broth in an anaerobic
atmosphere for 18 h. For DNA extraction, two protocols were used: (i) purifi-
cation of nucleic acids with InstaGene matrix (Bio-Rad) according to the man-
ufacturer’s instructions; and (ii) FTA cards (Whatman). Briefly, bacteria were
cultured in TGY broth in an anaerobic atmosphere for 18 h. Sixty-five microliters
was applied to the card and left to dry. Discs were punched out of the sample
area, placed in a tube, and washed three times with 200 wl of FTA purification
reagent (Whatman). Washed discs were allowed to dry completely. A disc was
added directly into the PCR mixture.

PCRs were performed in a final volume of 60 wl containing 0.5 uM concen-
trations of forward and reverse primers, 200 uM concentrations of each de-
oxynucleoside triphosphate, and 3 U of Tag DNA polymerase (Invitrogen) in a
1x amplification buffer containing 1.5 mM MgCl,.

Unless otherwise stated, the DNA template for all PCRs was a disc prepared
with FTA. The entire tcdC gene was amplified by PCR using primers C1 and C2
(47). The cycling conditions were as follow: denaturation at 94°C for 45 s;
annealing at 50°C for 45 s; extension at 72°C for 45 s (40 cycles); and a final
extension at 72°C for 10 min. A 473-bp fragment of the fcdR gene was amplified
by PCR by using primers PAL11 and Pal12 and conditions described by Spigaglia
and Mastrantonio (46). For this PCR, 5 pl of DNA prepared with Instagene
matrix was added to 55 pl of mixture. The cdR gene was amplified by PCR using
primers P1605 forward (5'-AGCATAAATATACCTTAATTCTAACTATC-3')
and P1510 reverse (5'-TCTTGAGACATCTCCTTTTTCT-3"). The cycling con-
ditions were as follows: denaturation at 94°C for 45 s; annealing at 50°C for 45 s;
extension at 72°C for 75 s (35 cycles); and a final extension at 72°C for 10 min.
PCR products were purified and sequenced (both strands) with forward and
reverse primers by MWG Biotech, Roissy CDG (France). Sizes of the analyzed
internal fragments were 600 bp for tcdC (positions 1 to 600, relative to the ATG
start codon), 385 bp for tcdR (positions 92 to 476 of the coding sequence), and
720 bp for cdtR (positions 1 to 720, relative to the GTG start codon).

Internal fragments of the cdt4 and cdtB genes coding for the two peptidic
chains of the binary toxin CDT were amplified using the cdtA and cdtB primers
as described by Stubbs et al. (50). After a denaturation step at 94°C for 5 min,
reactions were subjected to 30 cycles of 94°C for 1 min, 52°C for 1 min, and 72°C
for 1 min.

Data analyses. Genome sequences available (whole sequence or shotguns)
were also included: strain 630 with a wt tcdC gene (whole sequence, GenBank
accession no. AM180355) and two Canadian 027 isolates (strains QCD-32g58
and QCD-66¢26) (shotguns, GenBank accession no. CM000287 and CM00041,
respectively). The tcdC, tcdR, and cdTR gene sequences identified from strain
VPI 10463 served as templates for retrieving the tcdC, tcdR and cdtR sequences
from genomic or shotgun sequences.

Sequences were aligned by using a BioEdit sequence alignment editor (http:
//www.mbio.ncsu.edu/BioEdit/bioedit.html). Phylogenetic analysis was con-
ducted using Molecular Evolutionary Genetics Analysis (MEGA) software (ver-
sion 3.1) (http://www.megasoftware.net) (23). The phylogenetic inference was
based on the neighbor-joining distance method (41). Gene trees were con-
structed with the neighbor-joining method, using the Kimura two-parameter
model (20) and bootstrapping algorithms contained in MEGA software (23).
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Each gene sequence that differed by one or more nucleotides was considered to
be a different allele, and an arbitrary letter designation was assigned. Each
unique allelic pattern over all three loci examined was identified as a sequence
type (ST). Allelic profiles and sequence data were imported into the START
software (version 2) (17) (http://www.mlst.net) to determine the mean G+C%.
The average frequencies of synonymous substitutions per potential synonymous
site (dg) and nonsynonymous substitutions per potential nonsynonymous site
(dy) were also calculated with the START software to test the degree of selec-
tion on a locus. A 1,705-bp (for 21 strains) nucleotide composite sequence
(derived for three concatenated gene fragments) was also aligned with MEGA
version 3.1 software (http://www.megasoftware.net). Repeats within genes were
searched with Tandem Repeats Finder software at http:/tandem.bu.edu/trf/trf
.html (6).

Cytotoxicity assay. The presence of large clostridial toxins (mainly cytotoxin
TcdB) was assessed by a cytotoxicity assay (35). Cells were cultivated in Dulbec-
co’s modified Eagle medium supplemented with 5% fetal bovine serum. Vero
(African green monkey kidney) cells were transferred into the wells of a 96-well
Falcon tissue culture plate (Becton Dickinson Labware, Oxnard, CA) and grown
for 24 h to form monolayers. Supernatants from 48-h cultures (optical density at
600 nm [ODy] * standard deviation, 1.7 = 0.2) in TYH broth (without glucose)
inoculated with 100 pl of an overnight culture (ODgqg, 1.6 = 0.2), incubated in
an anaerobic atmosphere at 37°C, were used. Serial twofold dilutions of super-
natants in the cell culture medium (100 pl, final volume) were added to the
monolayers. The cells were monitored for 24 h and 48 h after incubation for
morphological alteration. The cytotoxicity titer corresponds to the reciprocal of
the greater dilution giving morphological alterations in 50% of the cells.

CDTa assay. CDTa was assayed by in vitro ADP-ribosylation in 50 mM
triethanolamine buffer (pH 7.5) containing 5 mM MgCl,, 10 mM dithiothreitol,
10 mM thymidine, 5 X 10° cpm of [3**P]NAD (specific activity, 3,000 Ci mmol~;
PerkinElmer Life Sciences). Supernatants from 48-h cultures (ODgg0, 1.6 = 0.2)
in TGYH broth (with glucose) inoculated with 100 pl of an overnight culture
(ODgq, 1.7 = 0.2), incubated in an anaerobic atmosphere at 37°C, were used.
For in vitro ADP-ribosylation, 5 ul of C. difficile culture supernatant or a three-
fold serial dilution in Tris 50 mM (pH 7.5), 1 mg/ml bovine serum albumin was
added to 5 pl of ADP-ribosylation buffer containing 2 wg of nonmuscular actin
(Cytoskeleton). The reaction mixture was incubated for 1 h at 37°C, stopped by
the addition of 7 pl of the sample buffer, and separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The gel was dried and processed on a
phosphorimager (Typhon; Amersham Biosciences) for quantification of the
ADP-ribosylated actin band.

Nucleotide seq e accessi s. Nucleotide sequences of the internal
fragment genes analyzed in this work were deposited in the GenBank database
under accession numbers EU271773 to EU271778 and EU271785 (tcdR);
EU271779 to EU271783 (cdtR); and EU271784 (the tcdC gene sequence for
strain AIP 162.05 with a 54-bp deletion in tcdC).

h,

RESULTS

Allelic variation in the three toxin regulatory genes. (i) fcdC.
When all #cdC nucleotide sequences (600 nucleotides) were
aligned, using BioEdit sequence alignment editor (http:/www
.mbio.ncsu.edu/BioEdit/bioedit.html), in comparison with the
tcdC sequence from strain VPI 10463 (GenBank accession no.
X92982), some recurrent discrepancies appeared all along the
aligned sequences. Therefore, we decided to sequence the tcdC
gene from strain VPI 10463, maintained in our culture collection
(equivalent to CIP 109240 in the Collection of Bacteria of the
Institut Pasteur). The #cdC sequence of this strain differed from
the GenBank X92982 sequence by the insertion of three nucleo-
tides and the replacement of two nucleotides within positions 442
to 454. These changes were fully in agreement with those found
previously by Spigaglia et al. (47) and Curry et al. (9). Therefore,
the updated sequence of our strain VPI 10463 will be used as the
reference for tcdC. Among the 57 tcdC sequences studied, 43
(75.4%) presented deletions in tcdC. Four deletion sizes were
encountered, 18 bp (at positions 330 to 347) alone or associated
with a 1-bp deletion at position 117 (herein called A117 + 18-bp),
36 bp (at positions 301 to 336), 39 bp (at positions 341 to 379), and
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TABLE 1. Origins, sequence types, binary toxin results, and correspondence of strains examined in this study

tedC genotypes corresponding

to the study by®: i
tcdC allele ST no. (allelic profile ~ DInaty

tedC gene type by

Strain/sequence” . . ositions N . toxin Host" Countr
q deletion (bp) or toxin® ipto 600)° if;%?rilﬁoﬁg Curryg ctal  fortcdC, tcdR, cdiR) CDT y
(46) ©)

AIP 236.05* 18 C ST6 (C, A, A) + Human  France
AIP 274.03* 18 C ST6 (C, A, A) + Human France
AIP 284.03* 18 C ST6 (C, A, A) + Human  France
AIP 141.07* 36 J sc-16 ST3 (J, D, A) + Human France
AIP 278.03* 36 J sc-16 ST4 (J, D, B) + Human  France
AIP 10229* 39 A A type A type ST1 (A, G, E) + Horse Germany
AIP 10234 39 A A type A type + Horse Germany
AIP 10235 39 A A type A type + Horse Germany
AIP 10236 39 A A type A type + Horse Germany
AIP 10239 39 A A type A type + Horse Germany
AIP 10250* 39 A A type A type ST1 (A, G, E) + Horse Switzerland
AIP 10251 39 A A type A type + Horse Switzerland
AIP 115.04 39 A A type A type + Pig France
AIP 119.04 39 A A type A type + Pig France
AIP 142.05 39 A A type A type + Human  France
AIP 176.05 39 A A type A type + Human  France
AIP 180.04* 39 A A type A type ST1 (A, G, E) + Pig France
AIP 199.07 39 A A type A type + Human  France
AIP 23.07 39 A A type A type + Human  France
AIP 24.07* 39 A A type A type ST1 (A, G, E) + Human  France
AIP 331.06 39 A A type A type + Human  France
AIP 334.06 39 A A type A type + Human  France
AIP 336.06 39 A A type A type + Human  France
AIP 406.06 39 A A type A type + Pig France
AIP 410.06 39 A A type A type + Human  France
AIP 414.06 39 A A type A type + Human  France
AIP 49.03 39 A A type A type + Human  France
AIP 89.07 39 A A type A type + Human  France
AIP 10245* 54 B ST2 (B, F, D) + Human  France
AIP 10246 54 B + Human  France
AIP 10247 54 B + Human  France
AIP 10248 54 B + Human  France
AIP 162.05* 54 B ST2 (B, F, D) + Human  France
AIP 329.06* 54 B ST2 (B, F, D) + Human France
AIP 10249* A117 + 18-bp I sc-1 ST5 (I, A, A) + Human  France
AIP 16.07 A117 + 18-bp I sc-1 + Human  France
AIP 196.84* A117 + 18-bp I sc-1 ST5 (I, A, A) + Human  France
AIP 330.06 A117 + 18-bp I sc-1 + Human  France
AIP 339.06 A117 + 18-bp I sc-1 + Human  France
AIP 4.07 A117 + 18-bp I sc-1 + Human  France
AIP 421.06 A117 + 18-bp I sc-1 + Human  France
AIP 427.06 A117 + 18-bp I sc-1 + Human  France
AIP 449.06 A117 + 18-bp I sc-1 + Human  France
CM000287* A117 + 18-bp 1 sc-1 STS5 (I, A, A) + Human Canada
CMO00041* A117 + 18-bp I sc-1 ST5 (I, A, A) + Human  Canada
AIP 10228* Wild type H sc-9 ST10 (H, B, C) - Horse Germany
AIP 10230 Wild type H sc-9 - Horse Germany
AIP 10237 Wild type G - Horse Germany
AIP 10241 Wild type G - Horse Germany
AIP 11.07 Wild type G - Human  France
AIP 333.06* Wild type C sc-13 ST6 (C, A, A) + Human  France
AIP 418.06* Wild type E ST7 (E, B, C) - Human  France
AIP 81.07 Wild type F - Human  France
AM180355* Wild type H sc-9 ST9 (H, A, C) - Human  Switzerland
VPI 10463* Wild type G ST8 (G, A, C) - Human
AIP 145.05* Wild type (A— B+) D sc-7 T - Human  France
AIP 192.05* Wild type (A— B+) D sc-7 T - Human  France

@ *_ strains/sequences were tested for tcdC, tcdR, and cdtR.

> The bp values 18, 36, 39, and 54 are sizes of deletions in the tcdC gene; A117 + 18-bp indicates a 1-bp deletion at position 117, associated with an 18-bp deletion
in the tcdC gene; Wild type, a tcdC gene without deletion.

¢ cdtR genes of toxin A-negative toxin B-positive C. difficile isolates could not be amplified. They were tcdC allele D and tcdR allele E.

9 1cdC gene types corresponding to those found by Spigaglia and Mastrantonio (46) and Curry et al. (9) of the 57 strains examined in this study.

¢ ¥, positions relative to the ATG start codon of the tcdC sequence from strain VPI 10463.

7 All human strains were obtained from diseased people.
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FIG. 1. Dendrograms showing genetic relationships of the C. difficile isolates based on allele sequences of individual toxin regulatory loci tcdC
(a), tcdR (b), and cdtR (c). Fifty-seven isolates are shown for fcdC. From these 57 isolates, 23 isolates were selected (A) for fcdR and cdtR analysis.
Twenty-one isolates are shown for the cdfR locus (lack of amplification for the two A— B+ isolates). Dendrograms were reconstructed from the
nucleotide sequence of each gene by using the neighbor-joining method. The genetic distances were computed by using the Kimura two-parameter
model. The scale bar indicates the genetic distance. The number shown next to each node indicates the percent bootstrap value of 1,000 replicates.

A, animal isolate.

finally 54 bp (at positions 313 to 366). Ten alleles were identified
(A to J, showing 1 to 20 nucleotide differences) (Fig. 1a and 3).
Sequences with the same deletion (A117 + 18-bp, 36 bp, 39 bp,
and 54 bp) clustered together (100% identity) and corresponded
to alleles I, J, A, and B, respectively. Sequences with an 18-bp
deletion clustered together with a strain without a deletion in tcdC
(strain AIP 333.06; 100% identity, allele C). tcdC sequences with-
out deletions (herein called wt tcdC) clustered in four close clus-
ters (alleles E to H, showing 1 to 5 nucleotide differences). tcdC
sequences from A— B+ toxin variants clustered together (100%
identity, allele D).

Most sequences with deletions of >1-bp (occurring in the
region 301 to 376) had an upstream mutation or a 1-bp dele-

tion that could lead to shorter predicted protein sequences.
The deletion at position 117 (found alone or associated with an
18-bp deletion) creates a shift in the reading frame that intro-
duces a TAG stop codon at position 196 that could lead to a
predicted truncated protein (65 residues) (9). tcdC sequences
harboring a 36-bp deletion had a mutation, G191A, that cre-
ates a TGA stop codon at position 190 and could lead to a
predicted truncated amino acid sequence (63 residues). tcdC
sequences harboring a 39-bp or a 54-bp deletion had a muta-
tion, C184T, that creates a TAA stop codon at position 184 and
could lead to a predicted truncated amino acid sequence (61
residues). Numerous fcdC genotypes have been described. Spi-
gaglia and Mastrantonio (47) described 3 tcdC types (A, B, and
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TABLE 2. Genetic variations in the three sequenced loci

No. of Fragment No. of No. of No. of Range of nucleotide Mean % of
Gene ) . . polymorphic synonymous base differences between dnldg”
sequences size (bp) alleles sites (%) substitutions” alleles (% range) G+C content
tedC 57 600 10 30 (5.0) 10 1-20 (0.2-3.0) 29.4 0.1875
tcdR 23 385 6 23 (6.0) 4 2-14 (0.5-3.6) 20.3 0.1697
cdtR 21 720 5 36 (5.0) 17 3-22(0.4-3.0) 229 0.2709

¢ Synonymous base substitutions are nucleotide changes which did not result in amino acid changes.
b dylds, average frequencies of synonymous substitutions per potential synonymous site (ds) over nonsynonymous substitutions per potential nonsynonymous site (d)

were calculated with START software to test the degree of selection on a locus.

C) (47), and Curry et al. (9) described 15 additional genotypes.
Correspondence between the fcdC alleles defined in this study
and the previously described tcdC genotypes is given Table 1.
Allele A in this study corresponded to the tcdC type A de-
scribed by Spigaglia and Mastrantonio (47), whereas alleles B,
C, E, and F did not correspond to any described genotype.

It is noteworthy that in our study, all sequences harboring a
deletion in tcdC were from CDT-producing isolates (as evi-
denced by amplification of internal fragments of cdtA and cdtB
genes). An isolate with a wt fcdC gene also possessed CDT
genes (strain AIP 333.006).

Clustering of predicted amino acid sequences from nucleo-
tide sequences did not extensively modify the classification. All
clusters remained unchanged, except for alleles C, E, G, and H
(which contained the most nondeleted sequences) which clus-
tered in a single group (data not shown). These results on tcdC
sequences showed that for most strains (a few exceptions ex-
ist), a given combination of mutations in the sequence is strictly
associated with a type of deletion (36 bp, 39 bp, and 54 bp).

(ii) zcdR. To study the variability of the fcdR and cdtR genes,
23 isolates or sequences representative of the main clusters
obtained from the fcdC gene analysis were selected (Fig. 1b).
Fragments (385-bp sequences from positions 92 to 476 relative
to the ATG start codon) were extracted from amplified tcdR
sequences and then aligned and clustered. Six clusters corre-
sponding to six fcdR alleles (A to F, with 2 to 14 nucleotide
differences) were obtained (Fig. 1b and 3). Within each cluster,
sequences had 100% identity. Clustering of predicted amino
acid sequences from tcdR nucleotide sequences did not at all
modify the classification (data not shown).

(iii) cdrR. All but two cdtR sequences from the 23 selected
isolates or sequences were amplified by PCR (the cdfR genes
from the two A— B+ toxin variants could not be amplified).
Fragments (720-bp sequences from positions 1 to 720 relative
to the GTG start codon) were extracted, aligned, and clus-
tered. Five clusters (alleles A to E, with 3 to 22 nucleotide
differences) were obtained.

It is important to note that all cdtR allele E sequences, all
from isolates with a 39-bp deletion in fcdC, had a G322T
mutation that introduced a TAA stop codon at position 322 in
place of a “GAA” codon. The resultant predicted protein
could be truncated: 107 amino acids in place of 249 amino
acids for an uninterrupted sequence. The exact role of this
putative truncated CdtR regulator protein in the in vitro pro-
duction of binary toxin CDT should be assessed. Clustering of
predicted amino acid sequences from the cdfR nucleotide se-
quences did not at all modify the classification. All clusters
remained unchanged (data not shown).

Genetic variation. The internal gene fragments analyzed
ranged from 385 bp (tcdR) to 720 bp (cdtR) (Table 2). The
average G+C% was estimated to range from 20.3% for fcdR to
29.4% for tcdC. For comparison, the average G+C content for
the whole genome of strain 630 is 29.1% (42). The average
number of alleles per locus for the three genes was 7.0 (range,
5 to 10). The number of variable sites in a given locus ranged
from 23 (tcdR) to 36 (cdtR). With respect to the very different
lengths of the tcdR, tcdC and cdtR genes, the percentages of
variable sites were somewhat close (5, 6, and 5%, respectively).
The range of nucleotide differences between alleles for the
three genes studied is given in Table 2. In tcdC, there was a
continuum of values from 1 to 20 nucleotide differences, but it
can be noted that allele J (36-bp deletion in zcdC) was diver-
gent from other alleles with nucleotide differences ranging
from 13 to 20 (data not shown). In fcdR, alleles E and F
differed by only two nucleotides and alleles A and B by three
nucleotides; other interallele nucleotide differences ranged
from 7 to 14 nucleotides. In cdtR, alleles A and B differed by
only one nucleotide; other alleles had 15 to 22 nucleotide
differences. The average d,/d values are shown in Table 2. All
values were <1.0, indicating that most of the sequence vari-
ability identified is selectively neutral.

Triple-locus sequence typing—association between the 7cdC,
tedR and cdtR alleles. Multilocus sequence typing (MLST) is
based on allelic differences in the nucleotide sequences of
housekeeping or virulence-associated genes among bacterial
strains (30). MLST distinguishes strains based on the observed
variations in the nucleotide sequences of several loci rather
than the degree of sequence variation in any single gene or
locus. From allelic profiles of the three loci, 10 STs among the
21 isolates were identified (Fig. 2 and 3). Of these, six (60%)
were identified once (ST3, ST4, ST7 to ST10). Each couple of
STs, ST3 and ST4, ST5 and ST6, and ST8 and ST9Y, as well as
ST9 and ST10 differed by a variation at a single locus. The four
ST1 isolates were from animals (two horses and one piglet)
and from a human and had a 39-bp deletion in tcdC. The four
ST5 isolates were PCR ribotype 027 isolates (including three
recent epidemic isolates from Quebec, Canada, and France
and the French historic strain AIP 196.84). ST2 was repre-
sented by four recent human isolates from different hospitals
and locations in France and had a 54-bp deletion in fcdC. All
but one ST6 isolate had an 18-bp deletion. The remaining ST6
isolate (strain AIP 333.06) had a tcdC sequence similar to the
other three isolates but had no deletion. The A— B+ toxin
variants that could not be included in the composite sequence
analysis and the triple-locus sequence analysis (no amplifica-
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FIG. 2. Dendrogram showing genetic relationships of 21 C. difficile isolates based on the composite sequence (1,705 bp) of three toxin
regulatory genes, tcdC, tcdR, and cdtR. Two A— B+ toxin isolates were not included since their cdfR fragments could not be amplified. The
dendrogram was obtained by the neighbor-joining method with the Kimura two-parameter model. Bootstrap values were calculated from 1,000
resamplings of the original data. ST, sequence type number. Alleles for tcdC, tcdR, and cdtR are shown in parentheses. A, animal isolate.

tion of cdtR) were tcdC allele D and tcdR allele E, both alleles
not encountered in other strains of the study.

tcdC analysis showed that sequences with a given deletion
clustered together and had 100% identity within a cluster.

STs (allelic
profile for tcdC,
icdR and cdiR)

ST1 (AC.E)

tedC

ST2 (B,F.D)

(DE)

ST8 (G,A.C)

{ST7 (E,B,C)
ST9 (H,A,C)

ST6 (C,AA)

ST5 (1LA,A)

[STS (.D,A)
ST4 (J,D,B)

FIG. 3. Diagram showing associations between tcdC, tcdR, and
cdtR alleles among strains studied. The tcdC alleles are boxes A to J
(midcolumn of the diagram) with the type of deletion in the tcdC gene
(or the toxin type for the A— B+ toxin variants) noted in parentheses.
Four close tcdC alleles, E, F, G and H, grouped in a box correspond to
a wt tcdC gene. Open circles are tcdR alleles (A to F, left column).
Gray circles are cdtR alleles (A to E, right column). Circles or boxes
linked by a solid line represent close alleles; numbers beside the solid
line represent nucleotide differences between alleles. Dashed lines
represent relationships between the tcdC, tcdR and cdtR alleles. Cor-
responding STs are noted at the right of the diagram. tcdR and cdtR
sequences were not determined for the unique fcdC F allele strain
(AIP 81.07).

Sequences with a wt tcdC (no deletion) clustered into four
close clusters (one to five nucleotide differences). When we
examined fcdR analysis results with respect to the type of
deletion in tcdC, we observed that isolates with fcdC deletion
types of 36 bp, 39 bp, and 54 bp clustered separately (fcdC
alleles D, C, and F, respectively). The two A— B+ toxin vari-
ants clustered together (allele E). Finally, a branch encom-
passed the rest of the isolates with two separate clusters: the
largest (allele A) intermixed 10 sequences with different tcdC
types (wt fcdC, with an 18-bp deletion and a A117 + 18-bp
deletion), and the smallest cluster (allele B) contained two
isolates with a wt fcdC gene.

For cdtR, the largest cluster (allele A) gathered sequences
with different fcdC types: A117 + 18bp deletion type, 18-bp
deletion alone, an isolate with a 36-bp deletion, and an isolate
with a wt 7cdC gene. Close to allele A, allele B (three nucleo-
tide differences) was represented by a single isolate (AIP
278.03) with a 36-bp deletion. Alleles C, D, and E included
sequences with wt fcdC and with a 54-bp deletion and a 39-bp
deletion in tcdC, respectively. Some alleles (tcdC alleles A and
B, tcdR alleles C and F, and cdtR alleles E and D) were found
exclusively in the following combinations of alleles (i.e., se-
quence type or allelic profile for tcdC, tcdR, and cdtR): ST1
(alleles A, C, and E) and ST2 (alleles B, F, and D). These two
STs were composed of strains harboring 39-bp and 54-bp de-
letions in fcdC, respectively. In these two groups of strains, the
three toxin regulator genes could have coevolved. In contrast,
tcdR allele A was found in strains with different zcdC alleles (wt
tcdC, 18-bp deletion alone or associated with a 1-bp deletion at
position 117, 36-bp deletions in tcdC). This fact was quite
surprising, since the tcdC and tcdR genes are located within the
same Pal.oc. For cdtR, the situation is rather different, since all
isolates with a wt fcdC gene (except AIP 333.06) clustered to-
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gether (cdtR allele C) and separately from all isolates harboring
an 18-bp deletion (associated or not with a 1-bp deletion at po-
sition 117; allele A) or a 36-bp deletion (allele B, with 20 nucle-
otides difference between alleles A and C). This clearly demon-
strated that the evolutions of the three toxin regulatory genes
were different, according to the genotype of tcdC.

Composite sequence analysis. To determine the overall di-
vergence of the sequenced fragments of the three loci studied,
these sequences were spliced together to obtain a concate-
nated composite sequence for each isolate (1,705 bp). Due to
the absence of the cdfR amplification product, the two A— B+
toxin variants were not included. Thus, 21 composite nucleo-
tide sequences were aligned with MEGA software. For calcu-
lating the percentage of identity or divergence, in-frame inser-
tions and deletions were not taken into account. The identity
between the 21 composite sequences was found to be between
97.3 and 100%. An unrooted phylogenetic tree was con-
structed using the neighbor-joining approach (Fig. 2). The
resultant clustering showed five lineages among six clusters.
Lineage 1 was formed by two subclusters in which all but one
of the isolates had an 18-bp deletion in fcdC associated or not
with a 1-bp deletion at position 117. The remaining isolate
(AIP 333.06) had a wt tcdC gene but was binary toxin CDT
positive, like the other strains of the group. All these sequences
differed by no more than three nucleotides. Lineage 3 con-
tained four isolates with the wt tcdC gene. Lineages 2, 4, and 5
contained isolates with deletions of 36 bp, 54 bp, and 39 bp in
tedC, respectively. Overall, the clustering generated from com-
posite sequence analysis was congruent with associations of
alleles for the three genes studied.

Tandem repeat analysis. Repeated sequences that code for
eight-amino-acid repeats were previously identified in the tcdC
gene (14, 47). It is well known that tandem repeats (TRs) may
be responsible for recA-independent intragenic homologous
recombination that leads to deletion or duplication of repeats
by slipped-strand mispairing (7, 52). We examined the different
alleles of the three regulatory genes for TRs by using Tandem
Repeats Finder software. In #cdC, all TRs were located within
positions 278 to 388, a region where all known deletions have
been identified (positions 301 to 379). There were four TRs in
wt tcdC alleles (E, F, G, and H), three TRs in the A— B+ toxin
variant (allele D), two TRs in alleles with an 18-bp deletion
(alleles C and I), one TR in the allele with a 36-bp deletion
(allele J), and no TRs at all in alleles with the largest deletions,
i.e., alleles A (39-bp deletion) and B (54-bp deletion). In wt
tedC alleles, the four TRs had period sizes of 18, 18 (two
different TRs of 18-bp found), 27, and 36 bp; copy numbers
ranging from 2.9 to 4.2; and percent matches between copies
ranging from 62 to 82%. TRs were rather rare in tcdR (allele
D, one TR, period size of 69 bp) and cdtR (allele D, one TR of
period size 57 bp; and allele E, two TRs of period sizes 33 bp
and 57 bp).

Toxin assays. (i) Large clostridial toxins. Production of
large clostridial toxins (mainly TcdB) was assessed with 18
strains in a cytotoxicity assay of Vero cell monolayers by testing
supernatants of 48-h cultures done in a medium without glu-
cose (TYH broth). Results are shown in Fig. 4. All but one
strain tested produced large clostridial toxins, as evidenced by
cytotoxicity on Vero cells. The negative strain AIP 162.05 pos-
sessed the fcdA and tcdB genes as detected by PCR. After a
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FIG. 4. Cytotoxicity of 48-h C. difficile cultures on monolayer Vero
cells. Isolates of various tcdC types: wt (no deletion), 18-bp deletion
associated with a 1-bp deletion at position 117 (characteristic of the
PCR ribotype 027 clone), 36-bp, 39-bp, and 54-bp deletions were
tested by a cytotoxicity assay. The high-level-toxin-producing reference
strain VPI 10463 (wt tcdC gene) was included. The cytotoxicity titer
corresponds to the greater dilution giving a morphological alteration in
50% of the cells. Values are averages of duplicate cultures, and bars
indicate standard errors.

48-h incubation, titers ranged from 1,000 (strain AIP 180.04) to
9,548,000 (reference strain VPI 10463 with a wt tcdC gene).
PCR ribotype 027 isolates (including the historic strain AIP
196.84) had cytotoxicity titers ranging from 128,000 to 2,048,000.

(i) Binary toxin CDT. Production of binary toxin CDT was
assessed by an ADP-ribosyltransferase assay of nine strains
harboring the cdtA4 and cdtB genes, as evidenced by PCR (Fig.
5). All strains tested demonstrated an ADP-ribosyltransferase
activity. When ADP-ribosyltransferase activity was normalized
against serial dilutions of a CdtA recombinant protein, a quan-
titative ratio of 1:5 was found between lower and higher CDT
producers (not shown). Among the four cdtR allele A strains
tested, the reference strain AIP 196.84 (PCR ribotype 027)
produced the largest amount of CDT, confirming previous
results (35, 36). Then, ADP-ribosyltransferase activity results
were expressed as percentages of the activity of strain AIP
196.84. Both of the 027 strains AIP 10249 and AIP 333.06 had
about 80% activity. It is noteworthy that the fourth cdzR allele
A strain studied (AIP 141.07, a non-027 strain) had a lower
level of activity (50%, nonsignificant) than 027 isolates (Fig. 5).
The remaining strains (cdtR alleles D and E) had between 15
and 33% activities. cdtR allele E strains, for which a stop codon
was found in the cdtR sequence, had lower activities that might
or might not be significantly different from strains without a
stop codon in cdtR (alleles A and D) (Fig. 5).

DISCUSSION

The aim of this study was to study the variability of the tcdC
gene in C. difficile isolates from various hosts and then to
develop a triple-locus sequence analysis based on three toxin
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FIG. 5. ADP-ribosyltransferase activities of 48-h C. difficile cultures. CDTa was assayed in isolates harboring various tcdC types. The quanti-
fication of the ADP-ribosylated band on a gel corresponded to the ADP-ribosyltransferase activity. ADP-ribosyltransferase activity results were
expressed on the graph as percentages of the activity of the high-level-CDT-producing strain AIP 196.84 (100% activity). Values are averages of
duplicate cultures, and bars indicate standard errors. Statistical analyses of logarithmic ADP-ribosyltransferase activity values were calculated using
analysis of variance and Bonferroni post hoc compensation for multiple comparisons. P values for comparison of activities of strains AIP 10249
to AIP 141.07, AIP 141.07 to AIP 10229, and AIP 180.04 to AIP 162.05 are indicated. ns, nonsignificant.

regulatory genes, tcdC, tcdR, and cdtR, to assess the related-
ness of the isolates.

The tcdC sequences accumulated deletions of various sizes
(18 bp, 36 bp, 39 bp, and 54 bp), whereas the tcdR and cdtR
genes were never found deleted (in 23 and 21 strains studied,
respectively). TRs are known to be responsible for rec4-inde-
pendent homologous recombination within genes, leading to
deletion or duplication of repeats mainly by slipped-strand
mispairing (7, 52). Within the tcdC alleles (except alleles A
[39-bp deletion in tcdC] and B [54-bp deletion in tcdC] for
which no TR was detected), all TRs were located within posi-
tions 277 to 388 of the gene, a region where all deletions are
already known to have occurred. Among the sizes of the dif-
ferent TRs identified in 7cdC (18 bases, 27 bases, and 36 bases;
copy numbers ranging from 2.1 to 5.2), all but one size (27-base
TRs) corresponded to frequently observed deletion sizes. The
wt tcdC alleles (E to H) and A— B+ toxin variants (allele D)
accumulate TRs (three to four copies). The frequency of ho-
mologous recombination within #cdC is probably low and needs
to be evaluated, but some examples that could support this
hypothesis may be noted. A few sequences in the literature and
in this work shared the same profile of mutations in fcdC but
differed only by the presence of a deletion. Curry et al. (9)
described type sc-8, whose sequence is identical to the sc-1 type
encountered in all PCR ribotype 027 isolates, except for a
G92A mutation and an 18-bp deletion. It is not excluded that
types sc-8 and sc-1 were derived after a recombination event.
This hypothesis could not be ruled out, since both types were
isolated in the same hospital. The type B tcdC sequence de-

scribed by Spigaglia and Mastrantonio (47) and the fcdC se-
quence from VPI 10463 had 100% identity, except for an 18-bp
deletion in the former. In our study, strain AIP 333.06, which
had no deletion in #cdC, belonged to sequence type 6, a se-
quence type found exclusively in all three strains with an 18-bp
deletion (Fig. 2).

The evidence for various deletions in the tcdC gene raises
numerous hypotheses about the increased production of toxins
TcdA and TedB by PCR ribotype 027 strains in humans (33,
47, 53). Matamouros et al. (32) have shown that the hypertoxi-
genicity phenotype of epidemic 027 strains might not be due to
the 18-bp in-frame deletion in tcdC and concluded that the
1-bp deletion at position 117 leading to a stop codon is cer-
tainly at least in part responsible for this phenotype. Our cy-
totoxin experiments confirmed that strain VPI 10463 with a wt
tedC gene produced the highest level of toxins. Among the four
027 isolates tested, the historic strain AIP 196.84 produced the
highest level of toxins (titer, 1:9,548,000). The production of
cytotoxins was rather variable among 027 isolates and was not
significantly different from most non-27 isolates with a deleted
or a wt tcdC gene, except for the high-level-producing strain
VPI 10463 (Fig. 4). These observations indicate that other
factors may affect the level of production of large clostridial
toxins such as, for example, the nutritional sensor CodY (12).
cdtR, a positive regulator of binary toxin production, was re-
cently identified (8). Among nine strains tested for binary toxin
production, the 027 isolates (cdtR allele A) had the higher
ADP-ribosyltransferase activity. A non-027 cdtR allele A strain
(AIP 141.07) had a lower activity (nonsignificant difference).
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The truncated positive regulator CdtR discovered in allele E
isolates did not seem to dramatically alter the production of
binary toxin, since their ADP-ribosyltransferase activities were
close to those found in other cdtR alleles without a stop codon
(alleles A and D) (Fig. 5). Correlation between the CDT-
positive regulator cdtR allele and level of CDT production
should be confirmed with a greater number of strains. The
exact roles of the different putative truncations in toxin regu-
latory proteins TedC and CdtR on the production of large
clostridial toxins (TcdA and TcdB) and binary toxin CDT,
respectively, should also be determined to assess whether these
changes participate to increase the virulence of strains.

All strains except the A— B+ toxin variants possessed a cdtR
gene, even if they contained truncated cdt4 and cdtB genes
(49). All but one CDT-positive isolate harbored a deletion in
the tcdC gene in our study. cdtR analysis showed that all CDT-
negative strains contained a wt fcdC gene and clustered sepa-
rately from isolates with an 18-bp or an 36-bp deletion type in
tedC (except for strain AIP 333.06). Finally, isolates with 39-bp
and 54-bp deletions in tcdC were clearly separated from other
strains by fcdC, tcdR, and cdtR clustering (Fig. 3).

The triple-locus sequence analysis, as well as the composite
sequence analysis, showed that deletion in the fcdC gene may
be used as a mark of clonality, since isolates with a given
deletion in the tcdC (18 bp, associated or not with a 1-bp
deletion at position 117, 39 bp, and 54 bp) gene were grouped
together in the same cluster and in the same sequence type.
The two strains with a 36-bp deletion in tcdC had identical tcdC
and fcdR alleles but differed only by a nucleotide in their cdfR
genes. In contrast, strains with a wt tcdC gene were found to be
more heterogeneous, since they clustered in four groups and
four STs (one to five nucleotide differences).

In our study, three groups of strains had specific alleles in
tedC, tcdR, and cdtR that were not encountered elsewhere.
These three genes might have coevolved. The first group is
constituted by A— B+ Clostridium difficile toxin variants (tcdC
allele D and fcdR allele E; no amplification of cdtR; as de-
scribed above). frcdC allele D and fcdR allele E were not iden-
tified in other strains of the study. The A— B+ toxin variant
strains belong to toxinotype VIII and serogroup F (10, 11, 16)
and PCR ribotype 017. These A— B+ toxin variants did not
have intact or truncated CDT loci and did not have the cdtR
gene, the entire cdf locus being replaced by a conserved 68-bp
sequence (8). The second group was represented by isolates
harboring a 39-bp deletion in #tcdC (ST1, binary toxin CDT
positive, tcdC allele A). In the preliminary study, fcdC allele A
(a 39-bp deletion type, from 11 animal isolates and 12 human
isolates) has 100% identity with the tcdC type A described by
Spigaglia and Mastrantonio (47). They were all toxinotype V,
with similar PCR ribotype 078 profiles. Our results showed that
cdtR sequences from the four tcdC allele A isolates should
have a predicted truncated protein sequence of 107 amino
acids instead of 249, due to the presence of a stop codon TAA
at positions 322 to 324 in place of a codon GAA. This mutation
which might affect the functionality of the positive regulator of
CDT production was retrieved from animal and human iso-
lates. The third group was represented in the tcdC preliminary
study by six isolates harboring a 54-bp deletion in tcdC. MLST
studies (24, 25) and comparisons of whole genomes by mi-
croarray analyses (48) confirmed the clonality of A— B+ C.
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difficile toxin variants, as well as PCR ribotype 027 isolates.
Triple-locus analysis and composite sequence analysis con-
firmed that PCR ribotype 027 isolates constituted a well-de-
fined group. But analyses of genes in our study (Fig. 2 and 3)
showed that PCR ribotype 027 isolates shared their fcdR allele
(A) with isolates of some tcdC alleles (E to F and C) and their
cdtR allele (A) with isolates of fcdC alleles C and J. In this
study, evolutions of the three toxin regulatory genes tcdR and
tedC (the positive regulator and negative regulator of the pro-
duction of large clostridial toxins TcdA and TcdB, respectively)
and cdtR (the positive regulator of the production of binary
toxin CDT) were found to be congruent in A— B+ toxin
variants and isolates with a 39- or 54-bp deletion in tcdC.
Among isolates possessing an 18-bp deletion in tcdC (associ-
ated or not with a 1-bp deletion at position 117), a 36-bp
deletion, or no deletion (wt tcdC), evolutions of the three
genes were more confused. These isolates were well separated
in tedC (alleles C, I, and J and E to F), intermixed in tcdR
alleles A and B, and partly resolved in cdtR alleles A and B
encompassing all isolates with an 18-bp deletion and a 36-bp
deletion and in cdtR allele C encompassing all isolates with a
wt tcdC gene.

The putative divergent evolution of tcdC and tcdR was rather
surprising, since both genes are located within the same Pal.oc
and were both implicated in the regulation of tcdA and tcdB
toxin production. fcdR had a low G+C% content (20.3 mol%)
(this study and reference 24) compared to those of the other
genes of the Paloc, tcdA and tcdB (both 29 mol%) (24) and
tedC (32 mol%, this study), or the mean G+C% of C. difficile,
ca. 29 mol% (strain 630). It has been suggested that TcdR and
other clostridial sigma factors, BotR, TetR, and UviA, are all
likely to be derived from the same ancestral protein whose
original source is still unknown (13).

tedC allele A isolates (39-bp deletion in tcdC, ST1, toxino-
type V, binary toxin CDT positive, and assigned to PCR ri-
botype 078) represent a new homogeneous group of strains.
Similar isolates have been circulating worldwide for several
years. In Italy, Spigaglia and Mastrantonio (46) identified eight
isolates of tcdC type A between 1991 and 1999 and seven
isolates between 2000 and 2001. All isolates had the same PCR
ribotype profile and were toxinotype V. In another study of 435
isolates collected in an Italian hospital during the period from
2000 to 2006, 22.8% of isolates were binary toxin CDT positive,
and 80% of the CDT-positive isolates were toxinotype V, with
the same PCR ribotype profile (M. P. Buttrini, P. Spigaglia, P.
Somenzi, L. Zerbini, G. Dettori, C. Cheezi, P. Mastrantonio,
and M. G. Menozzi, presented at the 2nd International C.
difficile Symposium, Maribor, Slovenia, 2007). The authors in-
dicate that a “variant clone” appeared at the end of 2000 in
that hospital, with a peak in 2002 to 2003, and is still circulat-
ing. This clone with a 39-bp deletion in tcdC is often isolated
from food animals (19, 44) and is currently suspected of being
responsible for infection in humans (15, 38). From an extensive
study of 650 recently obtained C. difficile isolates (from 2001 to
2006) and more than 6,000 historic isolates (before 2001), the
authors identified 14 toxinotype V isolates from humans (7
isolates from 1990 to 2001 and 7 isolates from 2001 to 2006
[15]). They compared the human toxinotype V isolates with
toxinotype V isolates from food animals. All human and ani-
mal isolates contained both the binary toxin and the 39-bp
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deletion in fcdC and belonged to restriction endonuclease
analysis group BK and were PCR ribotype 078. One human-
animal isolate pair was indistinguishable by pulsed-field gel
electrophoresis and by restriction endonuclease analysis. An-
other work done in the United States identified C. difficile in
44.7% of 85 meat product samples, where 68.8% of isolates
were PCR ribotype 078 (J. G. Songer, H. T. Trinh, A. D.
Thompson, G. Killgore, L. C. McDonald, and B. M. Limbago,
presented at the 2nd International C. difficile Symposium,
Maribor, Slovenia, 2007). In a prospective study of C. difficile
infections in Europe, Barbut et al. (2) have found among
toxin-variant strains three prevalent toxinotypes, toxinotype III
(n =25), V (n =28),and VIII (n = 22). Toxinotype V isolates
might correspond to the new clone with a 39-bp deletion and a
078 PCR ribotype. In this study, toxinotype VIII isolates cor-
respond to the A— B+ toxin variants and were PCR ribotype
017. In France, recent data obtained from the National Ref-
erence Centre network for C. difficile surveillance showed that
the prevalence of isolates with a 39-bp deletion from human
origin accounted for 10.5% of the total. This group of strains
readily isolated from various food animals and retail meats and
isolated from severe cases and clusters of cases of human
infections in hospitals and communities might represent a new
threat to human health and food safety. Further studies are
needed to better understand their epidemiology and the pos-
sible role of food animals in the transmission to humans.
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