Wei et al. BMIC Microbiology 2011, 11:217
http://www.biomedcentral.com/1471-2180/11/217

BMC
Microbiology

RESEARCH ARTICLE Open Access

Comparison of PCR ribotyping and multilocus
variable-number tandem-repeat analysis (MLVA)
for improved detection of Clostridium difficile

Hsiao L Wei'?, Chun Wei Kao', Sung H Wei*, Jason TC Tzen?" and Chien S Chiou"

Abstract

difficile strains.

obtain distinguishable data.

Background: Polymerase chain reaction (PCR) ribotyping is one of the globally accepted techniques for defining
epidemic clones of Clostridium difficile and tracing virulence-related strains. However, the ambiguous data
generated by this technique makes it difficult to compare data attained from different laboratories; therefore, a
portable technique that could supersede or supplement PCR ribotyping should be developed. The current study
attempted to use a new multilocus variable-number tandem-repeat analysis (MLVA) panel to detect PCR-ribotype
groups. In addition, various MLVA panels using different numbers of variable-number tandem-repeat (VNTR) loci
were evaluated for their power to discriminate C. difficile clinical isolates.

Results: At first, 40 VNTR loci from the C. difficile genome were used to screen for the most suitable MLVA panel.
MLVA and PCR ribotyping were implemented to identify 142 C. difficile isolates. Groupings of serial MLVA panels
with different allelic diversity were compared with 47 PCR-ribotype groups. A MLVA panel using ten VNTR loci with
limited allelic diversity (0.54-0.83), designated MLVA10, generated groups highly congruent (98%) with the PCR-
ribotype groups. For comparison of discriminatory power, a MLVA panel using only four highly variable VNTR loci
(allelic diversity: 0.94-0.96), designated MLVA4, was found to be the simplest MLVA panel that retained high
discriminatory power. The MLVA10 and MLVA4 were combined and used to detect genetically closely related C.

Conclusions: For the epidemiological investigations of C. difficile, we recommend that MLVA10 be used in
coordination with the PCR-ribotype groups to detect epidemic clones, and that the MLVA4 could be used to
detect outbreak strains. MLVA10 and MLVA4 could be combined in four multiplex PCR reactions to save time and

Background

Clostridium difficile is the most commonly recognized
cause of infectious nosocomial diarrhea [1]. Illnesses
associated with C. difficile range from mild diarrhea to
pseudomembranous colitis and toxic megacolon [2]. In
the early 2000s, an emerging virulent strain, NAP1/027,
caused hospital outbreaks in Canada [3], and later,
strains of the same genotype were also found in the
United States of America, Europe, and Asia [3-5]. To
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understand the spread of bacteria and identify clones
with apparent increased virulence, several molecular
methods for genotyping have been used to investigate C.
difficile [6-10]. Multilocus sequence typing (MLST) is
the “gold standard” for assessing population structure.
Polymerase chain reaction (PCR) ribotyping has been
used for the global analysis of related virulent strains
based on a reference library involving 116 genotypes
acquired since 1999, and has become the most common
technique to represent the epidemic clone of C. difficile
[11]. In addition, pulsed-field gel electrophoresis
(PFGE), surface layer protein A gene-sequence typing
(slpAST), restriction endonuclease analysis (REA), and
multilocus variable-number tandem-repeat analysis
(MLVA) have been used for outbreak studies of C.
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difficile [7,8,12-14]. Among these techniques, MLVA
panels exhibit a significantly higher discriminatory
power (allelic diversity: 0.964) than PFGE, slpAST, and
PCR ribotyping [9]. As a result, MLVA has been the
most commonly used to distinguish strains from differ-
ent outbreaks, whereas PCR ribotyping and PFGE have
mostly been used to detect long-term relationships
among strains when compare to MLVA [15,16].

PCR ribotyping is performed using a PCR-based
method to detect polymorphic sequences in the 165-23S
intergenic spacer region (ISR) in C. difficile [17]. The
band-pattern data generated by this method is difficult
to transport and to compare between laboratories
[18,19]. Therefore, a few studies have tried to replace
PCR ribotyping with other methods [19-22]. Typing of
slpA, which is based on the S-layer gene sequence of C.
difficile, recognizes only nine of the 14 PCR-ribotypes
[22]. Recently, a highly discriminatory MLST method
based on seven housekeeping genes (adk, atpA, dxr,
glyA, recA, sodA, and tpi) sequences was develop to
allow genotyping of C. difficile; the resulting sequence
type (ST) recognized 32 of 40 PCR-ribotypes [21]. To
date, the tandem repeat sequences type (TRST) techni-
que is the most concordant method; this method, which
combines two variable tandem repeat sequences,
resolved the phylogenic diversity at a level equivalent to
PCR ribotyping [20]. The MLVA employs multiple vari-
able-number tandem-repeat (VNTR) loci with varying
levels of diversity to resolve genetic relationships.
VNTRs with a high degree of diversity are used to dif-
ferentiate closely related strains. In addition, recent
research in Staphylococcus aureus and Neisseria menin-
gitidis showed that VNTR loci with a lower degree of
diversity can establish deeper phylogenetic relationships
consistent with the MLST method, which is based on
the slowly-mutating housekeeping gene sequences
[23,24]. In the past, for C. difficile, the MLVA panel has
been found a more discriminatory method than PCR-
ribotyping [13,14]. In this study, we hypothesize that an
MLVA panel with a lower combined allelic diversity
may be more congruent to PCR ribotyping.

The purpose here was to determine a MLVA panel
that could yield results in accordance with PCR ribotyp-
ing results. Serial MLVA panels were compared with
PCR-ribotype groups based on an investigation of 142
C. difficile isolates. By combining more conserved
VNTR loci, we found MLVA10 had excellent congru-
ence with the epidemic clone. Moreover, a simple
MLVA (MLVA4) with high discriminatory power was
also proposed as a useful alternative. Therefore,
MLVA10 and MLVA4 can be combined in four multi-
plex PCR reactions to save operation time when typing
a large collection of isolates.
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Results
Identification and characterization of VNTR loci in C.
difficile

A total of 47 VNTR loci candidates were identified for
C. difficile, and 40 were used for subsequent MLVA
analysis (Table 1, Additional file 1). Initially, we found
1,526 tandem-repeat loci within C. difficile 630 using
the VNTRDB software [25]. After exclusion of repeat-
edly detected loci, tandem-repeat loci with a copy num-
ber size >2 bp and an amplicon size of <700 bp were
analyzed for variability. Finally, 47 loci exhibiting vari-
able alleles were identified. The allelic diversity, allele
number, and typing ability of all 47 VNTRs from the
142 strains were determined. Several VNTR loci with
additional or imperfect repeats were observed (Addi-
tional file 1). CDR59 amplicon exhibited two adjacent
VNTR loci, while CDR60, cd5, ¢d6, cd7, and cd25
exhibited incomplete tandem repeats. To analyze these
loci in the MLVA panels, alleles of these loci were
represented by repeat array size instead of copy number,
and the MLVA types were analyzed with minimum
spanning tree (MST) using a categorical coefficient.
VNTR loci with low typing ability and/or deletions were
excluded, with the CDR5, c¢d8, ¢d28, and ¢d20 loci
amplifying at only 70%, 77%, 79%, and 79%, respectively.
Additionally, deletions in amplicons from cd16, cd19,
and cd39 were found. Consequently, only 40 VNTR loci
were used in the following experiments.

Capillary gel electrophoresis-based PCR ribotyping

Of the 142 isolates, capillary gel electrophoresis-based
PCR-ribotyping identified 57 independent types, includ-
ing 32 singletons. The most common types were R45,
R4, R10, R14, and R17 (UKO017), containing 7, 17, 11, 11
and 9 isolates, respectively (Figure 1). The R27 (UK 027)
virulent type was not found among the local strains.

Dendrogram based on PCR ribotyping

A phylogenetic dendrogram based on the PCR-ribotypes
was constructed using the 142 C. difficile isolates (Figure
1). Of the 142 isolates, PCR-ribotype, MLVA34, and
MLVAIQO, identified 57 types, 47 groups, and 45 groups,
respectively. The PCR-ribotype was more discriminatory
than the two MLVA groups (Figure 1). Using a thresh-
old of >83% similarity for defining PCR-ribotype groups,
all isolates were able to be divided into 47 PCR-ribotype
groups, including 22 singletons. Over 87% (41/47) of the
PCR-ribotype groups were specifically recognized in the
MLVA34 and MLVA10 groups. However, PCR-ribotype
groups 39 and 25 were recognized together as one by
both MLVA groups, with the fingerprints for these iso-
lates sharing a 70% similarity (a four-band difference).
In addition, PCR ribotype groups 26 and 49 were also
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Table 1 Characteristics of 47 C. difficile VNTR loci
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Locus Repeat (bp) C. difficile 630° P142

Location Copy number No. alleles Simpson’s allelic diversity Typeability (%)
Cécd® 6 3239736-855 16 32 0.96 98
CDR4° 6 755721-942 37 38 096 97
CDR49° 7 3688632-750 17 22 094 99
CDR60™ © 17 677132-413 265 20 094 92
CDR9P 8 664660-747 6 20 093 83
CDR5P 8 692929-3017 11 13 09 70
CDR48° 7 167124-172 7 10 0.84 99
cd7c 7 941339-465 128 10 083 97
cd5© 17-19 828221-372 150 15 08 96
cd6” 42 917090-173 84 10 0.78 99
CDR59< 11 771338-403 167 Il 0.76 99
cd25¢ 12 3748418-65 57 6 0.71 98
F3cd ° 3 1954915-935 7 5 07 100
Hocd © 3 4116072-110 13 7 062 100
cd12 12 1578610-45 3 4 0.61 100
cd22 15 3035898-942 2 5 0.58 99
cd20 17 2913124-157 2 3 0.56 79
cd19 18 2724077-166 5 4 0.56 100
cd27 15 1662349-63 2 5 0.55 100
cd31 17 4261467-517 3 3 0.54 100
cd10 6 1366501-24 4 2 0.5 100
cd16 1 2004175-85 1 2 0.5 98
cd41 18 857052-105 3 3 049 100
cd29 16 2025983-6014 2 2 049 100
cd8 8 1216864-79 2 5 042 77
cd23 21 3157267-350 4 5 041 100
cd17 8 2062186-201 2 2 035 100
cd30 15 3095446-75 2 2 033 100
cd15 5 1909382-6 2 3 032 100
cd14 19 1908272-309 2 2 03 100
cd39 5 1021318 0 9 0.28 100
cd4 15 667998-8057 3 3 027 100
cd21 6 2982766-787 8 3 0.27 100
cd2 14 463809-36 2 2 0.25 100
cd40 5 209313-27 3 3 0.22 100
cd9 3 1268365-77 4 2 022 100
cd42 4 1818181-92 3 4 0.21 99
cd28 8 1821467-82 2 4 02 79
cd18 4 2611912-27 4 4 0.16 100
cd33 24 1563736-83 2 2 0.12 100
cd13 23 1833582-673 4 4 0.11 100
cd36 3 4231072-84 2 3 0.11 100
cd24 10 3621903-22 2 2 0.09 100
cd32 6 339734-45 2 2 0.06 100
cd35 6 3925113-24 2 2 0.03 96
cd34 6 2033446-57 2 2 003 99
cd38 7 811821-34 2 2 003 100

@ Accesstion number in Genbank is AM180355.
® Identified previously by Marsh et al. [13] and van den Berg et al. [14].
€ This locus contains incomplete repeat and is denoted by the size of array.
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Figure 1 Comparison of PCR riboytpe and MLVA groups for 142 C. difficile isolates. Dendrogram is based on UPGMA analysis of capillary
electrophoresis-based PCR ribotyping, and the vertical line is the cutoff point for identifying PCR-ribotype groups. Corresponding PCR-ribotype
groups, MLVA34 groups, MLVA10 groups, and number of isolates are shown. MLVA groups are identified by minimum-spanning tree: one group
is defined by MLVA type with less than two loci difference.
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identified as one by the two MLVA groups, with the fin-
gerprints of these two isolates sharing a 78% similarity.
Furthermore, PCR ribotype groups 8 and 23 were also
seen as one by the two MLVA groups, with the finger-
print of these isolates sharing an 82% similarity. Taken
together, these results shows that this discordance, the
lack of one to one identification between PCR ribotypes
and MLVA groups, mainly occurred when PCR-ribo-
types shared >83% similarity.

Congruence between groups of the PCR ribotype and
MLVA

MLVA panels with slightly limit allelic diversity generated
groups highly congruent with PCR ribotyping (Table 2).
To determine the most congruent groupings between
MLVA panels and PCR-ribotype groups, groupings of
MLVA panels consisting of VNTR loci with high to low
allelic diversity were compared with the PCR-ribotype
groups. MLVA34, MLVA12, and MLVA10 generated par-
titions (47, 45, and 45, respectively) and allelic diversity
(0.959, 0.957, and 0.957, respectively) similar to those
identified by PCR ribotyping (Table 2). The congruence of
the grouping of MLVA34, MLVA12, and MLVA10 with
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the PCR ribotype groups amounted to 97.3, 98.9, and
98.9%, respectively (Table 2). These values were signifi-
cantly higher than that of the MLVA40 group (2.6%).
MLVA40, which included six highly variable VNTR loci,
Cé6cd, CDR60, CDR4, CDR49, CDRY, and CDR48 (allelic
diversity: 0.84-0.96), generated a lot more partitions (136)
and higher allelic diversity (0.999) than PCR ribotyping. In
most PCR-ribotypes, multiple alleles were observed for
Cé6cd, CDR60, CDR4, CDR49, CDRY, and CDR48 loci
(Additional file 2), whereas the other 34 VNTR loci exhib-
ited little variance. This data indicates that the greatest dis-
crepancy between groupings in these two methods
occurred in loci with high allelic diversity, and that con-
gruence increased when the highly-allelic-diversity loci
were removed, as in MLVA34.

To identify a simplified panel resembling MLVA34,
the groups from three smaller panels (MLVA12,
MLVA10, and MLVAS8) were evaluated for agreement
with the PCR-ribotype groups. MLVA10 was the sim-
plest panel yielding groups that were highly congruent
(98%) with the PCR-ribotype groups (Table 2). In con-
trast, congruence significantly decreased when the
MLVA was simplified to just eight VNTR loci.

Table 2 Congruence between PCR-ribotyping and MLVAs for grouping analysis of 142 C. difficile isolates

Methods® No. partitions Simpson’s ID P Congruence © 95% (|4
Ribotyping 47 0.957 1.000

MLVA40 136 0.999 0.026 (0.185-0.354)
MLVA39 131 0.998 0.081 (0.000-0.172)
MLVA38 114 0.994 0.229 (0.099-0.362)
MLVA37 88 0.979 0.631 (0.487-0.789)
MLVA36 64 0.965 0.892 (0.822-0.969)
MLVA35 53 0.96 0.958 (0.918-1.000)
MLVA34 47 0.959 0973 (0.932-1.000)
MLVA12 45 0.957 0.989 (0.973-1.000)
MLVAT0 45 0.957 0.989 (0.973-1 OOO)
MLVA8 41 0.949 0.902 (0.823-0.968)

@ MLVA40: C6cd, CDR4, CDR49, CDR9, CDR60, CDR48, cd7, cd5, cd6, CDR59, cd25, F3cd, H9¢cd, cd12, cd22, cd27, cd31, cd10, cd41, cd29, cd23, cd17, cd15, cd30,
cd14, cd4, cd42, cd2, cd40, cd9, cd18, cd36, cd33, cd13, cd354, cd24, cd34, cd32, cd21, cd38.

MLVA39: CDR4, CDR49, CDR9, CDR60, CDR48, cd7, cd5, cd6, CDR59, cd25, F3cd, H9cd, cd12, cd22, cd27, cd31, cd10, cd41, cd29, cd23, cd17, cd15, cd30, cd14,
cd4, cd42, cd2, cd40, cd9, cd18, cd36, cd33, cd13, cd354, cd24, cd34, cd32, cd21, cd38
MLVA38: CDR49, CDR9, CDR60, CDR48, cd7, cd5, cd6, CDR59, cd25, F3cd, H9cd, cd12, cd22, cd27, cd31, cd10, cd41, cd29, cd23, cd17, cd15, cd30, cd14, cd4, cd42,

cd2, c¢d40, cd9, cd18, cd36, cd33, cd13, cd354, cd24, cd34, cd32, cd21, cd38

MLVA37: CDR9, CDR60, CDR48, cd7, cd5, cd6, CDR59, cd25, F3cd, H9cd, cd12, cd22, cd27, cd31, cd10, cd41, cd29, cd23, cd17, cd15, cd30, cd14, cd4, cd42, cd2,

cd40, cd9, cd18, cd36, cd33, cd13, cd354, cd24, cd34, cd32, cd21, cd38

MLVA36: CDR60, CDR48, cd7, cd5, cd6, CDR59, cd25, F3cd, H9cd, cd12, cd22, cd27, cd31, cd10, cd41, cd29, cd23, cd17, cd15, cd30, cd14, cd4, cd42, cd2, cd40,

cd9, cd18, cd36, cd33, cd13, cd354, cd24, cd34, cd32, cd21, cd38

MLVA35: CDR48, cd7, cd5, cd6, CDR59, cd25, F3cd, H9cd, cd12, cd22, cd27, cd31, cd10, cd41, cd29, cd23, cd17, cd15, cd30, cd14, cd4, cd42, cd2, cd40, cd9, cd18,

cd36, cd33, cd13, cd354, cd24, cd34, cd32, cd21, cd38

MLVA34: cd5, cd6, cd7, cd12, cd22, cd25, cd27, cd31, F3cd, H9cd, CDR59, c¢d10, cd41, cd29, cd23, cd17, cd15, cd30, cd14, cd4, cd2, cd42, cd40, cd9, cd18, cd36,

cd33, cd13, cd35, cd24, cd34, cd32, cd38, cd21.

MLVA12: cd5, cd6, cd7, cd12, cd22, cd23, cd25, cd27, cd31, F3cd, H9cd, CDR59.

MLVA10: cd5, cd6, cd7, cd12, cd22, cd27, cd31, F3cd, H9cd, CDR59.
MLVAS: cd5, cd6, cd7, cd12, cd27, F3cd, H9cd, CDR59.

P Simpson’s allelic diversity.

¢ Adjusted Rand’s coefficient.

4 959% Cl, 95% confidence interval of ongruence.
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Figure 2 Minimum-spanning tree of MLVA34 data from 142 C. difficile isolates. Each circle represents unique MLVA type. The numbers
between circles represent the VNTR loci differences between MLVA types. The numbers inside circles represent the PCR-ribotype groups. MLVA
groups were defined as MLVA types having a maximum distance changes at one loci. The different shaded colors denote isolates belonging to
a particular MLVA groups. Hyphenated numbers represent the MLVA groups marked with arrows.

Minimum spanning tree analysis of PCR ribotyping-
related MLVA panels

MST analysis revealed that the MLVA34 types could be
clustered into 47 groups, including 21 singletons (Figure
2). Most (41/47) of the MLVA34 groups were specifi-
cally recognized as a single PCR-ribotype group, except
for 34_4, 34_41, 34_11, 34_48, 34_25, and 34_26. An
isolate of the group 34_41 could not be typed by the
¢d7 and cd34 loci, and was separated from those of the
34_4 MLVA group; however, all isolates of the 34_41
and 34_4 groups belonged to PCR-ribotype group 4.
This shows that isolates of the 34_4 and 34_41 groups
were closely related. Isolates of group 34_11 and 34_48
were separated by their different allele numbers at
CDR59 and H9cd loci, but these two MLVA groups
both belonged to the PCR-ribotype group 11.

MST analysis revealed that the MLVA10 types could
be clustered into 45 groups, including 20 singletons
(Figure 3), and most (41/45) of the MLVA10 groups
were specifically recognized as a single PCR-ribotype
group. The clustering of MLVA10 (Figure 3) yielded
groupings similar to those of MLVA34, except for iso-
lates of PCR-ribotype groups 4, 8, and 23. Since the
cd34 VNTR locus was not used in the MLVA10 panel,
isolates from the PCR-ribotype group 4 all belonged to

the 10_4 group. This indicates that the MLVA10 panel
was able to type more strains than the MLVA34 panel.
In addition, isolates of the PCR-ribotype groups 8 and
23 were grouped into the 10_8 group, indicating that
the MLVAIO is less discriminatory than MLVA34.

Discriminatory ability of MLVA panels

MLVA panels containing different numbers of VNTR
loci were used for discriminating 142 C. difficile isolates
into different genotypes and the Simpson’s index of
diversity (ID) was shown to increase with the number of
VNTR loci used (up to MLVA4; Table 3). Using
MLVAA4, 142 isolates were grouped into the largest par-
titions (140). MLV A4 was shown to be as discriminatory
as MLVA40 using all 40 VNTR loci (Table 3). However,
when the MLVA panels contained fewer than three
VNTR loci, the partitions decreased significantly.

Combined use of MLVA4 and MLVA10 for cluster
detection

MLVA4 and MLVA10 were used for classifying 59 isolates
acquired from a hospital in central Taiwan, and four clus-
ters were identified (Figure 4; Additional file 3). These
clusters consisted of three independent clusters (B, C, and
D) containing two isolates each from inpatients and one



Wei et al. BMIC Microbiology 2011, 11:217
http://www.biomedcentral.com/1471-2180/11/217

Page 7 of 13

®

® G
) )
3 ¢
4_’4"“"‘ Jv
° -
< ®)
-~

®

® -
EeY

Figure 3 Minimum-spanning tree of MLVA10 data from 142 C. difficile isolates. Each circle represents unique MLVA type. The numbers
between circles represent the VNTR loci differences between MLVA types. The numbers inside circles represent the PCR-ribotype groups. MLVA
groups were defined as MLVA types having a maximum distance changes at one loci. The different shaded colors denote isolates belonging to

a particular MLVA groups. Hyphenated numbers represent the MLVA groups marked with arrows.

(A) cluster containing two isolates from outpatients during
the ten month surveillance. Each of the two isolates from
the B, C, and D clusters were recovered from different
pediatric patients with 3, 0, and 4-days intervals of speci-
men submission by the physician from children’s ward,

Table 3 Comparison of discriminatory power for PCR-
ribotyping and MLVAs based on various combinations of
VNTR loci

Method?® No. genotypes Simpson’s ID P 95% Cl ©

Ribotype 57 0.9640 0.9515-0.9766
MLVA2 126 0.9983 0.9972-0.9994
MLVA3 139 0.9997 0.9992-1.0002
MLVA4 140 0.9998 0.9994-1.0002
MLVA6 140 0.9998 0.9994-1.0002
MLVA40 140 0.9998 0.9994-1.0002

@ MLVA2: C6cd, CDR4.

MLVA3: Cécd, CDR4, CDR49.

MLVA4: Cécd, CDR4, CDR49, CDR60.

MLVAG6: Cécd, CDR4, CDR49, CDR60, CDR9, CDR48.

MLVA40: C6cd, CDR4, CDR49, CDR60, CDR9, CDR48, cd7, cd5, cd6, cd25,
CDR59, F3cd, H9cd, c¢d12, cd22, cd27, cd31, cd10, cd41, cd29, cd23, cd17,
cd15, cd30, cd14, cd4, cd42, cd2, cd40, cd9, cd18, cd36, cd33, cd13, cd35,
cd24, cd34, cd32, cd21, cd38.

b Simpson’s allelic diversity.

€95% Cl, 95% confidence interval of Simpson’s ID.

respectively (Additional file 3). The two isolates from clus-
ter A were shown to differ at one locus (1/14) in the com-
bined MLVA4 plus MLVA10 panel and were isolated
from two specimens of the same patient within a four-day
interval. Most isolates were non-toxigenic strains, except
those in cluster D. The patient in the D cluster developed
diarrhea and was infected with toxigenic C. difficile strains
that were assigned to C. difficile infection cases. On the
other hand, a single PCR-ribotype group was usually
grouped with less than five VNTR loci differences (5/14).

Discussion
A MLVA system is composed of VNTR loci that exhibit
varying levels of diversity, and can be employed either
for long-term or short-term investigations [26]. In the
present study, we proposed two MLVA panels,
MLVA10 and MLVA4, for the differentiation of C. diffi-
cile isolates. MLVA10 exhibited a slightly lower allelic
diversity than previously identified panels [13,14], and is
recommended as a complementary test to the PCR-ribo-
type groups. MLV A4, in contrast, exhibited high allelic
diversity and is recommended for the detection of
short-term evolution in strains of C. difficile.

In the current study, except for nine reference strains,
the 133 local isolates were a widely distributed collection
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Figure 4 Minimum-spanning tree of MLVA10 and MLVA4 data from 60 C. difficile isolates from inpatients. Each circle represents unique
MLVA type. The numbers between circles represent the VNTR loci differences between MLVA types. The numbers inside circles represent the
PCR-ribotype groups. The numbers in parentheses inside circles denotes the strain number. MLVA types isolated from inpatient are labeled with
an "H". One cluster was defined as MLVA types having a maximum distance changes at one loci. The different shaded colors denote isolates
belonging to a particular cluster. Clusters marked with arrows are labeled by alphabetical order.
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and none were previously reported as outbreak strains by
clinical laboratories. These isolates were acquired from
patients 0.1-88 years of age and contained 73 isolates
from outpatients that were assumed to be community-
acquired strains. The other 60 isolates were recovered
from hospitalized patients, with 38 collected from chil-
dren’s wards and 22 from adult wards. In addition, this
study involved 57 PCR-ribotypes (Table 3), a consider-
ably higher number than previously reported [9]. There-
fore, the sample population used in the current study is
proposed to be more suitable for comparison between
the two methods [20,21,27]. In the ribotype distribution,
it is noteworthy that the PCR-ribotype R17 (UK 017), a
clone found worldwide and is related to an animal source
(in addition to 027 and 078 types) was the fourth (9 in
142) most frequently identified type in this study (Figure
1) [28,29]. In the current study, the R17 type was only
found in samples obtained from central Taiwan, but the
exact distribution of PCR-ribotypes requires further
investigation using a more precise sampling method.
Furthermore, PCR-ribotypes other than 001, 017, 027,
and 106 should be compared with standard PCR-ribo-
types from the European reference laboratory.

While comparing PCR ribotyping to other techniques,
allelic diversity was identified as an important factor.
Previous studies identified that slpA type did not have
high enough variability to differentiate all PCR-ribotypes

[22]. The current study found that the CDR4, CDRY,
CDR48, CDR49, CDR60, and Cé6cd VNTR loci
[13,14,19] used in previous MLVA panels were variable
in each PCR-ribotypes (Additional file 2); this made
these panels too discriminatory for congruency with the
PCR-ribotypes here. In contrast, the highly discrimina-
tory MLST method had an index of discrimination of
0.9, similar to that of the PCR-ribotype (0.92), and the
resulting ST recognized 80% of the PCR-ribotypes [21];
the TRST resulted in an allelic diversity (0.967) equal to
that of PCR ribotyping (0.967), and is the technique
most related to PCR ribotyping among these studies
[20]. In the present study, the ten VNTR loci used in
MLVA10 were cd5, cd6, cd7, cd12, cd22, cd27, cd31,
H9cd, F3cd, and CDR59, which exhibited a slightly
lower allelic diversity (0.54-0.83) than the previously
used CDR4, CDR9, CDR48, CDR49, CDR60, and Cécd
VNTR loci (0.84-0.96) [13,14,19,20] (Table 1), resulting
in a combined allelic diversity of 0.957 (Table 2). This
value is similar to TRST (0.967) and PCR-ribotype
(0.967). Therefore, both TRST and MLVA10 showed a
high level of agreement with the PCR-ribotype (86.0 and
88.2%, respectively) (Table 2). However, the MLVA
technique is easier to perform than the sequence-based
techniques, such as TRST and MLST, and MLVA panels
are more easily combined, such as when adding the
MLVA4 panel for outbreak strain detection.
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To represent the currently known PCR-ribotypes for
C. difficile, a combination of multiple VNTR loci with
different allelic diversity is recommended. In our initial
study, no single VNTR locus was discriminatory enough
to recognize all PCR-ribotypes or specific enough to
belong to each PCR-ribotype (data not shown), as pre-
viously observed for MLVA and MLST of N. meningiti-
dis [24]. Therefore, 40 VNTR loci distributed
throughout the genome of the C. difficile 630 strain
were used for comparison analyses, and we found that
the MLVA34 panel yielded groups most related to the
PCR-ribotype groups (Table 2; Figure 1). Our screening
method was based on two rationales: 1) the PCR-ribo-
type recognized the major PFGE type [9] and was
expected to be congruent with the major genotypic
groups of C. difficile; and 2) the locus markers distribu-
ted throughout the chromosome were more likely to
identify genotypic change [13].

In the current study we also highlighted the fact that
group definition was required for comparisons. The alle-
lic diversity of MLVA1O0 types varied among the differ-
ent PCR-ribotypes (Additional file 4), and led to only
60% congruence between the types of MLVA10 and
PCR ribotyping (data not shown). In significant contrast,
the congruence reached 98% when groups obtained by
the two techniques were compared (Table 2). These
observations were similar to those found in the compar-
ison between MLVA34 and PCR-ribotyping (Additional
file 4). Even though there was a high level of agreement
between groups identified by the two techniques, some
discordance was found. For example, PCR-ribotype
group 11 was represented by two MLVA10 groups
(10_48 and 10_11) (Figure 1), and the isolates in group
11 were suspected to have undergone concerted evolu-
tion [30,31]; however, this assumption needs to be
further confirmed by MLST.

For the detection of outbreak strains, two MLVA
panels, each composed of seven VNTR loci, have been
developed. One panel consisted of CDR4, CDR5, CDRY,
CDR48, CDR49, CDR59, and CDR60, and the other
panel consisted of C6cd, H9cd, F3cd, CDR4, CDRY,
CDR48, and CDR49 [13,14]. However, our study indi-
cated that MLV A4, which consisted of Cé6cd, CDR4,
CDR49, and CDR60, was able to discriminate all 142
test strains (Table 3), as previously observed for MLVA
of Salmonella typhimurium [32]. Furthermore, all of
these VNTR loci exhibited higher allelic number and
copy number variation than previously reported (Table
1) [14]. Our results may be explained by two reasons: 1)
among these loci, CDR60 loci was found exhibit incom-
plete copy number and was assigned by repeat array
size, as this could increase the allelic number; and 2) we
validated these loci in a more random population than
previous studies [13,14], which would increase the value
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of allelic diversity. In addition, we used a categorical
coefficient instead of STRD to analyze the MLVA data
and to analyze the loci represented by the repeat array
size. Although this may reduce the sensitivity to differ-
entiate the outbreak strains, analyses using the STRD
coefficient were found to be too variable and may
obscure the epidemiological links between C. difficile
outbreak strains when several repeats at a locus are
deleted or duplicated simultaneously [33].

All clusters detected by MLVA4 and MLVA10 com-
bined can be explained by epidemiological information.
Apart from the two patients from cluster D were C. dif-
ficile infection cases, other patients from other clusters
were assumed to be C. difficile carriers (Figure 4; Addi-
tional file 3). The major limitation of this validation for
the study of outbreak strains was the sample population
we used; the 142 test strains used in the current study
were a randomly sampled population that did not con-
tain outbreak strains, and the genetic relationship
between these was distant. For these reasons, this may
have overestimated the discriminatory power of the
MLVA 4. Therefore, the MLVA4 panel requires further
validation using closely related strains, such as outbreak
strains from hospitals, before any conclusions as to its
discriminatory power can be made.

Five imperfect VNTR loci (cd5, cd6, cd7, CDR59, and
CDR60) were used in this study, except for CDR59, the
other four loci were long-repeat VNTR loci with incom-
plete repeats (Additional file 1). The incomplete repeats
may be caused by insertions and deletions, which often
result in horizontal gene transfer between bacteria
strains and obscured the phylogenic relationship in the
bacteria population [34]. However, the long-repeat
regions exhibited a higher frequency of recombinations,
and were considered attractive candidate regions that
could be used for determining phylogenetic relatedness
between species and strains [35]. The long-repeat VNTR
loci have been known to be responsible for adaptive
evolution, as for antigenic variation [34], and were also
used to differentiate the C. botulinum and N. meningi-
tides[36,37]. Therefore, we analyzed these imperfect
VNTR loci for use in the screening for appropriate
panels that showed agreement PCR-ribotyping. Our data
showed that cd5, c¢d6, and cd7 loci did not decrease the
congruency with PCR-ribotyping (Table 2; Additional
File 2). The result may be due to that the 16S-23S inter-
genic spacer region, on which the PCR-ribotyping based
on, was not as conserved as a housekeeping gene that is
used to construct the phylogenic tree [9,38]. However,
the variations from these incomplete repeat loci should
be detected in our follow-up surveillance.

PCR ribotyping is a standard technique used worldwide
for epidemic clone detection, but the ambiguous data gen-
erated by this technique is difficult for assessing inter-
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laboratory efficacy. MLVA is a fast and easy-to-use
method, and its numerical profile output is more transfer-
able than the standard PCR ribotyping technique. In our
laboratory setting, the cost of PCR ribotyping, MLVA10,
and TRST per isolate was $0.87, $2.53, and $13.60, respec-
tively, and the cost of the most recent MLST is $24.65
according to Griffiths’ estimation [21]. In the current
study, the cost of MLVA10 was slightly higher than that of
PCR ribotyping, but was still significantly less expensive
than the TRST and MLST sequence-based typing techni-
ques. Moreover, when analyzing a large number of iso-
lates, it is simpler to perform one genotyping technique
than multiple techniques. Taken together, the MLVA10 is
recommended for the detection of C. difficile PCR-ribo-
type groups and for use in combination with the MLVA
panel designed for the detection of outbreak strains.
Future studies will involve evaluation of MLVA10 for its
phylogenetic information by comparison to MLST typing.

Conclusions

For the classification of C. difficile strains, the MLVA
technique can result in a distinguishable data set that is
more useful for comparison and is highly congruent with
PCR-ribotype results. The MLVA10 panel may be used
either to detect the PCR-ribotype groups or to overcome
the drawbacks of the PCR ribotyping technique. In addi-
tion, the MLVA4 can be used to detect closely-related
strains. These two MLVA panels can be combined and
used for epidemiological studies of C. difficile.

Methods

Bacterial strains

A total of 142 C. difficile strains that were either toxi-
genic or non-toxigenic were used in this study. Five refer-
ence strains (NCTC11204, NCTC13366, NCTC13287,
NCTC13404, and NCTC13307) were purchased from the
National Collection of Type Cultures (NCTC, London,
UK) and three reference strains (BCRC17900,
BCRC17702, and BCRC17678) were purchased from the
Bioresource Collection and Research Center (BCRC,
Hsinchu, Taiwan). One strain (NAP1/027) was kindly
provided by Dr. Brandi Limbago from the United States
Centers for Disease Control and Prevention (CDC), and
133 strains were isolated from clinical laboratory speci-
mens in Taiwan. Among local isolates, 73 strains were
isolated from outpatients, and 60 strains were isolated
from hospitalized patients that were comprised of 38
from adult wards and 22 from children’s wards.

Specimen, epidemiological data collection, and bacterial
isolation

All specimen strains were provided by five clinical
laboratories between November 27, 2007 and December
31, 2008. The corresponding epidemiological data for
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each strain were provided by clinical laboratory staff.
Four laboratories were located in central Taiwan, and
one laboratory in the southern part of Taiwan. All five
clinical laboratories cultured all available stool or rectal-
swab specimens on Cycloserine Cefoxitin Fructose Agar
(Oxoid, Hampshire, UK) and the plates were incubated
under anaerobic conditions for 48 h. All suspected C.
difficile colonies were sent in an anaerobic pack and
delivered within 24 h to the central-region laboratory at
the Centers for Disease Control in Taiwan for further
identification. All purified isolates were stored in 15%
glycerol at -80°C.

Isolate identification and toxigenic-type characterization
Text for this sub-section

All suspected C. difficile colonies were analyzed for a
species-specific internal fragment of the triose phos-
phate isomerase (¢pi) housekeeping gene, and toxigenic
type was characterized by PCR amplification of internal
fragments of the toxin A gene (fcdA) and the toxin B
(tcdB) gene, as previously described [39]. Briefly, each
candidate colony was dissolved in 1 mL distilled water
and then boiled for 15 min to prepare DNA. Tpi-, tcdA-
, and tcdB-specific primers [39] were used in indepen-
dent PCR reactions. PCR was performed in 20 pL
volumes containing the following components: 50 ng
DNA, 10% glycerol, 0.5 pM of each primer, 200 pM
dNTPs, and 1 U of Taq DNA polymerase (BioVan, Tai-
wan) in a 1x amplification buffer solution (10 mM Tris-
HCI [pH 8.3], 50 mM KCI, and 1.5 mM MgCl,). PCR
was performed on a GeneAmp System 2400 thermal
cycler (Applied Biosystems). The PCR cycle conditions
were as follows: 95°C for 3 min, followed by 30 cycles of
95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and a
final extension at 72°C for 3 min. PCR products were
resolved by electrophoresis on a 1.5% agarose gel stained
with ethidium bromide.

VNTR identification and selection

The full-length sequences of C. difficile QCD-32g58 and
C. difficile 630 were compared using VNTRDB software
[25] to find tandem repeat loci in the genome. Tandem
repeats with a repeat length >2 bp and >70% consensus
match were initially selected for screening by PCR from
the BCRC17678 and BCRC17702 reference strains and
four experimental isolates. Primers that flanked the tan-
dem repeat region were designed using the online Pri-
mer 3 software (http://frodo.wi.mit.edu/primer3;
Additional file 5). VNTR screening was initially per-
formed by PCR amplification of each candidate tandem
repeat locus in genomic DNA from six isolates. The
variability of each tandem repeat locus was assessed by
gel electrophoresis on a 1.5% agarose gel, and sequence
analysis was performed to determine the size of the
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resulting PCR products and the tandem repeat copy
number.

To find a MLVA panel most congruent to PCR ribo-
typing, 40 VNTR loci were sorted by allelic diversity
and then arranged to form various panels by sequen-
tially removing the highest allelic diversity loci. Each
panel was compared with PCR ribotyping, and the con-
gruence between the two techniques was calculated
using the Rand coefficient [40].

The simplest MLVA panel that would yield a
MLVA34-like genotype distribution of 142 C. difficile
strains was found as follows. First, the partitions given
by each of the 34 VNTR loci were calculated based on
Wallace coefficients to evaluate their predictable value
by the other 33 loci. Loci that showed either more pre-
dictability or lower allelic diversity than other loci in the
MLVA34 panel were excluded. There were 22, 24, and
26 loci excluded when the predictable values were
higher than 75, 70, and 65%, respectively. This exclusion
resulted in the MLVA12, MLVA10, and MLVAS8 panels
(Additional file 6). All MLVA panels were analyzed by
the minimum spanning tree (MST) method, and the
concordance between MLVA groupings and PCR-ribo-
type data were calculated.

DNA preparation

Genomic C. difficile DNA was purified using the
QIAamp DNA Mini kit (QIAGEN, Hilden, Germany),
according to the manufacturer’s instructions. Genomic
DNA isolated from C. difficile were then used for PCR
amplification of VNTR and PCR ribotyping.

Sequence analysis

PCR amplification of the 47 VNTR candidates was per-
formed on six strains with the primer sets shown in
Table 1. Each PCR was performed in a 10 pL reaction
containing the following reagents: 25 ng genomic DNA,
1 pL buffer (10 mM Tris-HCI [pH 8.3], 50 mM KCl, and
1.5 mM MgCl,; BioVan, Taiwan), 250 uM MgCl,, 1%
DMSO (Sigma-Aldrich, St. Louis, MO), 200 uM dNTPs,
0.5 uM primer set, and 1 U Taq DNA polymerase (Bio-
Van, Taiwan). The PCR cycle conditions were as follows:
94°C for 5 min, followed by 30 cycles of 94°C for 40 s, 50°
C or 52°C for 90 s, and 72°C for 50 s, and a final exten-
sion at 72°C for 3 min. Sequence analysis of the PCR pro-
ducts was performed by Mission Biotech Corporation
with the ABI Big Dye Terminator Kit v.3.1 (Applied Bio-
systems) and the same primers used for PCR.

Multilocus VNTR amplification

PCR amplification of the 48 selected C. difficile VNTR
loci was performed on DNA extracted from 142 C. diffi-
cile isolates. The primer sets, annealing temperatures,
and primer panels are shown in Additional file 5.
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Amplification of the 47 VNTR loci was carried out in
12 multiplex PCR reactions and one single PCR reaction
(Additional file 5: M1-M13). Amplification of the 14
VNTR loci of MLVA4 and MLVA10 was carried out in
four multiplex PCR reactions (Additional file 5: M14-
M17). The PCRs were performed in 10 pL reactions
containing the following reagents: 25 ng genomic DNA,
1 pL buffer (10 mM Tris-HCI [pH 8.3], 50 mM KCl,
and 1.5 mM MgCl,; BioVan, Taiwan), 250 uM MgCl,,
1%DMSO (Sigma-Aldrich, St. Louis, MO), 200 uM
dNTPs, 0.02-0.1 uM primer set, and 1 U Taq DNA
polymerase (BioVan, Taiwan). The PCR cycle conditions
were as follows: 94°C for 5 min, followed by 30 cycles of
94°C for 40 s, annealing temperature for 90 s, and 72°C
for 50 s, and a final extension at 72°C for 3 min. Frag-
ment analysis of the multiplex PCR products was per-
formed as follows: 1 pL of each 20-fold-diluted PCR
product, 0.1 pL GeneScan 500 LIZ size standard
(Applied Biosystems, Warrington, UK) and 8.9 puL HiDi
(Applied Biosystems, Foster, CA) were mixed and dena-
tured at 95°C for 5 min. The products were then ana-
lyzed on an ABI3130 sequence detection system
(Applied Biosystems). The obtained fragment sizes were
exported as an Excel spreadsheet file (Microsoft, Red-
mond, WA). The corresponding copy numbers were cal-
culated by comparison to the size of reference strains
using Excel software (Microsoft). The equation used for
calculation of copy number is as follows:

Copy number of VNTRn = [(Fs-Fr)/repeat size of
VNTRn] + copy number of reference strain, where Fs,
fragment size of test strains in each VNTR loci; Fr, frag-
ment size of reference in each VNTR loci; VNTRn,
either locus in 40 VNTR loci.

Capillary gel electrophoresis-based PCR ribotyping

Genomic DNA from all the C. difficile strains was
amplified with the primer set designed by Bidet et al.
[18], and the electrophoresis-based PCR-ribotyping was
performed using a method modified from Indra et al.
[19]. Briefly, the primer was labeled with carboxyfluores-
cein (FAM) dye to enable DNA sequence analysis. The
PCR mixture included the following reagents: 25 ng
genomic DNA, 1 pL buffer (10 mM Tris-HCI [pH 8.3],
50 mM KCI, and 1.5 mM MgCl,; BioVan, Taiwan), 200
uM dNTPs, 1.5 mM MgCl,, and 1 U Taq polymerase
(BioVan, Taiwan) in a 20 pL final volume. One microli-
ter of each 20-fold-diluted PCR product, 0.8 pL Gen-
flo625 ROX-labelled DNA Ladder (Chimerx, USA), and
8.2 uL HiDi (Applied Biosystems, Foster, CA) were
mixed and denatured at 95°C for 5 min and then ana-
lyzed with a ABI3130 sequence detection system. The
ribotype fragments for the full-length sequencing of
strain NCTC13307 (C. difficile 630) were first predicted
by the PCR-amplification function from in silico analysis
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using the website (http://insilico.ehu.es), and the curve
file from the ABI sequencer was confirmed by the pre-
dicted size. Ribotypes 001, 012, 017, 027, and 106 were
set up by comparing the curve files with the five refer-
ence strains NCTC11204, NCTC13307, NCTC13366,
NCTC 13287, and NCTC13404, respectively. All PCR-
ribotypes were named with an “R” prefix before the
serial number.

Allelic diversity and typeability measurement
The allelic diversity of each VNTR locus was measured
by its Simpson’s index [41] and confidence interval (CI)
[42]. The ability of each VNTR locus to type the 142
isolates was measured as follows:

Number of isolates amplified in each VNTR locus/142.

Data analysis

The copy numbers of the VNTR loci from all of the 142
isolates were imported into the Bionumerics software
(Applied Maths, Belgium), and the categorical coefficient
and the highest number of single-locus-changes were
used for the minimum spanning tree construction [43].
The curve files of all the ribotypes from the ABI sequen-
cer were imported into the Bionumerics software for
further standardization. The PCR-ribotyping fingerprints
of all the isolates were analyzed using the Unweighted
Pair Group Method with Arithmetic Mean (UPGMA)
clustering algorithm, using the Dice coefficient (toler-
ance: 0.2%). The quantitative level of congruence
between the typing techniques was based on the
adjusted Rand (AR); the predictable value between
VNTR loci was based on Wallace’s coefficients, using an
online tool for the quantitative assessment of classifica-
tion agreement (http://darwin.phyloviz.net/Comparing-
Partitions) [40].

Additional material

Additional file 1: Copy numbers, fragment sizes, sequences, and
GenBank accession number of each allele at 40 VNTR loci. This table
provides the copy number and fragment sizes of the six initially test
strains. The copy numbers (or array sizes) in each allele, their
corresponding sequence, and their GenBank accession number are
shown.

Additional file 2: Allelic number and allele of VNTR loci in each PCR
ribotype. This table provides the allelic number and allele of VNTR loci
in each PCR ribotype, and only allelic number larger than one are listed.

Additional file 3: Epidemiological data, toxigenic type, and
molecular type of isolates from one hospital in central Taiwan. This
table provides the molecular typing data of MLVA10 and MLVA4 for C.
difficile isolates from one hospital in Taiwan, and the corresponding
epidemiological data and characteristic of each strain are shown.

Additional file 4: Allelic diversity of MLVAs in each PCR ribotype.
This table provides the Simpson'’s allelic diversity of either types or
groups from MLVA10 and MLVA34 panels.
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Additional file 5: Primers for amplification of each locus. This table
provides a list of primers, annealing temperature, and primer
concentration for amplification of each VNTR loci.

Additional file 6: List of predictable VNTR loci at 75%, 70%, and
65% predictable value. This table provides the list of VNTR loci which
could be predicted by loci in MLVA12, MLVA10, and MLVAS.

Acknowledgements

This research was supported by grant DOH97-DC-2014 from the Centers for
Disease Control, DOH, Taiwan. We would like to thank the US Centers for
Disease Control and Prevention (CDC) for providing the NAP1/027 strain as a
reference strain for this research.

Author details

"The Central Region Laboratory, Center for Research and Diagnostics,
Centers for Disease Control, 5F 20 Wen-Sin South 3rd Road, Taichung City
40855, Taiwan. “Graduate Institute of Biotechnology, National Chung-Hsing
University, 250 Guoguang Road, Taichung City 40277, Taiwan. *The Third
Branch Office, Centers for Disease Control, Taiwan.

Authors’ contributions

HLW and CWK performed the microbiological and molecular studies. HLW
and JT analyzed the data. HLW and CSC designed the research and wrote
the manuscript. SHW collected and analyzed the epidemiological data. HLW
and CWK revised the manuscript. All authors read and approved the final
manuscript.

Received: 28 March 2011 Accepted: 30 September 2011
Published: 30 September 2011

References

1. Malnick SD, Zimhony O: Treatment of Clostridium difficile-associated
diarrhea. Ann Pharmacother 2002, 36(11):1767-1775.

2. Hookman P, Barkin JS: Clostridium difficile associated infection, diarrhea
and colitis. World J Gastroenterol 2009, 15(13):1554-1580.

3. Warny M, Pepin J, Fang A, Killgore G, Thompson A, Brazier J, Frost E,
McDonald LC: Toxin production by an emerging strain of Clostridium
difficile associated with outbreaks of severe disease in North America
and Europe. Lancet 2005, 366(9491):1079-1084.

4. Riley TV, Thean S, Hool G, Golledge CL: First Australian isolation of
epidemic Clostridium difficile PCR ribotype 027. Med J Aust 2009,
190(12):706-708.

5. Sawabe E, Kato H, Osawa K, Chida T, Tojo N, Arakawa Y, Okamura N:
Molecular analysis of Clostridium difficile at a university teaching
hospital in Japan: a shift in the predominant type over a five-year
period. Eur J Clin Microbiol Infect Dis 2007, 26(10):695-703.

6.  Lemee L, Dhalluin A, Pestel-Caron M, Lemeland JF, Pons JL: Multilocus
sequence typing analysis of human and animal Clostridium difficile
isolates of various toxigenic types. J Clin Microbiol 2004, 42(6):2609-2617.

7. Gal M, Northey G, Brazier JS: A modified pulsed-field gel electrophoresis
(PFGE) protocol for subtyping previously non-PFGE typeable isolates of
Clostridium difficile polymerase chain reaction ribotype 001. J Hosp Infect
2005, 61(3):231-236.

8. Wren BW, Tabaqchali S: Restriction endonuclease DNA analysis of
Clostridium difficile. J Clin Microbiol 1987, 25(12):2402-2404.

9. Killgore G, Thompson A, Johnson S, Brazier J, Kuijper E, Pepin J, Frost EH,
Savelkoul P, Nicholson B, van den Berg RJ, et al: Comparison of seven
techniques for typing international epidemic strains of Clostridium
difficile: restriction endonuclease analysis, pulsed-field gel
electrophoresis, PCR-ribotyping, multilocus sequence typing, multilocus
variable-number tandem-repeat analysis, amplified fragment length
polymorphism, and surface layer protein A gene sequence typing. J Clin
Microbiol 2008, 46(2):431-437.

10.  Joost I, Speck K, Herrmann M, von Muller L: Characterisation of
Clostridium difficile isolates by slpA and tcdC gene sequencing. Int J
Antimicrob Agents 2009, 33(Suppl 1):513-18.


http://insilico.ehu.es
http://darwin.phyloviz.net/ComparingPartitions
http://darwin.phyloviz.net/ComparingPartitions
http://www.biomedcentral.com/content/supplementary/1471-2180-11-217-S1.XLS
http://www.biomedcentral.com/content/supplementary/1471-2180-11-217-S2.XLS
http://www.biomedcentral.com/content/supplementary/1471-2180-11-217-S3.XLS
http://www.biomedcentral.com/content/supplementary/1471-2180-11-217-S4.XLS
http://www.biomedcentral.com/content/supplementary/1471-2180-11-217-S5.XLS
http://www.biomedcentral.com/content/supplementary/1471-2180-11-217-S6.XLS
http://www.ncbi.nlm.nih.gov/pubmed/12398575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12398575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19340897?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19340897?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16182895?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16182895?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16182895?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19527210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19527210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17647032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17647032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17647032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15184441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15184441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15184441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16002184?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16002184?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16002184?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2828418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2828418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18039796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18039796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18039796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18039796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18039796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18039796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19303562?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19303562?dopt=Abstract

Wei et al. BMIC Microbiology 2011, 11:217
http://www.biomedcentral.com/1471-2180/11/217

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

Stubbs SL, Brazier JS, O'Neill GL, Duerden BI: PCR targeted to the 165-23S
rRNA gene intergenic spacer region of Clostridium difficile and
construction of a library consisting of 116 different PCR ribotypes. J Clin
Microbiol 1999, 37(2):461-463.

Karjalainen T, Saumier N, Barc MC, Delmee M, Collignon A: Clostridium
difficile genotyping based on slpA variable region in S-layer gene
sequence: an alternative to serotyping. J Clin Microbiol 2002,
40(7):2452-2458.

Marsh JW, O'Leary MM, Shutt KA, Pasculle AW, Johnson S, Gerding DN,
Muto CA, Harrison LH: Multilocus variable-number tandem-repeat
analysis for investigation of Clostridium difficile transmission in
Hospitals. J Clin Microbiol 2006, 44(7):2558-2566.

van den Berg RJ, Schaap |, Templeton KE, Klaassen CH, Kuijper EJ: Typing
and subtyping of Clostridium difficile isolates by using multiple-locus
variable-number tandem-repeat analysis. J Clin Microbiol 2007,
45(3):1024-1028.

Goorhuis A, Legaria MC, van den Berg RJ, Harmanus C, Klaassen CH,
Brazier JS, Lumelsky G, Kuijper EJ: Application of multiple-locus variable-
number tandem-repeat analysis to determine clonal spread of toxin A-
negative Clostridium difficile in a general hospital in Buenos Aires,
Argentina. Clin Microbiol Infect 2009.

Fawley WN, Freeman J, Smith C, Harmanus C, van den Berg RJ, Kuijper EJ,
Wilcox MH: Use of highly discriminatory fingerprinting to analyze
clusters of Clostridium difficile infection cases due to epidemic ribotype
027 strains. J Clin Microbiol 2008, 46(3):954-960.

Gurtler V: Typing of Clostridium difficile strains by PCR-amplification of
variable length 165-23S rDNA spacer regions. J Gen Microbiol 1993,
139(12):3089-3097.

Bidet P, Barbut F, Lalande V, Burghoffer B, Petit JC: Development of a new
PCR-ribotyping method for Clostridium difficile based on ribosomal RNA
gene sequencing. FEMS Microbiol Lett 1999, 175(2):261-266.

Indra A, Huhulescu S, Schneeweis M, Hasenberger P, Kernbichler S,

Fiedler A, Wewalka G, Allerberger F, Kuijper EJ: Characterization of
Clostridium difficile isolates using capillary gel electrophoresis-based
PCR ribotyping. J Med Microbiol 2008, 57(Pt 11):1377-1382.

Zaiss NH, Rupnik M, Kuijper EJ, Harmanus C, Michielsen D, Janssens K,
Nubel U: Typing Clostridium difficile strains based on tandem repeat
sequences. BMC Microbiol 2009, 9:6.

Griffiths D, Fawley W, Kachrimanidou M, Bowden R, Crook DW, Fung R,
Golubchik T, Harding RM, Jeffery KIM, Jolley KA, et al: Multilocus sequence
typing of Clostridium difficile. Journal of clinical microbiology 2010,
48(3):770-778.

Eidhin DN, Ryan AW, Doyle RM, Walsh JB, Kelleher D: Sequence and
phylogenetic analysis of the gene for surface layer protein, slpA, from 14
PCR ribotypes of Clostridium difficile. / Med Microbiol 2006, 55(Pt 1):69-83.
Conceicao T, Aires de Sousa M, de Lencastre H: Staphylococcal
interspersed repeat unit typing of Staphylococcus aureus: evaluation of
a new multilocus variable-number tandem-repeat analysis typing
method. J Clin Microbiol 2009, 47(5):1300-1308.

Schouls LM, van der Ende A, Damen M, van de Pol I: Multiple-locus
variable-number tandem repeat analysis of Neisseria meningitidis yields
groupings similar to those obtained by multilocus sequence typing. J
Clin Microbiol 2006, 44(4):1509-1518.

Chang CH, Chang YC, Underwood A, Chiou CS, Kao CY: VNTRDB: a
bacterial variable number tandem repeat locus database. Nucleic Acids
Res 2007, , 35 Database: D416-421.

Keim P, Van Ert MN, Pearson T, Vogler AJ, Huynh LY, Wagner DM: Anthrax
molecular epidemiology and forensics: using the appropriate marker for
different evolutionary scales. Infect Genet Evol 2004, 4(3):205-213.

Marsh JW, O'Leary MM, Shutt KA, Sambol SP, Johnson S, Gerding DN,
Harrison LH: Multilocus variable-number tandem-repeat analysis and
multilocus sequence typing reveal genetic relationships among
Clostridium difficile isolates genotyped by restriction endonuclease
analysis. J Clin Microbiol 2010, 48(2):412-418.

Dawson LF, Valiente E, Wren BW: Clostridium difficile-A continually
evolving and problematic pathogen. Infect Genet Evol 2009.

Rupnik M: Is Clostridium difficile-associated infection a potentially
zoonotic and foodborne disease? Clin Microbiol Infect 2007, 13(5):457-459.
Gurtler V, Mayall BC: Genomic approaches to typing, taxonomy and
evolution of bacterial isolates. Int J Syst Evol Microbiol 2001, 51(Pt 1):3-16.

Page 13 of 13

31, Gurtler V: The role of recombination and mutation in 165-23S rDNA
spacer rearrangements. Gene 1999, 238(1):241-252.

32, Chiou CS, Hung CS, Torpdahl M, Watanabe H, Tung SK, Terajima J, Liang SY,
Wang YW: Development and evaluation of multilocus variable number
tandem repeat analysis for fine typing and phylogenetic analysis of
Salmonella enterica serovar Typhimurium. Int J Food Microbiol 2010,
142(1-2):67-73.

33, Tanner HE, Hardy KJ, Hawkey PM: Coexistence of multiple multilocus
variable-number tandem-repeat analysis subtypes of Clostridium difficile
PCR ribotype 027 strains within fecal specimens. J Clin Microbiol 2010,
48(3):985-987.

34. Rocha EP, Danchin A, Viari A: Functional and evolutionary roles of long
repeats in prokaryotes. Res Microbiol 1999, 150(9-10):725-733.

35. van Belkum A, Scherer S, van Alphen L, Verbrugh H: Short-sequence DNA
repeats in prokaryotic genomes. Microbiol Mol Biol Rev 1998,
62(2):275-293.

36. Macdonald TE, Helma CH, Ticknor LO, Jackson PJ, Okinaka RT, Smith LA,
Smith TJ, Hill KK: Differentiation of Clostridium botulinum serotype A
strains by multiple-locus variable-number tandem-repeat analysis. App/
Environ Microbiol 2008, 74(3):875-882.

37. Liao JC, Li CC, Chiou CS: Use of a multilocus variable-number tandem
repeat analysis method for molecular subtyping and phylogenetic
analysis of Neisseria meningitidis isolates. BMC Microbiol 2006, 6:44.

38. Kato H, Nishi Y, Ohyama M, Nakamura M, lzumida S, Hashimoto S: [A case
of multiple recurrence of Clostridium difficile-associated diarrhea—
analysis of isolates from the patient using PCR ribotyping]. Nippon
Shokakibyo Gakkai Zasshi 2006, 103(2):168-173.

39. Lemee L, Dhalluin A, Testelin S, Mattrat MA, Maillard K, Lemeland JF,

Pons JL: Multiplex PCR targeting tpi (triose phosphate isomerase), tcdA
(Toxin A), and tcdB (Toxin B) genes for toxigenic culture of Clostridium
difficile. J Clin Microbiol 2004, 42(12):5710-5714.

40. Carrico JA, Silva-Costa C, Melo-Cristino J, Pinto FR, de Lencastre H,
Almeida JS, Ramirez M: lllustration of a common framework for relating
multiple typing methods by application to macrolide-resistant
Streptococcus pyogenes. J Clin Microbiol 2006, 44(7):2524-2532.

41. Hunter PR, Gaston MA: Numerical index of the discriminatory ability of
typing systems: an application of Simpson’s index of diversity. J Clin
Microbiol 1988, 26(11):2465-2466.

42. Grundmann H, Hori S, Tanner G: Determining confidence intervals when
measuring genetic diversity and the discriminatory abilities of typing
methods for microorganisms. J Clin Microbiol 2001, 39(11):4190-4192.

43. Spada E, Sagliocca L, Sourdis J, Garbuglia AR, Poggi V, De Fusco C, Mele A:
Use of the minimum spanning tree model for molecular epidemiological
investigation of a nosocomial outbreak of hepatitis C virus infection.

J Clin Microbiol 2004, 42(9):4230-4236.

doi:10.1186/1471-2180-11-217

Cite this article as: Wei et al: Comparison of PCR ribotyping and
multilocus variable-number tandem-repeat analysis (MLVA) for
improved detection of Clostridium difficile. BVIC Microbiology 2011 11:217.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central



http://www.ncbi.nlm.nih.gov/pubmed/9889244?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9889244?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9889244?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12089261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12089261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12089261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16825380?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16825380?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16825380?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17166961?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17166961?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17166961?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18216211?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18216211?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18216211?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7510324?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7510324?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10386377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10386377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10386377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18927415?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18927415?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18927415?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19133124?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19133124?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20042623?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20042623?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16388033?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16388033?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16388033?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19261783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19261783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19261783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19261783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16597884?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16597884?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16597884?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15450200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15450200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15450200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19955268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19955268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19955268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19955268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17331126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17331126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11211268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11211268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10571000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10571000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20573417?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20573417?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20573417?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20071546?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20071546?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20071546?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10673010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10673010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9618442?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9618442?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18083878?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18083878?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16686962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16686962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16686962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16506665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16506665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16506665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15583303?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15583303?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15583303?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16825375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16825375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16825375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3069867?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3069867?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11682558?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11682558?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11682558?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15365016?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15365016?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Identification and characterization of VNTR loci in C. difficile
	Capillary gel electrophoresis-based PCR ribotyping
	Dendrogram based on PCR ribotyping
	Congruence between groups of the PCR ribotype and MLVA
	Minimum spanning tree analysis of PCR ribotyping-related MLVA panels
	Discriminatory ability of MLVA panels
	Combined use of MLVA4 and MLVA10 for cluster detection

	Discussion
	Conclusions
	Methods
	Bacterial strains
	Specimen, epidemiological data collection, and bacterial isolation
	Isolate identification and toxigenic-type characterization Text for this sub-section
	VNTR identification and selection
	DNA preparation
	Sequence analysis
	Multilocus VNTR amplification
	Capillary gel electrophoresis-based PCR ribotyping
	Allelic diversity and typeability measurement
	Data analysis

	Acknowledgements
	Author details
	Authors' contributions
	References

