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ABSTRACT

Objectives: We report a patient case of pseudomembranous colitis associated with a monotoxin-
producing Clostridioides difficile belonging to the very rarely diagnosed polymerase chain reaction
(PCR) ribotype (RT) 151. To understand why this isolate was not identified using a routine commercial
test, we performed a genomic analysis of RT151.
Methods: Illumina short-read sequencing was performed on n = 11 RT151s from various geographical
regions to study their genomic characteristics and relatedness. Subsequently, we used PacBio circular
consensus sequencing to determine the complete genome sequence of isolates belonging to cryptic
clades C—I and C-II, which includes the patient isolate.
Results: We found that 1) RT151s are polyphyletic with isolates falling into clades 1 and cryptic clades C
—I and C-II; 2) RT151 contains both nontoxigenic and toxigenic isolates and 3) RT151 C-II isolates con-
tained monotoxin pathogenicity loci. The isolate from our patient case report contains a novel-
pathogenicity loci insertion site, lacked tcdA and had a divergent tcdB sequence that might explain the
failure of the diagnostic test.
Discussion: This study shows that RT151 encompasses both typical and cryptic clades and provides
conclusive evidence for C. difficile infection due to clade C-II isolates that was hitherto lacking. Vigilance
towards C. difficile infection as a result of cryptic clade isolates is warranted. Quinten R. Ducarmon, Clin
Microbiol Infect 2023;29:538.e1—-538.e6
© 2022 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology
and Infectious Diseases. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

C. difficile infection (CDI), symptoms of which can range from mild
and self-limiting diarrhoea to pseudomembranous colitis, toxic

Clostridioides difficile is a gram-positive, spore-forming anaer-
obic bacterium and the leading cause of antibiotic-associated
diarrhoea, both in healthcare facilities and the community [1].
C. difficile can produce several toxins (toxin A or TcdA, toxin B or
TcdB and the binary toxin or CDT) and these are responsible for

* Corresponding author. Wiep Klaas Smits, Department of Medical Microbiology,
Postzone E4-P, Leiden University Medical Center, Albinusdreef 2, 2333 ZA, Leiden,
The Netherlands.

E-mail address: w.k.smits@lumc.nl (W.K. Smits).

https://doi.org/10.1016/j.cmi.2022.12.003

megacolon and ultimately death [1]. Phylogenetic analyses have
revealed that most C. difficile isolates associated with human and
animal disease fall within five clades [2]. In recent years, reports
have appeared on (mainly environmental) isolates that are phylo-
genetically distinct from these five clades, but rather fall within at
least three so-called cryptic clades (C—I, C-II and C-III) that can be
considered a separate genomospecies [2—5]. Though cryptic clade
isolates can contain toxin genes [2,4—6], knowledge about the
occurrence and clinical significance of these isolates is limited.
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Within clades 1-5, the pathogenicity locus harbouring the tcdA
and/or tcdB genes is generally located at a consistent location in the
C. difficile genome (cdul/cdd1) and further includes several other
genes (tcdR, tcdC and tcdE) [6,7]. Importantly, isolates belonging to
the cryptic clades C—I and C-III can have divergent pathogenicity
locus (PaLoc) sequences and atypical PaLoc insertion sites that can
impact diagnostic tests [2,4,6,8].

Here, we report a case of human CDI caused by an RT151 clade C-
I isolate for which initial diagnostic tests using Cepheid Xpert
C. difficile BT (XCBT) assay were negative, even though C. difficile
could be cultured from patient faeces and clinical symptoms cor-
responded to a CDI case. We show that the cryptic C-II isolate
cultured from this patient contains a monotoxin B PaLoc at a novel
location and that other RT151 isolates fall in phylogenetically
divergent clades 1, C—I and C-II.

Methods

RT151 isolates analysed as part of this study were derived from
various national and international studies in which the Dutch Na-
tional Expertise Center for C. difficile at Leiden University Medical
Center (LUMC) participated and had isolates available. The isolates
originated from Greece, Malta, The Netherlands and Spain between
2011 and 2021. Detailed information on all ribotype (RT) 151 iso-
lates, including relevant accession numbers, sequence types (STs),
clade and metadata is provided in Table S1

[solates were cultured on TSS plates (Tryptic Soy Agar with 5%
sheep blood; bioMérieux, The Netherlands) or CLO plates (selective
C. difficile medium containing cefoxitin, amphotericin B and
cycloserine; bioMérieux, The Netherlands). Capillary electropho-
resis PCR ribotyping was performed at the LUMC, according to
standard procedures [9]. Faeces samples and C. difficile isolates
were analysed using the XCBT assay (Cepheid), which targets tcdB,
cdtA and a variant tcdC gene associated with epidemic strains, ac-
cording to the manufacturer's instructions. They were further
characterized using an in-house multiplex PCR targeting the 16S
rRNA gene, gluD and the toxin genes [10] or a PCR targeting tcdB
alone [11]. Toxin status was additionally assessed using a cell
cytotoxicity neutralization assay (CCNA) using 0.4 uM filter-
sterilized culture supernatant from a 48-hour culture in brain-
heart infusion broth on VeroE6 cells, using purified toxins
(SML1153-2UG, Lot No SLBT4085, Sigma) and neutralizing anti-
TcdA/B antitoxin (T1000, Lot No 1015235, Techlab) [12]. Superna-
tants from 48-hour brain-heart infusion cultures were also ana-
lysed using the VIDAS C. difficile Toxin A & B (bioMérieux),
according to the manufacturer's instructions. For detailed methods,
please see supplementary material.

Results

Case description and identification of an RT151 isolate from a CDI
patient

A patient at the University Medical Center Utrecht developed
diarrheal complaints after an allogeneic stem cell transplantation
complicated by graft failure and prolonged neutropenia. Faeces
initially tested positive for norovirus and sapovirus, but diarrhoea
persisted despite negative diagnostic tests for a panel of gastroin-
testinal pathogens, including the XCBT assay. Macroscopic findings
during colonoscopy and colon biopsies were suggestive of pseu-
domembranous colitis and showed no signs of graft-versus-host
disease. Faecal samples were culture-positive for C. difficile,
despite a negative XCBT assay. After the initial resolution of
symptoms on vancomycin treatment, the patient experienced a
relapse that spontaneously resolved. Faecal material from the
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relapse was again culture-positive for C. difficile as well as an in-
house developed PCR targeting the toxin B gene [11], but nega-
tive in the XCBT assay. Both isolates were then sent to the Dutch
National Expertise Centre for C. difficile at the LUMC (LUMCMM21
0001 and LUMCMM21 0003) and were found to be RT151 with the
help of capillary PCR ribotyping (Fig. S1). A more detailed case
description is provided as supplementary material. The patient
provided written informed consent.

RT151 isolates have different toxin profiles

We retrieved all isolates (n = 7) typed as RT151 using either
agarose gel-based ribotyping or capillary electrophoresis-based
PCR ribotyping from the collection of the Dutch National Exper-
tise Center for C. difficile, which encompasses >22 000 isolates
collected since 2005. This shows that RT151 is a rarely diagnosed
PCR ribotype (<0.035%).

Five of the isolates were nontoxigenic C. difficile and two were
toxigenic based on a multiplex PCR. The isolates obtained from the
case described above (LUMCMM21 0001/00 03) were positive for
the gene encoding toxin B, but not the gene encoding toxin A
(A”B™), whereas an isolate obtained from a patient in Malta in 2019
(LUMCMM19 2333) had a monotoxin A (A*B~) PaLoc; neither of the
isolates contained the binary toxin locus, according to the PCR
results.

We also assessed toxigenicity using a diagnostic enzyme-linked
fluorescent assay (VIDAS, bioMérieux) and a VeroE6-based CCNA
and found that only LUMCMM21 0001/0003 tested positive for
toxin production under the conditions tested (Table S1).

Core genome phylogeny places some RT151 isolates in cryptic clade
C—I and C-1l

Next, we performed Illumina short-read whole genome
sequencing (WGS). In addition to the seven RT151 isolates obtained
from our in-house collection, the United Kingdom Anaerobic
Reference Unit provided WGS data from four additional RT151
isolates. Isolates LUMCMM21 0001 and LUMCMM21 0003 were
indistinguishable in a detailed analysis (data not shown).

By placing the eleven RT151 isolates into a phylogenetic tree
with representative isolates from cryptic clades I-IIl and all
“classical” clades, we assigned the RT151 isolates to their
respective clades (Fig. 1). The majority (n = 8) of our RT151 isolates
belonged to clade 1 and multilocus sequence type ST205 (or a
highly related ST type; ST205-like) (Table S1 and Fig.1). Then =4
RT151 isolates obtained from the United Kingdom Anaerobic
Reference Unit fell into ST205 (or ST205-like) groups and were,
therefore, not further analysed. Three of the isolates in our ana-
lyses were classified into cryptic clades, with two independent
isolates belonging to clade C-II (LUMCMM21 0001/0003 and
LUMCMM19 2333) and one isolate to clade C—I (LUMCMM16
0013). An analysis of the average nucleotide identities (ANI) of the
cryptic C-II isolates versus all other genomes shows that these
isolates have ANIs of >98.7% against other C-II isolates, but that
ANI values to other clades fall well below the 96% that is consid-
ered a cut-off for the same species (Fig. 1(B) and (C)) [13].

A clustering analysis based on accessory genome was consistent
with the core genome phylogeny as it clearly shows clustering of
the ST205(-like) isolates, with a divergent accessory genome of the
cryptic clade isolates (Fig. 1(D)).

These data demonstrate that C. difficile ribotype 151 is poly-
phyletic with isolates from the same ribotype falling into two
different cryptic clades as well as a “classical” clade, which has not
been reported before.
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Fig. 1. RT151 isolates are part of clade 1, cryptic clade C—I and C-II and belong to various STs. (A) The tree was rooted at the midpoint in iTOL version 6. Detailed information,
including the depicted classifications, are available in Table S1. (B) ANI calculations of LUMCMM21 0001/0003 versus all other included isolate genomes. (C) ANI calculations of
LUMCMM19 2333 versus all other included isolate genomes. (D) Clustering using accessory genome content recapitulates core genome phylogeny. Black denotes the presence of a
gene, white denotes the absence of a gene. The clustering of accessory genes was performed using the complete linkage method with Euclidian distances in the ComplexHeatmap
package [24]. Detailed information, including the depicted classifications, are available in Table S1 and supplemental material. ANI, average nucleotide identities; RT, ribotype; ST,

sequence types.

Cryptic clade C-II RT151 isolates can have a monotoxin
pathogenicity locus at a novel insertion site

Based on our initial WGS, we were unable to recover Paloc se-
quences on a single contig for all isolates and, importantly, genomic
neighbourhoods around the PaLoc could not be fully resolved. In
particular, for LUMCMM21 0003, tcdB was contained on an 18-kb

contig lacking flanking chromosomal regions. Additionally, we
noted limited homology to the pHSJD-312 plasmid (Fig. S2(a)),
which carries a similar PaLoc [8]. However, in contrast to the PaLoc
on this plasmid, the LUMCMM21 0003 PaLoc lacked the binary
toxin genes cdtA and cdtB.

To identify the PaLoc insertion site and to establish whether it is
carried on a plasmid, we generated complete genomes for the three
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cryptic clade RT151 isolates using PacBio circular consensus
sequencing (Table 1). The nontoxigenic C—I isolate (LUMCMM16
0013) was found to contain extrachromosomal elements of 132 kb
and 60 kb, which are classified in a PHASTER prediction [14] as
possible and putative phage, respectively. The tcdB-positive C-II
isolate (LUMCMM21 0003) consisted of a single contig, demon-
strating that the toxin gene is not carried on a plasmid. The tcdA-
positive C-II isolate (LUMCMM19 2333) harbours a 13-kb extra-
chromosomal element, but this putative plasmid does not contain
the toxin gene. Thus, in contrast to reports from C—I strains that
carry toxins on a plasmid (as well as on the chromosome at an
unresolved location) [4,8], the C-Il RT151 isolate appears to carry its
toxin solely on the chromosome. DiffBase [15] classifies the
LUMCMMZ21 0003 TcdB as subtype B12, and the LUMCMM19 2333
TcdA as subtype A7.

PacBio sequencing also allows us to identify motifs associated
with m4C and m6A methylation events (Table S2). Methylation has
been reported to affect the virulence characteristics of C. difficile
[16]. Notably, all strains contain the CamA-dependent modification
of CAAAAA sequences (modified residue in bold) [16,17], indicating
that the action of this methyltransferase is conserved in the RT151
C—I and C-II strains. We also observed m6A methylation on a subset
of CAAAAAASNV motifs in the C-II strains, but not the C—I strain,
suggesting it may be specific for clade C-II. Finally, we observed
m4C modification on a subset of CTATTATCW motifs in the C-II
strains that may be conserved in C—I strains (CWATTATCW). This
motif has not previously been identified by others [16].

Next, we investigated the genomic location of the PaLocs of the
RT151 isolates by aligning the observed insertion sites to those
known ones from the literature (Fig. 2(A)) [4,6,18]. This revealed
that the PaLoc in the Dutch C-II isolate (Fig. 2(B)) is inserted at a
location that has not previously been described, between genes
homologous to cd0628 and cd0629 of strain 630 that encode a
putative membrane protein and transcriptional regulator, respec-
tively (Fig. 2(C)).

Discussion

Here, we show that the rare PCR ribotype RT151 of C. difficile is
polyphyletic and includes pathogenic isolates from cryptic clade C-
Il with monotoxin pathogenicity loci that can escape routine di-
agnostics. We also describe a novel insertion site for the PaLoc in
cryptic clade C-II isolates.

The prevalence of RT151 reported here is in line with findings of
the Leeds Teaching Hospitals NHS Trust and the University of Leeds
that report a prevalence for RT151 of <0.03% with varying toxin
status in a CCNA (personal communication K.A. Davies and ]J.
Freeman). An analysis of a global collection of n = 12 098 C. difficile
genome sequences yields a prevalence of 0.033% for ST205 [2],
which constitutes the majority of RT151 isolates.

We find that RT151 strains fall into distinct phylogenetic groups
(clade 1, clade C—I and clade C-II) based on MLST. Though there
generally is good concordance between PCR ribotype and MLST-

based approaches [19—21], this finding underscores that PCR
ribotyping is insufficiently discriminatory for phylogenetic
placement.

We assert that C-II strains may previously have been mis-
classified or not identified as such. The toxin A-negative toxin B-
positive toxin type XXXII strain 173 070 [5] contains a multigene
insertion interrupted by an IS256 insertion element at its cdu1-cdd1
locus and its PaLoc has a tcdR-tcdB-tcdE architecture, lacks the bi-
nary toxin genes and has a divergently transcribed transcriptional
regulator gene upstream from tcdR (presumably cdtR), similar to
LUMCMMZ21 0003. By downloading raw reads (SRR1514909) and
performing ANI analyses on the assembled genome, we confirmed
that 173 070 is a cryptic C-Il isolate (data not shown). This is in line
with the SLO148 ribotype [5] being highly similar to RT151 (data
not shown) and the reported ST (ST200) being classified as C-II in
other studies [2,22]. Strain RA09-70 [6] has its PaLoc inserted be-
tween spoVAE and cd0776, similar to LUMCMM19 2333 (Figs. 1(a),
Fig. S2). RA09-70 was classified as clade 5 [6] but the phylogenetic
analysis by the authors of the article included only strains from
clade 1-5 and C-I. Using the deposited genome assembly
(GCF_001299495.1), we confirmed through ANI analyses that
RA09-70 is, in fact, a clade C-II isolate (data not shown).

To the best of our knowledge, this study is the first to conclu-
sively link a clade C-II isolate to human disease, although the data
above indicate that clade C-II isolates could be more common than
hitherto assumed. Diagnosis of CDI due to LUMCMM21 0001/0003
was hampered by the fact that faecal samples as well as C. difficile
isolates tested negative in the XCBT assay used by many labora-
tories worldwide. Toxin gene sequences of cryptic clade isolates
differ significantly from those of regular clade 1-5 isolates leading
to false negative results [3—5]. Owing to the proprietary nature of
the XCBT assay, we could not confirm that this failure is due to
mismatches between the primers used in the assay and the C-II
tcdB sequence but we have informed the company and provided the
WGS data to investigate this further. We do note that positive
identifications were made using the European Centre for Disease
Prevention and Control-endorsed multiplex PCR (relating to little
or no mismatches in the primer sequence compared to the
genome).

Toxin-based assays (CCNA and VIDAS) demonstrated toxin
production for the monotoxin B isolate (LUMCMM21 0001/0003),
but not the monotoxin A isolate (LUMCMM19 2333). Though the
latter was isolated from a hospitalized patient, lack of metadata
prevented us to establish whether the patient had symptoms
consistent with CDI; it remains to be established if this isolate is
pathogenic. Recently, it has been reported that toxin A-positive
toxin B-negative C-III strains cannot be identified on ChromID agar
owing to their esculin-negative nature [23]. We found, however,
that all RT151 strains, including those belonging to clades C—I and
C-II, were esculin-positive (Table S1).

To date, reports of cryptic clade isolates that cause human CDI
are very rare. However, our study adds to the increasing body of
evidence that such isolates can cause CDI. Increased vigilance is

Table 1
Genome characteristics of the cryptic clade ribotype 151 isolates
Isolate Clade Size (bp) %GC #ORFs GenBank
LUMCMM16 0013 Cc-1 4169505 (chromosome) 28.8% 3747 GCA_945909635
132414 (possible phage) 26.3% 174
59572 (putative phage) 26.6% 79
LUMCMM21 0003 C-II 4108918 (chromosome) 28.7% 3688 GCA_945861085
LUMCMM19 2333 C-II 4424808 (chromosome) 28.7% 4020 GCA_945909465
12730 (putative plasmid) 25.9% 17

bp, base pair; %GC, guanine-cytosine content (in per cent); ORF, open reading frame; #, number of.
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Fig. 2. Structure of the monotoxin pathogenicity locus and PaLoc insertion sites of two cryptic clade-II RT151 strains. (A) Overview of known PaLoc insertion sites (above the lines)
[4,6] and the novel PaLoc insertion site (below the line) identified in the present study. Three sites are located on the chromosome (nomenclature from RT012 reference strain 630)
[18] and one is located on a plasmid (nomenclature from clade C—I strain HSJD-312) [4,8]. (B) Structure of the PaLoc in the A"B" RT151 clade C-II strain (LUMCMM21 0001/0003)
showing all open reading frames predicted using Prokka [25]. Genes involved in transposition or recombination are indicated in red, hypothetical genes with homology to the PaLoc
on pHSJD-312 are indicated in grey, genes encoding toxin regulators are indicated in green, toxin gene is in orange and the holin gene in purple. (C) Alignment of the chromosomal
region incorporating the cd0628-cd0629 insertion site for RT151 isolates in comparison with the RT012 reference strain 630 [18]. RT151 clade 1 is LUMCMM11 0004, RT151 clade C—I
is LUMCMM16 0013, RT151 clade C-II is LUMCMM21 0001/0003 (The Netherlands) and LUMCMM19 2333 (Malta). Figure was generated using clinker [26]and centred on cd0628.
Coloured arrows indicate similar genes; links are drawn between similar genes on neighbouring clusters and are shaded on the basis of sequence identity (0% white, 100% black,

identity threshold for visualization 0.35). PaLoc, pathogenicity loci; RT, ribotype.

warranted towards CDI as a result of cryptic clade isolates as these
isolates can escape routine diagnostics owing to divergent toxin
sequences and PaLoc insertion sites.
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