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C. difficile plasmids

A subset of clinical isolates of Clostridioides difficile contains one or more plasmids and these plasmids can harbor
virulence and antimicrobial resistance determinants. Despite their potential importance, C. difficile plasmids
remain poorly characterized. Here, we provide the complete genome sequence of a human clinical isolate that
carries three high-copy number plasmids from three different plasmid families that are therefore compatible. For
two of these, we identify a region capable of sustaining plasmid replication in C. difficile that is also compatible
with the plasmid pCD630 that is found in many laboratory strains. Together, our data advance our understanding
of C. difficile plasmid biology.

1. Introduction

The Gram-positive anaerobic spore-forming bacterium Clostridioides
difficile is responsible for healthcare-associated and community-
acquired infectious diarrhea with potentially fatal consequences
(Smits et al., 2016). The symptoms of a C. difficile infection (CDI) are
related to the expression of one or more toxins, but virulence of this
bacterium is multifactorial (Vedantam et al., 2012). Up to 25% of pa-
tients experiences a recurrent infection (rCDI), and this percentage can
increase up to 65% if a patient has experienced one or more recurrences
(Smits et al., 2016).

In many Gram-positive pathogens, virulence factors are encoded on
plasmids (Adams et al., 2014; Schwarz et al., 2014). For C. difficile,
sporadic reports indicate that toxins and resistance determinants can be
carried on extrachromosomal elements (Boekhoud et al., 2020; Pu et al.,
2021; Ramirez-Vargas and Rodriguez, 2020). It is estimated that
~10-70% of C. difficile isolates carry one or more plasmids, but infor-
mation on plasmid functions is sparse (Smits et al., 2022). Though
mobilization of certain C. difficile plasmids has been suggested

(Boekhoud et al., 2020; Pu et al., 2021; Ramirez-Vargas and Rodriguez,
2020), this has not been experimentally demonstrated like for Clos-
tridium perfringens plasmids (Adams et al., 2014). Based on average
nucleotide identity, plasmids in sequenced C. difficile isolates can be
grouped into at least 7 families (Hornung et al., 2019). Most plasmids
belong to the pCD630/pCD-WTSI1 and pCD-ECE6/pCD6 families, but
no phenotypic consequence of carrying these plasmids has been
demonstrated (Hornung et al., 2019; Purdy et al., 2002; Smits et al.,
2018). Plasmids from the families of pCD-ECE1 and pCD-ECE4 families
range in size from 6 to 7.3 kb and 5-22 kb, respectively, and have no
characterized functions (Hornung et al., 2019).

Very few replicons have been identified and almost no experimental
evidence on plasmid compatibility is available. Regions sufficient for
replication in C. difficile have been cloned from the plasmids pCD6 and
pCD-METRO from strains CD6 and IB136, respectively (Boekhoud et al.,
2020; Purdy et al., 2002). The pCD6 replicon encodes a RepA replication
initiation protein with similarity to RepA of C. perfringens plasmid
pIP404 (Purdy et al., 2002) and sustains a copy number of 4-10 (Ransom
et al.,, 2015). The pCD-METRO replicon includes ORF5, a predicted
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replication protein, and sustains a copy number > 25 (Boekhoud et al.,
2020).

An in silico analysis of publicly available sequence data indicates that
multiple plasmids can occur in a single isolate and suggests that specific
families of plasmids may co-exist (Smits et al., 2022; Hornung et al.,
2019), but these predictions have not been validated experimentally.

Here, we show carriage of plasmids from three different plasmid
families in a single isolate of C. difficile derived from a human patient
and report on the identification of a region sufficient for plasmid
maintenance for two of these plasmids. Together, these data advance our
understanding of C. difficile plasmid biology.

2. Materials and methods
2.1. Bacterial strain and growth conditions
All bacterial strains are listed in Table 1.

Isolates were routinely cultured on TSS plates (Tryptic Soy Agar with
5% sheep blood, bioMérieux, The Netherlands) or CLO plates (selective

Table 1
Strains.
Strain Description Reference
Clostridioides difficile
JMR1 Human clinical isolate; RT081. Contains This study
three plasmids.
JMR2 Human clinical isolate; RT081. Contains This study
three plasmids.
JMR5 Human clinical isolate; RT081. Contains This study
pJMR5-1, pJMR5-4 and pJMR5-W
plasmids.
JMR7 Human clinical isolate; RT081. Contains This study
three plasmids.
630Aerm Laboratory strain; RT012. (van Eijk et al., 2015;
Hussain, 2005)
JIR8094 Laboratory strain; RT012. (O’Connor et al.,
2006)
DSMZ Laboratory strain; RT012. (Riedel et al., 2015)
28645

Escherichia coli
AP24 DH5a x pAP24 (pRPF185-derived vector (Oliveira Paiva et al.,
containing sluc®" and pCD6 replicon, catP) ~ 2016)
DH5a fhuA2 lac(del)U169 phoA ginV44 #80’ lacZ Laboratory stock
(deDDM15 gyrA96 recAl relAl endAl thi-1
hsdR17
1B80 DH5a x pIB80 (pRPF185-derived vector (Boekhoud et al.,
containing sluc®® and pCD-METRO 2020)
replicon, catP)
DH5a x pJMR20 (pAP24-derived vector
containing pJMR5-1 ORF8 and flanking
intergenic regions)
DH5a x pJMR25 (pAP24-derived vector
containing pJMR5-1 ORF7-ORF10 and
flanking intergenic regions)
DH5a x pJMR28 (pAP24-derived vector
containing pJMR5-W ORF1 and flanking
intergenic regions)
DH5a x pJMR33 (pAP24-derived vector
containing pJMR5-4 ORF5 and flanking
intergenic regions)
DH5a x pJMR46 (pAP24-derived vector
containing pJMR5-4 ORF1-5 and flanking
intergenic regions)
DH5a x pJMR51 (pAP24-derived vector
containing pJMR5-1 ORF8-10 and flanking
intergenic regions)
DH5a x pJMR52 (pAP24-derived vector
containing pJMR5-1 ORF7-8 and flanking
intergenic regions)
DH5a x pJMR57 (pAP24-derived vector
containing pJMR5-W ORF1-4 and flanking
intergenic regions)

JMR20 This study

JMR25 This study
JMR28 This study
JMR33 This study
JMR46 This study
JMR51 This study
JMR52 This study

JMR57 This study
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C. difficile medium containing cefoxitin, amphotericin B and cycloserine,
bioMérieux, The Netherlands). Capillary electrophoresis PCR ribotyping
was performed at the Dutch National Reference Laboratory for
C. difficile, according to standard procedures (Fawley et al., 2015) and
further characterized using a multiplex PCR targeting the 16S rRNA
gene, gluD, and the genes encoding the large clostrididal toxins (tcdA and
tcdB) and binary toxin (cdtA and cdtB) (ECDC, 2018).

Laboratory strains of C. difficile were cultured anaerobically at 37 °C
in liquid BHIY (1.5% w/v Brain Heart Infusion [Oxoid], 0.5% w/v yeast
extract [Sigma]) or on BHIY agar plates (BHIY, 1.5% agar w/v), sup-
plemented with C. difficile selective Supplement (CDSS [Oxoid]) or
colistin (50 pg/mL) and 15-25 pg/mL thiamphenicol when appropriate,
in a Don Whitley VA-1000 workstation (10% CO», 10% Hj and 80% No
atmosphere). E. coli strains were cultivated aerobically at 37 °C, 200 rpm
in Luria-Bertani (LB) broth or on LB agar plates, supplemented with 50
pg/mL ampicillin, 25 pg/mL chloramphenicol and/or 50 pg/mL kana-
mycin when required. Stocks were made in 15% w/v glycerol and stored
at —80 °C.

2.2. DNA isolation and whole genome sequencing of C. difficile

Initial analysis of the draft genome of strain JMRS5, including the
tentative identification and annotation of extrachromosomal elements,
was performed based on short-read Illumina sequence data
(ERS2564723 from PRJEB25045) as described (Hornung et al., 2019;
Crobach et al., 2022). The complete genome was generated based on
long read sequencing on the Pacific Biosciences (PacBio) Sequel plat-
form. To prepare high molecular weight total DNA, cells from 5 mL of
overnight culture were pelleted and processed using the Qiagen
Genomic-tip 100/g, according to the manufacturer’s instructions. Pac-
Bio sequencing libraries were generated according to the manufacturer’s
multiplexed microbial library preparation protocol, part number
101-696-100, version 7, July 2020 release using the SMRTbell Express
Template Prep Kit v2.0 with the following modifications: genomic DNA
was sheared using Speed 34 on the Megaruptor 3 (Diagenode) and an
additional size selection step of 6-50 kb fragments on the Blue Pippin
(Sage Science) was included for the final SMRT bell library. The libraries
were sequenced on a Sequel II platform (Pacific Biosciences) using the
Sequel II Binding Kit v2.0, Sequencing Primer v4, Sequencing Kit v2.0
and a 30 h movie time.

2.3. Data analysis and visualization

Raw PacBio sequence data was assembled using Flye (v2.9) (Kol-
mogorov et al., 2019) and the start position was fixed using Circlator and
the “fixstart” parameter (Hunt et al., 2015). Assembly quality was sub-
sequently inspected using QUAST (Gurevich et al., 2013) and assembly
completeness using BUSCO (v5.3.2, dataset clostridia_odb10 creation
date 2020-03-06) (Manni et al., 2021). Prokka (v1.14.6) was used for
rapid genome annotation and to obtain protein sequences, with the
“~kingdom Bacteria”, “~genus Clostridioides” and “-species difficile”
parameters (Seemann, 2014). Multi-locus sequence typing (MLST) was
performed using mlst (v2.19.0) with the PubMLST C. difficile database
updated to October 21st 2021 (Jolley et al., 2018). Alignments of
plasmid families were visualized using clinker (Gilchrist and Chooi,
2021). Amrfinderplus (v3.1.23) (Feldgarden et al., 2021) with the
database version of December 21st 2021 was run to identify acquired
antimicrobial resistance (AMR) genes, genes with point mutations
conferring resistance to antimicrobials (specifically gyrA, gyrB, murG,
rpoB, rpoC and 23S) and virulence factors (including the C. difficile toxin
genes) with the following options: “n” “-organism Clos-
tridioides_difficile”,”—plus”. The MobileElementFinder (Johansson
et al., 2021), ISFinder (https://www-is.biotoul.fr/search.php), TnCen-
tral (https://tncentral.proteininformationresource.org/index.html) and
PHASTER (Arndt et al., 2016) webservers were used to detect potential
mobile elements and (pro)phages with default settings. To calculate
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mean read depth, Illumina reads were mapped onto the complete
genome (chromosome and plasmids) using minimap2 (v2.24-r1122) (Li,
2018). The obtained alignment file was indexed and sorted using sam-
tools (v1.15.1) and samtools depth was used to compute the read depth
at each position of the chromosome, while samtools coverage was used
to obtain the mean depth per contig (chromosome and plasmids) (Li
et al., 2009).

All figures were prepared using software from Adobe Photoshop and
Mlustrator 2021 (Adobe, Inc.), using exports from the tools indicated
above.

2.4. Data and code availability

Raw sequence data generated for this study is available at the Eu-
ropean Nucleotide Archive under BioProject PRJEB53950. All bio-
informatic tools used for the analyses are freely available through the
references provided. Plasmid sequences have also been deposited inde-
pendently as ON887052 (pJMR5-1), ON887053 (pJMR5-4) and
ON887054 (pJMR5-W) in GenBank. The complete genome sequence of
JMRS5 is GCA_944989955.1 (assembly)/ERS12289077 (sample). Previ-
ously generated whole genome sequences (Crobach et al., 2022) are
available under BioProject number PRJEB25045. Sequences for pCD-
ECE1 (LR594544.1), pCD-ECE4 (LR594545.1), pCD630 (AM180356.2)
and pCD-WTSI1 (MG019959.1) were retrieved from GenBank.

2.5. Confirmation of extrachromosomal nature of the plasmids

In order to confirm the extrachromosomal nature of the plasmids, a
PlasmidSafe DNase (PSD; Epicentre) experiment was performed as
described previously (Boekhoud et al., 2020). In short, total genomic
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DNA was isolated and incubated in the presence or absence of PSD for
24 h. Chromosomal DNA is fragmented and susceptible for degradation
by PSD in this procedure, whereas small circular double stranded DNA
(plasmids) is not. After incubation, the remaining DNA was purified and
amplified with primers specific for loci on the chromosome (0oWKS-
1070/0WKS-1071), pJMR5-1 (0AR-1/0AR-2), pJMR5-4 (0AR-3/0AR-
4) and pJMR5-W (0AR-5/0AR-6) using MyTaq DNA polymerase (Mer-
idan) according to the instructions of the manufacturer. The sequences
of all oligonucleotides are listed in Table 2. The obtained DNA fragments
were separated on a 1% agarose 0.5x TAE (20 mM Tris, 10 mM acetic
acid, 0.5 mM EDTA) gel, stained with ethidium bromide and imaged on
an Essential V6 imaging platform (Uvitec).

2.6. Molecular biology procedures

A series of vectors was constructed harboring fragments of the
pJMRS5-plasmids, to determine regions that are functional as a replicon
in C. difficile. All vectors were constructed with restriction/ligation
cloning using a linearized pAP24-based vector (Oliveira Paiva et al.,
2016) as the backbone and a DNA fragment of interest as insert. Plas-
mids were isolated from 1 mL overnight culture using NucleoSpin
Plasmid Easypure columns (Macherey-Nagel) from the Plasmid Easy-
pure Kit (Nucleospin).

Putative replicon fragments were obtained through amplification
PCR using high fidelity enzyme Q5 DNA polymerase (NEB) and primers
including a KpnlI or Ncol restriction site (Table 2). After digestion with
Kpnl/Ncol, the amplicons were ligated into similarly digested pAP24-
backbone (Oliveira Paiva et al., 2016), as described previously (Boe-
khoud et al., 2020), and transformed to E.coli DH5a with selection on
chloramphenicol-containing LB agar plates. All constructs were verified

Table 2
Oligonucleotides used in this study. Relevant restriction sites are underlined.

Name Sequence 5' > 3 Description Reference

0AR-1 TTGATTTATTTTTATAGTGGAACTAATGGC pJMR5-1 Forward This study

0AR-2 ACACCATACCAAGTATAAACAGC pJMR5-1 Reverse This study

0AR-3 AGGTATGGAGCAATCAGAAAAAG pJMR5-4 Forward This study

0AR-4 GTTTTTTATAATCTTCTGGTTGCATGTG pJMR5-4 Reverse This study

0AR-5 GGAACATGATTTATATAGCCTAATAAT pJMR5-W Forward This study

0AR-6 CTGTCACAGGGTTTGGAAG pJMR5-W Reverse This study

0AR-12 GTGGTACCTCAACATCATTAAAAGTAACTATCA Cloning of pJMR5-1 replicon Forward This study

0AR-13 CTCCCATGGAATTCTTAAATAGTTTGACATTTAG Cloning of pJMR5-1 replicon Reverse This study

0AR-14 GTGGTACCAAAAGCACCTCCTTATAAAC Cloning of pJMR5-1 replicon Forward This study

0AR-15 CTCCCCATGGAGGAAGTATTTATTTGAACTTTTAG Cloning of pJMR5-1 replicon Reverse This study

0AR-16 GTGGTACCAGCTACTTTCAACCTTTCATG Cloning of pJMR5-W replicon This study
Forward

0AR-17 CTCCCATGGTATTAAAACCGTCAATTATACTTTTATTAATG Cloning of pJMR5-W replicon This study
Reverse

0AR-18 GTGGTACCAAAGTGATTTTTTATATATTATTATGAATA Cloning of pJMR5-4 replicon Forward This study

0AR-19 CTCCCATGGCTAATTTTTATTAACTAATCTACTTACT Cloning of pJMR5-4 replicon Reverse This study

0AR-20 GTGGTACCTATGTGAAGAAGAATGATTTATATG Cloning of pJMR5-4 replicon This study
Forward

0AR-21 AAAACGGCTTAATTTCAATAC Sequencing replicons This study

0AR-22 CCATACTCACTTTTGCCC Sequencing replicons This study

0AR-23 ACATGCTACAGAAGGTAAGAACGT Sequencing replicons This study

0AR-24 GGTATCTTATCATATGCACC Sequencing replicons This study

0AR-25 CTTTAGGTAGTCAAAAAGC Sequencing replicons This study

0AR-26 CCATTGAATTTTATGAATGAATATG Sequencing replicons This study

0AR-27 AGGTCTATTCGTATCAGC Sequencing replicons This study

0AR-28 GCCTAGTATATCATCGCAG Sequencing replicons This study

0AR-29 GTATAAATAGTCACATAACTCTATAG Sequencing replicons This study

0AR-31 CTCCCATGGTGTATGATTTTCTTTGCTGTTTTTAC Cloning of pJMR5-W replicon This study
Reverse

0AR-36 ATGCTATGTTTTGATGAGTATATGCT Sequencing replicons This study

0AR-37 CTGTACGTTTGTTAATTTAGTTTAAGTGA Sequencing replicons This study

oWKS-1070 GTCTTGGATGGTTGATGAGTAC Targeting chromosome (gluD Forward) (Smits et al., 2018)

oWKS-1071 TTCCTAATTTAGCAGCAGCTTC Targeting chromosome (gluD Reverse) (Smits et al., 2018)

0WKS-1387 CAGATGAGGGCAAGCGGATG Verification of transconjugants (traJ Forward) (Boekhoud et al., 2020)

oWKS-1388 CGTCGGTGAGCCAGAGTTTC Verification of transconjugants (traJ Reverse) (Boekhoud et al., 2020)

oWKS-1633 AAAGTAGTTACGGGCGACAC Targeting pCD630 (Smits et al., 2018)

oWKS-1634 TCACAGAAGGCTGCAAACTC Targeting pCD630 (Smits et al., 2018)
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by Sanger sequencing using primers listed in Table 2.

For conjugation, E.coli CA434 competent cells (Purdy et al., 2002)
were transformed using purified plasmid DNA and transformants were
selected on LB agar supplemented with chloramphenicol and kana-
mycin. Conjugative transfer of the plasmids from CA434 to C. difficile
630Aerm (van Eijk et al., 2015) was performed according to standard
procedures (Purdy et al., 2002). The transconjugants, selected on
thiamphenicol containing media, were screened with PCR using MyTaq
DNA polymerase (Meridan) directly on colony material or on purified
DNA. DNA extractions were performed using the DNeasy Blood and
Tissue (Qiagen) kit after enzymatic cell lysis as prescribed by the
manufacturer. To confirm identity of the transconjugants, the presence
of gluD (on the chromosome) and traJ (on the plasmid backbone) was
verified in a PCR using primers oWKS-1070/0WKS-1071 and oWKS-
1387/0WKS-1388, respectively (Table 2). The presence of the pCD630
plasmid in the DNA samples of the transconjugants was confirmed by
performing a PCR using primers oWKS-1633 and oWKS-1634 (Table 2).

For determination of conjugation efficiency, conjugations were
performed as follows. For each plasmid, conjugations were performed in
biological triplicate. Cells from the equivalent of 1 mL of culture with
ODgoonm Of 1 of CA434 donors containing the relevant plasmid were
resuspended in 200 uL of an overnight culture of C. difficile 630Aerm
(van Eijk et al., 2015), spotted onto a BHIY agar plate and incubated for
22 h. Growth from individual conjugation plates was harvested into 4
mL prereduced BHIY medium and a serial dilution was prepared in the
same medium. To enumerate transconjugants, undiluted sample was
plated onto prereduced BHIY agar with 50 pg/mL colistin (to eliminate
the CA434 donor cells) and 15 pg/mL thiamphenicol (to select for the
plasmids) using a Whitley WASP Touch spiral plater (Don Whitley Sci-
entific). To enumerate the total number of C. difficile recipient cells, a
1073 dilution of the suspension was similarly plated onto prereduced
BHIY agar supplemented with 50 pg/mL colistin only. After 24 h incu-
bation, colonies were counted and converted to CFU/mL using a Scan
500 automated colony counter (Interscience). Conjugation efficiency
was calculated as [CFU/mL transconjugants]/[CFU/mL of recipient
cells]. With a 100 pL logarithmic spiral deposition, the limit of detection
of the WASP Touch is 200 CFU/mL (according to the manufacturer’s
information). Based on enumeration of recipient C. difficile cells, this
places the limit of detection in this assay at a conjugation efficiency of
~1 x 10719, Zero-values were set to our limit of detection and data were
plotted using the geom boxplot function (ggplot v3.3.6) in R 4.2.0
(https://www.R-project.org/).

3. Results and Discussion
3.1. Characterization of the plasmid-containing isolates

The four strains described in this study (JMR1, JMR2, JMR5 and
JMR7) were obtained from a symptomatic patient suffering from
recurrent Clostridioides difficile infection. Molecular diagnostics and
analysis of previously generated whole genome sequencing data
confirmed that all isolates are of the same PCR ribotype (RT081), have
the same toxin profile and are indistinguishable in a core genome MLST
analysis (Supplemental Material).

Carriage of extrachromosomal elements was predicted according to
established methods (Hornung et al., 2019). The predictions indicate
possible extrachromosomal elements belonging to the pCD-ECE1, pCD-
ECE4 and pCD-WTSI1 families (Hornung et al., 2019). We extracted the
contigs corresponding to the predicted extrachromosomal elements, and
circularized them after removal of the terminal repeats, yielding se-
quences of 6.5, 15.4 and 21.9 kb size, respectively. As the sampling dates
of the isolates span a period of several months, these data suggest that
patients can be persistently infected with a strain that carries multiple
plasmids.
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3.2. Confirmation of the extrachromosomal nature of pJMR5-1,
pJMR5-2 and pJMR5-3

To confirm the presence and the circular dsDNA nature of the ele-
ments in vivo, we performed a PlasmidSafe DNase (PSD) analysis using
primers specifically directed at regions of each putative plasmid (Smits
et al., 2018). Though the method has its limitations (Smits et al., 2022),
it has been used for this purpose with C. difficile isolates before (Boe-
khoud et al., 2020; Cizek et al., 2022). The PSD analysis showed that a
product of the expected size was obtained in PCRs targeting each of the
putative plasmids, even for PSD-treated samples. In contrast, a PCR
product for the chromosomal locus gluD was only obtained in the sam-
ples that were not treated with PSD (Fig. 1). We note a decrease in the
strength of the signal on gel for the pCD-WTSI family plasmid upon
treatment with PSD; as this is the largest of the predicted plasmid, we
attribute this to partial fragmentation of the dsDNA during the DNA
isolation.

These data indicate that all JMR strains contain circular dsDNA that
is extrachromosomal, consistent with the presence of a plasmid.

3.3. Complete genome sequence of C. difficile JMR5

Next, we determined the complete genome sequence of JMR5, as a
representative of the group of JMR strains, using single molecule real
time sequencing. Assembly of the reads of the Pacific Bioscience Sequel
platform yielded a single circular chromosome of 4.3 Mb and 3 smaller
contigs (Supplemental Fig. 1). The size and sequence of the latter
matched the predicted circular elements discussed above, and are
hereafter referred to as pJMR5-1 (for plasmid from JMRS5 from the pCD-
ECE1 family; ON887052), pJMR5-4 (for plasmid from JMRS5 from the
pCD-ECE4 family; ON887053) and pJMR5-W (for plasmid from JMR5
from the pCD-WTSI1 family; ON887054). Initially, we recovered only
pJMR-4 and pJMR5-W in the de novo assembly, possibly as a result of
size selection during the library preparation (see Materials and
Methods). However, manual inspection of the data revealed a significant
number of reads matching pJMR5-1 and these reads fully matched the
predicted sequence; indeed, altering the default settings of Flye (Kol-
mogorov et al., 2019) allowed automatic recovery of the pJMR5-1
plasmid, though in this case the plasmid contained a duplication (a well-
known artefact of long-read sequencing of small plasmids) (Hunt et al.,
2015). No other extrachromosomal elements were assembled with
<0.05% of the long reads remaining unassembled. This shows that no
other extrachromosomal elements are present that might have been
missed in our computational approach (Smits et al., 2022; Hornung
et al., 2019).

The genome of JMR5 is 4.321.867 bp and has an average [G + C]-
content of 29.0%, in line with other C. difficile genomes. An automated
annotation identifies 3937 ORFs, 35 rRNA genes,90 tRNA genes and a
single tmRNA. Plasmids pJMR5-1, pJMR5-4 and pJMR5-W plasmids
had a [G + C]-content of 25.2, 25.5 and 31.1% and encode 11, 18 and 26
OREFs, respectively (Supplemental Table S1).

Several AMR genes were identified by AMRfinderplus (Feldgarden
et al., 2021) on the JMR5 chromosome, namely bla-CDD1, erm(B), the
vanGCd operon and a T82I point mutation in gyrA, associated with flu-
oroquinolone resistance. One AMR gene, tet(M), was present on pJMR5-
W. The erm(B) gene is predicted by TnCentral (https://tncentral.pro
teininformationresource.org/index.html) to be on a Tn551/Tn917-like
element (similar to Y13600.1; e-value 0.0). ISFinder (https://www-is.bi
otoul.fr/search.php) identifies three IS elements with an e-value <0.01,
but homology is limited to regions <40 bp. No mobile elements were
identified by MobileElementFinder (Johansson et al., 2021). PHASTER
(Arndt et al., 2016), finally, predicts intact phages (score > 90) similar to
CDMH1 (NC_024144), phiMMP03 (NC_.047770) and phiMMPO1
(NC_028883) as well as three incomplete phages.

We used PubMLST (Jolley et al., 2018) to predict the sequence type
of JMR5. The isolate was identified as belonging to ST9, consistent with
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Fig. 1. JMR strains contain three plasmids. Total genomic DNA was incubated in the absence (—) or presence (+) of PlasmidSafe DNase (PSD) and subsequently
amplified with primers specific for the indicated DNA (gluD: oWKS1070/1071, pCD-ECE1 family: 0AR1/2, pCD-ECE4 family: 0AR3/4, pCD-WTSI1 family: oAR4/5;
see Table 2 and Materials and Methods). The expected size in base pairs is indicated. M: 100-bp marker.

previous studies that place the RT081 reference strain from the Leeds-
Leiden collection in the same sequence type (Knetsch et al., 2012;
Baktash et al., 2022).

3.4. Comparison of the identified plasmids with reference plasmids

The tentative assignment of the three plasmids to the pCD-ECE1,
pCD-ECE4 and pCD-WTSI1 family of plasmids is based on regions of
similarity with the reference sequences for these plasmids as described
(Hornung et al., 2019). To gain more insight in the relatedness of the
plasmids, we generated and visualized nucleotide alignments using
clinker (Gilchrist and Chooi, 2021). From these analyses, multiple ob-
servations were made.

First, we note that the ORF7-ORF8 region of pCD-ECE1 appears not

A pJMR5-1
6499 bp

pCD-ECE1
6071 bp

B pJMR5-4
15429 bp

pCD-ECE4
6853 bp

C pJMR5-W
21854 bp

pCD-WTSI1
1777 bp

pCD630
7881 bp

to be conserved in pJMR5-1 (Fig. 2A). This was unexpected, as ORF8 of
PCD-ECE1 was hypothesized to encode a replication-associated protein
based on limited homology to viral REP proteins (Hornung et al., 2019).
If this region of the plasmid is involved in replication, the corresponding
region in pJMR5-1 should also encode a replication protein. Indeed,
analysis of the predicted amino acid sequence of the pJMR5-1 protein
using the PHYRE2 Protein Fold Recognition Server (Kelley and Stern-
berg, 2009) indicates that it likely is a rolling circle replication initiator
protein (PDB 4CLJ; confidence 98.8%; identity; 13%). As most pCD-
ECE1 family plasmids that are predicted to be circular match the pCD-
ECE1 reference sequence (LR594544.1) (Hornung et al., 2019), the
mechanism of replication for pJMR5-1 may be different from those.
Second, the pJMR5-4 plasmid appears to contain a 11-gene insertion
in comparison to the pCD-ECE4 reference sequence (Fig. 2B), consistent

P [

2.5kb 0 Identity (%) 100

Fig. 2. Comparison of pJMR5 plasmids with reference plasmids. Within panels, colored arrows indicate similar genes; links are drawn between similar genes on
neighboring clusters and are shaded based on sequence identity (0% white, 100% black, identity threshold for visualization 0.30). Dashed green lines indicate regions
capable of sustaining replication of a shuttle vector in C. difficile. A. Comparison of pJMR5-1 (ON887052) with pCD-ECE1 (LR594544.1). B. Comparison of pJMR5-4
(ON887053) with pCD-ECE4 (LR594545.1). C. Comparison of pJMR5-W (ON887054) with pCD630 (AM180356.2) and pCD-WTSI1 (MG019959.1). Image is based
on a visualization with clinker (Gilchrist and Chooi, 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).
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with a previously reported large size-diversity within this family (Hor-
nung et al., 2019). Automated annotation of gene function (see Materials
and methods) suggests that this region may include a methylation sen-
sitive restriction modification system as ORF12 of pJMR5-4 encodes a
putative type II endonuclease, and ORF11 encodes a DNA (cytosine-5-
)-methyltransferase. We note that in a previous in silico analysis several
pCD-ECE4 family plasmids were identified that match in size to
pJMR5-4 (Hornung et al., 2019), whereas the majority matches the
pCD-ECE4 reference sequence (LR594545.1). This suggests that the 11-
gene insertion is conserved in a subset of plasmids from this family.

Third, pJMR5-W is substantially larger than other members of the
pCD630/pCD-WTSI1 family (Fig. 2C) (Smits et al., 2018). Plasmids
pCD630 and pCD-WTSI1 share a conserved region that encodes a heli-
case protein, believed to be important for replication, but differ in their
accessory genes (Smits et al., 2018). pJMR5-W also contains the
conserved region but it appears that pJMR5-W contains two insertions
compared to pCD-WTSI1; i) a single hypothetical gene that is also found
at this site for other pCD-WTSI family plasmids (Smits et al., 2018) and
ii) an 11-gene cluster suggestive of a mobile element (e.g. including a
gene encoding an Tn916-like excisionase [ORF23] and an integrase
[ORF24]). Interestingly, PHYRE2 (Kelley and Sternberg, 2009) also
predicts multiple regulator proteins (ORF14, ORF15, ORF19, ORF21), a
putative rolling circle replication initiator protein (PDB 4ClJ, confidence
100, 28% identity), and a putative tetracycline resistance protein
(ORF20)(PDB 3J25, confidence 100, 97% identity) in the island. Tn916-
like elements are common vehicles for tetracycline resistance genes
(Roberts and Mullany, 2011).

3.5. A functional replicon from pJMR5-1 and pJMR5-W

Based on the sequence analysis, we expected ORF8 of pJMR5-1 to be
required for replication of the plasmid in C. difficile. To assess which
region is sufficient for replication, we replaced the pCD6 replicon from
an established E.coli-C. difficile shuttle vector (Oliveira Paiva et al.,
2016) with different, but overlapping, regions of the pJMR5-1 plasmid.
The obtained constructs were conjugated into the C. difficile laboratory
strain 630Aerm (van Eijk et al., 2015; Hussain, 2005); when trans-
conjugants were obtained this was taken as a sign of a functional
replicon, whereas repeated failure to obtain transconjugants suggested
that a critical determinant was missing (the limit of detection under our
experimental conditions is a conjugation efficiency of ~1 x 10710, A
region encompassing ORF7-ORF10 sustained plasmid replication, as did
a region encompassing ORF8-ORF10 as transconjugants were readily
obtained when conjugating plasmids pJMR25 and pJMR51 (Table 3,
Fig. 3). In contrast, a region encompassing only ORF8, or ORF7-ORF8

Table 3
Results of conjugations.
Origin of Plasmid Recipient pCD630 in Transconjugants
putative strain recipient obtained (yes/no)”
replicon (yes/no)
pCD6 pAP24 630Aerm Yes Yes
pCD-METRO pIB8O 630Aerm Yes Yes
pJMR5-1 pJMR20 630Aerm Yes No
pJMR25  630Aerm Yes Yes
pJMR51 630Aerm Yes Yes
pJMR52 630Aerm Yes No
pJMR5-4 pJMR33 630Aerm Yes No
pJMR46 630Aerm Yes No
pJMR5-W pJMR28 630Aerm Yes No
JIR8094 No No
DSMZ No No
28645
pJMR57 630Aerm Yes Yes
JIR8094 No Yes
DSMZ No Yes
28645

# LOD = limit of detection (conjugation efficiency of ~1 x 10710).
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did not, as we failed to obtain transconjugants with plasmid pJMR20
and pJMR52 (Table 3, Fig. 3). We conclude that the ORF8-ORF10 region
is sufficient to allow the plasmid to replicate (Fig. 2A). For pJMR25 we
obtained a conjugation efficiency of ~1.4 x 1075, which is in the same
order of magnitude as observed for plasmid with a pCD6 replicon,
PAP24 (~5.5 x 107°) (Fig. 3). Furthermore, preliminary data suggests
that ORF10, encoding an Arc-type ribbon-helix-helix protein is essential
for this function (data not shown).

A previous analysis of the ORFs on the pCD-ECE4 reference sequence
failed to predict a replicon region in plasmids from this family (Hornung
etal., 2019). Screening the ORFs of pJMR5-4 using the current database
of PHYRE2 indicated that ORF5 (in the 11-gene insert) likely encodes a
protein of which the core domain shows homology to the archaeo-
eukaryotic primase (AEP) domain of an archaeal primase protein (PDB
1V33; confidence 96.8, 32% identity) (Czernecki et al., 2021). However,
a region encompassing this protein, or a region additionally encom-
passing ORF1-ORF5 and an area of high repeat-density, did not sustain
plasmid replication in C. difficile as conjugation efficiency was below the
limit of detection in our assay (Table 3). It is likely that one or more of
the hypothetical genes in the conserved part of the pCD-ECE4 family of
plasmids encodes a hitherto unidentified replication function.

The plasmid pJMR5-W contains the helicase-containing module that
defines the pCD630/pCD-WTSI family of plasmids (Smits et al., 2018).
We cloned two different fragments of the highly conserved region into a
vector as potential replicons; pJMR57 carries the complete conserved
region as putative replicon, and pJMR28 includes only ORF1, encoding
the putative helicase protein. We considered that the pJMR5-W replicon
might not be compatible with the replicon of pCD630 due to high sim-
ilarity (Fig. 2B). Plasmid pCD630 is present in our recipient strain
630Aerm (van Eijk et al., 2015) so two additional recipient strains were
included; DSMZ 28645 (a 630Aerm strain from the Leibniz Institute
DSMZ collection) (Riedel et al., 2015) and JIR8094 (also known as
630E) (O’Connor et al., 2006) both of which do not contain the pCD630
plasmid (Smits et al., 2018). Conjugation of the three strains with
pJMR28 (containing only the ORF9 fragment) repeatedly did not result
in any growth on the selective plates, while conjugation with pJMR57
(containing the complete conserved region, including ORF1-4) did yield
viable transconjugants carrying the vector (Table 3). Therefore, we
conclude that the conserved region characterizing all pCD630/pCD-
WTSI plasmids comprises a functional replicon, whereas a fragment
encoding only the helicase is not sufficient for plasmid maintenance. The
conjugation efficiency for pJMR57 was ~3.3 x 1078, which is approx-
imately an order of magnitude lower than observed for another well-
characterized plasmid, pIB80 (~2.8 x 10’7), and two orders of
magnitude lower than pAP24 (Fig. 3). The fact that plasmid pJMR57
was successfully introduced into a recipient strain carrying pCD630
indicates that pCD630 and pCD-WTSI1 are compatible plasmids, at least
for the duration of the experiment. This was confirmed by a PCR spe-
cifically targeting the pCD630 sequence on purified DNA from the ob-
tained transconjugants (data not shown). Nevertheless, the relatively
low conjugation efficiency might indicate that similar replicons do
interfere with plasmid transfer or maintenance. Our experimental data is
consistent with the in silico prediction that pCD-WTSI family plasmids
appear compatible with most other plasmids, including others from the
pCD-WTSI1 family (i.e. the replication function does not confer in-
compatibility) (Smits et al., 2022). Of note, our results also show that the
putative rolling circle replication protein of pJMR5-W (ORF22) — that is
not present in pCD-WTSI1 or pCD630 - is not strictly required for
replication, despite its structural similarity to a plasmid replication
protein. However, we have not yet established whether a region of the
plasmid that incorporates this protein might also be able to sustain
replication so we cannot rule out such a function at this time.

3.6. Plasmids with the pJMR5-W replicon have a high copy number

As the initial identification of the pJMR-plasmids was in part based
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Fig. 3. Conjugation efficiency of plasmids
carrying different C. difficile replicons.
Conjugation efficiencies were determined for
three independent biological replicates for
the indicated plasmids. Plasmids pAP24 and
pIB80 were included as well-characterized
controls. The dashed line indicates the limit
of detection in our assay (see Materials and
Methods); when no transconjugant colonies
were obtained in the assay, the value was set
to 1070, Individual datapoints are shown,
e 1 and boxplots represent the median (hori-
' 2 zontal line), range between the 1st and 3rd
quartile (box) and the distance to the most
. 3 distant value (no >1.5-times the inter-
quartile range). We consider the non-zero
value for pJMR28 (the result of a single
colony) to be an outlier.

n=

Origin of putative
replicon

pCD6
pCD-METRO
pJMR5-1
pJMR5-4
pJMR5-W

pAP24

on differences in read depth between chromosomal and extrachromo-
somal contigs (Hornung et al., 2019), we expected the plasmids to be
multi-copy. Indeed, when mapping the short-read sequencing to the
complete genome sequence of JMR5 (GCA_944989955.1) we found that
chromosomal loci show a mean read depth of 265, whereas the plasmids
show a mean read depth of 3039 (pJMR5-1), 3402 (pJMR5-4) and 5680
(pJMR5-W), translating to a relative copy number of 11.4, 12.8 and
21.4, respectively (Fig. 4). We observed a higher read depth of regions
proximal to the origin of replication of the chromosome (Fig. 4; inset),
as is expected from replicating cells (van Eijk et al., 2019; Slager and
Veening, 2016). A chromosomal region with higher-than-expected read

pIB80 pJMR25 pJMR52 pJMR46 pJMR28 pJMR57

depth corresponds to the phiMMPO1-like phage (section 3.3), suggesting
that this phage may show a partially extrachromosomal lifecycle under
the conditions analyzed (arrow, Fig. 4, insert).

As the replicons of pJMR5-W and pCD630 are highly related, we
consider it likely that pCD630 has a similarly high copy number, which
might contribute to its segregational stability in the absence of selection
(Smits et al., 2018).

4. Conclusions

In this study we demonstrated carriage of three different plasmids in

25 Fig. 4. Relative read depth of chromosome and
214 plasmids of isolate JMR5. Chromosomal read
phiMMPO1-like " depth was calculated per base pair and plotted
20 ~ versus position on the chromosome. Mean read
‘%_ depth for plasmids was calculated for the entire
3 15 | plasmid and normalized against the mean read
9 12.8 depth of the chromosome and values are indi-
9] 11.4 cated above the graph and bars. Note that the
2 10 - width of the bars is not proportional to the
w chromosome. The inset shows that chromo-
© somal read coverage is not uniform but shows a
5 - 10 pattern consistent with bidirectional DNA
' replication.
R I 6l e 1 a1 e
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S
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a clinical isolate obtained from a symptomatic patient suffering from
recurrent CDI. Importantly, epidemiological evidence suggests that the
pJMR5-1, pJMR5-4 and pJMR5-W plasmids are retained during a
persistent infection over a period of months. We additionally showed
that regions encompassing ORF8-10 of pJMR5-1 and ORF1-4 of
pJMR5-W are sufficient to sustain multiple plasmid copies per cell in
C. difficile, with plasmids harboring the pJMR5-1 replicon resulting in
conjugation frequencies similar to well-characterized shuttle vectors.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.plasmid.2022.102669.
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