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Until recently, Clostridium difficile phages were limited to Myoviruses and Siphoviruses

of medium genome length (32–57 kb). Here we report the finding of phiCD5763,

a Siphovirus with a large extrachromosomal circular genome (132.5 kb, 172 ORFs)

and a large capsid (205.6 ± 25.6 nm in diameter) infecting MLST Clade 1 strains

of C. difficile. Two subgroups of big phage genomes similar to phiCD5763 were

identified in 32 NAPCR1/RT012/ST-54 C. difficile isolates from Costa Rica and in whole

genome sequences (WGS) of 41 C. difficile isolates of Clades 1, 2, 3, and 4 from

Canada, USA, UK, Belgium, Iraq, and China. Through comparative genomics we

discovered another putative big phage genome in a non-NAPCR1 isolate from Costa

Rica, phiCD2955, which represents other big phage genomes found in 130 WGS

of MLST Clade 1 and 2 isolates from Canada, USA, Hungary, France, Austria, and

UK. phiCD2955 (131.6 kb, 172 ORFs) is related to a previously reported C. difficile

phage genome, phiCD211/phiCDIF1296T. Detailed genome analyses of phiCD5763,

phiCD2955, phiCD211/phiCDIF1296T, and seven other putative C. difficile big phage

genome sequences of 131–136 kb reconstructed from publicly available WGS revealed

a modular gene organization and high levels of sequence heterogeneity at several

hotspots, suggesting that these genomes correspond to biological entities undergoing

recombination. Compared to other C. difficile phages, these big phages have unique

predicted terminase, capsid, portal, neck and tail proteins, receptor binding proteins

(RBPs), recombinases, resolvases, primases, helicases, ligases, and hypothetical

proteins. Moreover, their predicted gene load suggests a complex regulation of both

phage and host functions. Overall, our results indicate that the prevalence of C. difficile

big bacteriophages is more widespread than realized and open new avenues of research

aiming to decipher how these viral elements influence the biology of this emerging

pathogen.
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FIGURE 4 | Comparison of the genome of phiCD5763 to those of other phiCD5763-like elements (red) and phiCD2955-like elements (blue). Inner to outer rings:

phiCD5774, phiDA00212, phiDA00129, phiCD181, phiF249, phiCDIF1296T, phiP24, and phiDA00128. The predicted CDS of phiCD5763 appear in the outer most

ring. The level of transparency of the blocks corresponds to decreasing levels of nucleotide sequence identity (see upper right corner).

phiCD5763/CD843 phage suspension yielded homogeneous
standard sized particles (data not shown).

Some particles in the phiCD5763/CD630 suspension had
large heads 205.6 ± 25.6 nm in diameter (average of five
capsids measured in independent samples), which were found
infrequently (0.1%) compared to particles of standard size (55–
72 nm in diameter) (Figure 6). PCR detection of phiCD5763
DNA was positive in the phiCD5763/CD630 phage suspension
and the lysogen LIBA-5763, but not in the indicator host strain
CD630 (Figure 7). PCR was also negative for phiCD5763 in the
phiCD5763/CD843 suspension.

DISCUSSION

C. difficile NAPCR1/RT012/ST-54 isolates caused an epidemic in
Costa Rica and are now widely distributed in hospitals from this

country (López-Ureña et al., 2016). Genome sequence analysis of
several of these isolates in an earlier study revealed the presence
of prophages that were novel, particularly in genome size and
composition compared to other C. difficile phage genomes

(Ramírez-Vargas et al., 2017). Here, we report the finding of
at least two families of big phage genomes among WGS of

NAPCR1 and non-NAPCR1 strains recovered in several countries

and demonstrate that a representative of one of these phage

families is functional and capable of infecting other Clade 1
strains ofC. difficile. We anticipate that a third group of big phage

exists, but better sequence assemblies are required to corroborate
this statement. It is unlikely that this third group of big phage
corresponds to sequence artifacts, as we observed them in high-
coverage WGS assembled with edena, SPAdes and a5 (coverage
140–300X, data not shown) and more recently in a Illumina
and PacBio sequences for three Clade C-I isolates from Costa
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FIGURE 5 | Comparison of the phiCD2955 genome to those of other phiCD2955-like elements (blue) and phiCD5763-like elements (red). Inner to outer rings:

phiCD211/phiCDIF1296T, phiF249, phiCD181, phiP24, phiDA00128, phiDA00129, phiDA00212, phiCD5763, and phiCD5774. The predicted CDS of phiCD2955

appear in the outer most ring. The level of transparency of the blocks corresponds to decreasing levels of nucleotide sequence identity (see upper right corner).

Rica (unpublished results). The correspondence of the proteome-
based phylogeny and the phylogenetic reconstruction based on
the terLS, parM, and polA genes turn these four genes into
appropriate phylogenetic markers for C. difficile big phage.

The conserved sequence of big phages derived from NAPCR1
isolates recovered 9 years apart, along with the presence of
circular contigs in WGS assemblies, strongly suggest the phages
do not integrate into the chromosomes of their bacterial hosts.
Circular extrachromosomal DNA molecules of viral origin are
not rare, but rather difficult to identify (Casjens, 2003). These
“plasmidial” phage forms are favored by phage undergoing
lysogeny in the environment (Deutsch et al., 2016) and spore-
converting phage (Gillis and Mahillon, 2014). In C. difficile, a
Sipho-phage existing as a circular plasmid with a putative ParA
segregation/plasmid maintenance protein is known (Sekulovic

et al., 2011). Our big phages are indeed plasmidial but seem
to have parM-like genes, similar to the prophage CGP3
of Corynebacterium glutamicum strain ATCC 13032 (187 kb,
Donovan et al., 2015). These actin-based transport systems
restrict phage replication to specific subcellular localizations
for increased efficiency and allow for intrinsic intracellular
movement (Donovan et al., 2015). Putative proteins for addiction
mechanisms were also identified in our big phage genomes,
supporting their extrachromosomal existence.

The high number of predicted genes for DNA regulation,
metabolism, and modification in the reconstructed genomes
suggest complex cis-regulation of phage genes and trans-
regulation of host genes or other prophage genes within the
host chromosome. In this regard, phage antirepressors can
act on noncognate repressors and coordinate induction of
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FIGURE 6 | TEM micrographs of phiCD5763/CD630 suspensions showing a big phage particle (Left) amongst particles of standard sizes (Right).

FIGURE 7 | A semi-purified phage suspension obtained through propagation

of phiCD5763 in strain CD630 contains the phage gene dndB. Gel

electrophoresis of PCR products. Lane M, DNA marker; Lane 1, no-template

control; Lane 2, genomic DNA from CD630 (negative control); Lane 3,

genomic DNA from isolate LIBA-5763 (positive control); Lane 4, DNA isolated

from the cell-free phage suspension used for TEM in Figure 6.

prophages with unequal induction responses (Lemire et al.,
2011). Polylysogenic phages have been shown to regulate one
another in complex ways (Matos et al., 2013), and this may
apply for the phiCD5763-like phages, as the chromosomes of
all NAPCR1 isolates carry four different putative Myoviridae
prophages (data not shown). Congruently, two of the large
phage genomes described here include abundant repressors
and CRISPR-associated protein nucleases (e.g., Cas3), which
could confer host immunity to superinfection by other phages
(Berngruber et al., 2010; Hochstrasser et al., 2014; Bondy-
Denomy et al., 2016).

Presence of III RNR genes in the large phage genomes
is consistent with the finding that phage RNR distribution
correlates with host oxygen requirements (Dwivedi et al., 2013).
However, it is interesting to find some phages with class II RNR
genes, and may point to evolutionary events involving facultative
aerobes and/or facultative anaerobes, where class II RNR genes
are usually found. Phage carriage of class II and III genes were
mutually exclusive as reported previously (Dwivedi et al., 2013).

Organization of the class III RNR genes (nrdDG) suggest they are
functional, and could provide a fitness advantage for the infecting
phage and/or the infected bacterial host (Dwivedi et al., 2013).

Three features of the big phage genomes suggest roles in
quorum sensing processes and virulence modulation: (i) a
predicted protein with a LuxR-type DNA-binding HTH domain
for signaling via LuxS (Hargreaves et al., 2014), which can
induce phages (Ghosh et al., 2009); (ii) a predicted spore
germination protease needed for de novo protein synthesis during
spore outgrowth (Wetzel and Fischer, 2015) that may affect
host germination kinetics hence transmission; and (iii) HTH
transcriptional regulators that may modulate toxin production,
such as RepR in phiCD119 (Govind et al., 2009). Although
phiCD2955-like elements were found in non-toxigenic C. difficile
strains, it is possible for these phages to affect virulence upon host
acquisition of PaLoc by conjugation (Brouwer et al., 2013).

A number of R-type bacteriocins that kill C. difficile have been
described (Gebhart et al., 2012, 2015). These so called diffocins
contain contractile myophage-like sheath structures coupled to
RBPs, which serve as targeting proteins by binding receptors on
the surface of a target bacterium. We postulate that the big phage
addressed here carry RBPs, as do other Siphoviridae members
infecting Firmicutes (Tremblay et al., 2006). Overall, RBPs of the
big phages clustered separately from RBPs of CD630 and R20291,
and were more related to that of CD4. Some RBPs of phiCD2955-
like and phiCD5763-like phages were divergent to RBPs of its
own group members. This finding could be an indication of an
ancient interaction between both types of big bacteriophages or a
highly divergent evolutionary process.

We showed that the 132 kb element phiCD5763 is a functional
big bacteriophage that can infect and propagate in CD630. The
morphology of phiCD5763 corresponds to that of a siphovirus,
and this observation is supported by the lack of genes encoding
tail sheet proteins, which are characteristic of Myoviridae
phages. The genomes of phiCD211/phiCDIF1296T, phiCD5774,
phiCD2955, and other big phage genomes reconstructed in this
study also lack genes encoding tail sheet proteins, suggesting
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they are all big siphoviruses. Despite single plaque propagation
of phiCD5763 in CD630, a mixture of medium sized siphovirus
particles were observed with phiCD5763 particles. Thesemedium
sized siphovirus particles likely originated from LIBA-5763,
which harbors four Myoviridae prophages and a Siphovirus
prophage of 70 kb. Though not the focus of this study, this
medium prophage was only found among NAPCR1 isolates from
the 487 SmaI macrorestriction pattern. The medium siphovirus
particles were unlikely to have originated from the propagating
strain CD630, as it harbors only two medium sized Myoviruses
(Fortier and Moineau, 2007; Goh et al., 2007).

The capsid of phiCD5763 appears larger than that of Bacillus
megaterium phage G, which at 160 nm with a genome of∼500 kb
is the largest giant phage known so far (Drulis-Kawa et al.,
2014). This is unexpected for a relatively small genome of 132 kb
compared to giant phage genomes of other bacterial species
double in length and number of predicted ORFs. We were
unable to isolate the big C. difficile phage virions by single-
plaque propagation for in depth analysis due to low numbers,
possibly because the large phage particles had difficulty passing
through 0.22µm filters used for purification. It is also possible
that the presence of other prophages in LIBA-5763 regulated the
production of phiCD5763, as reported for multi-lysogenic phages
of Enterococcus faecalis (Matos et al., 2013).

Through comparative genomics we found various types of
extrachromosomal elements of phage origin in 32 NAPCR1
isolates and 177 C. difficile isolates from different MLST
types, sources, time points, and countries. A detailed
analysis of reconstructed circular genome sequences and
phiCD211/phiCDIF1296T confirmed that although their overall
genome synteny is conserved, they differ radically in nucleotide
sequence identity, suggesting rapid evolution. Furthermore,
through phage infection assays, electron microscopy, and PCR
we provide evidence that one of these prophages is functional
in replication and infection of other MLST Clade 1 strains of
C. difficile. Whole genome sequencing of phiCD5763 purified
by CsCl density gradients can be used to confirm our findings
and to determine whether there is DNA heterogenicity during
packaging of the big phage.

Our results indicate that the relationship between C. difficile
and different variants of big bacteriophages is more widespread
than it has been realized. The biology behind this extensive
interaction is still unclear, although it is known that phage
can trigger phenotypic conversions that influence the virulence

of their bacterial hosts (Łoś and Wegrzyn, 2012), lateral gene
transfer processes (Canchaya et al., 2003), and the structure of
the human gut microbiota (Ventura et al., 2011). New knowledge
on C. difficile phage is relevant not only because it extends our
current understanding of the biology of this emerging human
pathogen, but also because phage can be exploited as genetic tools
or applied as novel therapeutics.
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