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RESUMEN

Clostridium difficile, el principal agente productor de diarreas a nivel hospitalario,
se caracteriza por tener un genoma central pequefio y un mobiloma muy diverso.
Analisis previos de la cepa epidémica NAP1/ST01 concluyeron que la especie es
clonal. Sin embargo, estudios recientes sugieren que otros linajes de C. difficile
pueden diversificar por recombinacién y/o adquisicion de elementos genéticos
moviles (EGM) en lugar de mutaciones discretas. Un grupo diverso de
aislamientos con patrones de macrorestriccion distintivos pero todos agrupados
por PFGE y MLST como NAPcr1/ST54 produjo, en conjunto con la cepa
NAP1/ST1, un brote en Costa Rica por razones alin no conocidas. Para confirmar
que la inusual diversidad de NAPcri es producto principalmente de la
microdiversificacion de su genoma accesorio y no de la acumulacion de
mutaciones en el genoma central, se compararon aislamientos clinicos de
NAPcri1/STS54 y NAP1/ST1 que coexistieron en espacio y tiempo. A esta coleccién
de secuencias genomicas se les determiné el nimero y tipo de SNPs en el
genoma central, la tasa dN/dS, el tamafio del pangenoma, la cantidad de grupos
de genes Unicos y la presencia de EGM diferenciales. Los resultados indicaron
que ambos pulsotipos acumulan mutaciones pero que las cepas del pulsotipo
NAP1/ST1 tienen mas mutaciones no-sinénimas y que, por tanto, estan bajo el
efecto de la seleccion purificadora positiva. Por el contrario, las cepas
NAPcr1/ST54 tienen un genoma accesorio y un pangenoma mas grande, diverso y
con mas EGM. Estos EGM se asociaron a microdiversficacion porgue su
presencia/ausencia coincide con la topologia de un arbol de maxima parsimonia
generado con matrices de comparacién pangenémica. Cuando las secuencias de
algunos EGM fueron removidas artificialmente de los genomas NAPcri1/ST54, las
distancias de las ramas en un arbol de presencia/ausencia de grupos de genes en
el pangenoma colapsaron. La secuencia de estos EGM incluye genes que, de
verificarse su anotacién, podrian incrementar el potencial patogénico y la
capacidad epidémica de las cepas NAPcri/ST54, tales como factores de virulencia

y genes de resistencia a los antibidticos.
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ABSTRACT

Clostridium difficile, the most common causal agent of hospital-acquired diarrhea,
has a small core genome and a highly diverse mobilome. Previous analyses on the
epidemic NAP1/ST01 strain led to the conclusion that this bacterial species is
clonal. However, recent studies have suggested that other C. difficile lineages may
be diversifying through recombination and/or acquisition of mobile genetic
elements (MGE) instead of discrete mutations. A group of diverse isolates with
distinct macrorestriction patterns which all grouped in PFGE and MLST as
NAPcr1/ST54, produced an outbreak in Costa Rica together with NAP1/ST1, for
unknown reasons. To confirm that the unusual diversity of the NAPcr1 pulsotype is
driven by microdiversification of its accessory genome rather than the
accumulation of mutations in its core genome, NAPcri/ST54 and NAP1/ST1
clinical isolates that coexisted in space and time were compared. The number and
nature of their core genome SNPs, dN/dS rates, feature frequency profiles,
pangenomes sizes, number of unique gene clusters, and carriage of functional
MGE were determined in these collection of genomic sequences. Altogether, the
results indicate both groups of strains accumulate mutations, but NAP1/ST1 has
more non-synonymous mutations than NAPcr1/ST54, therefore positive purifying
pressure is driving its microdiversfication. As anticipated, the accessory genome
and pangenome of the NAPcri/ST54 isclates was larger, more diverse and
contained more MGE than that of NAP1/ST1 isolates. These MGE were associated
with microdiversification since its presence/absence coincided with the topology of
the parsimony-based pangenomic tree generated from comparative pangenomic
matrices. Additionally, when these MGE were artificially removed from the NAPcr1
genomes, the distances from the maximume-likelihood phylogenetic tree originated
from the presence/absence plot of gene clusters in the pangenome, collapsed. The
sequences of these MGE include genes, which once their annotation is verified,
could increase the pathogenic potential and the epidemic capacity of NAPcri1/ST54

by providing virulence factors and antibiotic resistance genes.
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1. INTRODUCTION

1.1 General characteristics of Clostridium difficile infections (CDI)

Clostridium difficile is a Gram-positive, anaerobic bacterium, capable of producing
toxins and spores (1). CDI are the main cause of hospital-acquired diarrhea
prompted by the use of antibiotics and the most common nosocomial infection in
developed countries (2, 3). They have a high impact in healthcare costs and affect
millions of patients worldwide (4, 5). Only in the United States, 250 000 people
suffer from CDI every year and the associated medical costs add up to at least $ 1
billion (6).

CD! varies from mild to moderate diarrhea with fever to severe clinical
presentations, including pseudomembranous colitis, toxic megacolon, systemic
complications and death (1, 2). These pathologies are mostly acquired through
exposure to spores in the hospital environment, although the number of community
cases of CDl is on therise (1, 2, 7).

The large clostridial toxins TcdA and TcdB have been traditionally regarded as the
main virulence factors of C. difficile (1, 8). They inactivate small monomeric
GTPases through their glucosyltransferase activity and thereby damage the actin
cytoskeleton of intestinal epithelial cells, among other deleterious host cell effects
(9, 10). In most C. difficile strains, the genes encoding TcdA and TedB are found in
a so-called pathogenicity locus (Paloc) composed of 5 genes: fcdR, tcdB, tcdE,
tcdA and tedC. TcdR is a sigma factor promoting toxin synthesis, TcdC is an anti-
sigma factor that counteracts TcdR activity, and TcdE is a holin (1, 11, 12). Other
virulence factors described in this species include the binary toxin CDT, which
affects epithelial microtubules on account of its ADPribosyltransferase activity,



flagellin for host colonization, and the surface layer protein (SlpA), which has been
linked to inflammation and host cell adherence (13-17).

1.2 Clostridium difficile typing methods

Given that the pathogenicity and epidemic potential of strains differ, several
methods have been applied to type C. difficile isolates (18, 19). For instance,
Pulsed Field Gel Electrophoresis (PFGE) provides an overview of the whole
genome through digestion of genomic DNA by the endonuclease Smal. This
digestion produces a specific DNA fragmentation pattern that can later receive a
designation through comparison with the MNorth American Pulsotype (NAP)
databases (20, 21). Ribotyping is a PCR-based method that classifies isolates
based on variations in the size of their 165-23S rRNA intergenic spacing regions.
The results obtained are deposited in the database of the C. difficile Ribotyping
Network from Public Health England to obtain the ribotype (RT) (22). A third
method, termed Toxinotyping, involves a PCR ampilification of certain Paloc
fragments and their subsequent enzymatic digestion. The resulting patterns are
compared to those deposited in a database maintained by Dr. Maja Rupnik in
Slovenia (23). Finally, Multilocus Sequence Typing (MLST) consists of the
simultaneous analysis of the sequences of 7 essential housekeeping genes. Thus
it requires PCR and Sanger-sequencing or whole-genome sequencing (WGS). The
sequences are compared to allele lists deposited in public databases and allele
combinations define a sequence type (ST) (24, 25). Ribotyping and PFGE are the
main techniques used for epidemiology worldwide. However, MLST is the preferred
methodology for most phylogenetic studies.

1.3 Strains producing severe CDI cases

After the year 2000, an increase in the number of nosocomial CDI outbreaks and
morbility and mortality rates linked to CDI was reported in the United States,
Canada, and the United Kingdom (1, 26). Most of these infections were caused by
a strain classified as NAP1/RT027 that is characterized by mutations leading to



increased toxin production and fluoroquinolone-resistance, a high sporulation rate,
and carriage of CDT (1, 27, 28). Today, non-NAP1/RT027 strains with epidemical
potential and producing severe CD| have emerged (29). For example, the strain
NAP7/RTO78 has been frequently isolated from patients with severe CD| despite
the lack of evident risk factors or underlying diseases. Even though this strain is
usually found in piglets and pigs, an increase of human cases was initially reported
in The Netherlands and later in other European countries (30). The A-B+ strain
MAPS/RTO17, which does not produce TedA, has also caused outbreaks and
severe CD| cases, particularly in Asia but also in Costa Rica (31, 32). In this
Central American country, a novel strain called NAPcri/RT012 caused hospital
outbreaks in 2009 but its distribution started to fall from the year 2012 onwards.
These observations clearly show that the epidemiology of CDl is changing (32, 33).

1.4 The epidemic lineage NAPcr1 and its relation to the reference strain
CD630

During an outbreak of CDI in a Costa Rican hospital, a novel group of strains typed
as ST54 and RT012 coexisted with the NAP1/RT027 strain. This group of strains
was denominated NAPcri. It affected younger patients, produced higher
leukocytosis, more severe cases, and an increase in recurrences, compared to
NAP1/RT027 strains (33). NAPcr1/RT012 strains have circulated in seven Costa
Rican hospitals from 2003 until now, though they have not caused outbreaks since
2009 (32).

As indicated by its classification in at least in ten different Smal patterns, the
NAPcr:/ST54 strains are unusually diverse. Moreover, they are intriguingly closely
related to the C. difficile reference strain CDG630 (RT012/ST54), which was isolated
from a patient with pseudomembranous colitis in 1982 in Zurich, Switzerland (34).
The genome of CDG630 has been sequenced twice and is one of the best
annotated genomes of this pathogen (35-37). A comparison of NAPcr1 and CD630
genomes showed that the former has 10% more predicted coding sequences
(CDS) and, interestingly, those genes unique to NAPcr1 are mainly associated with



mobile genetic elements (MGE). Indeed, an average NAPcr1 genome is at least
6% larger than that of strain CD630 and contains almost the double amount of
phages, prophages, transposons and plasmids. Furthermore, the NAPcr1 strains
are resistant to fluoroquinolones due to a Thr82lle mutation in gyrA, just like the
NAP1/RT027 strain (33).

1.5 Phylogenomics of C. difficile

Two different MLST schemes, with comparable results to those obtained with
microarrays and single nucleotide polymorphisms (SNPs) studies, have been
applied to C. difficile. The most popular one is the scheme of Griffiths et. al (2010)
which focuses on the genes adk (adenosine kinase), recA (recombinase), sodA
(superoxide dismutase), dxr (deoxi-xilulose-P-reductoisomerase), glyA (serine
hidroximetiltransferase), fpi (triosafosfate isomerase) and afpA (alpha subunit of
ATP synthase). When applied to 152 isolates, this method recognized 40 ST and
distributed them in 5 clades (Figure 1). The majority of the isolates were assigned
to Clade 1 (including MAPcr1/ST54), Clade 2 included the hypervirulent strain
NAP1/RT027, Clade 3 had a few less reported isolates, Clade 4 was typified by the
NAP9/RT017 strain, and a potential 5 clade included the NAP7/RTO78 strain (25).
This clade definition was very similar to that reported by Stabler ef al., who
allocated 75 isolates to four groups (HA1, HA2, HY and A-B+) using microarray
hybridizations. Group HA1 is equivalent to MLST Clade 1 and included isolates of
human and animal origin. Group HY relates to MLST Clade 2 and also contained
the NAP1 strain. Group HAZ matches MSLT Clade 3, as it included isolates from
human and animal origins unrelated to hypervirulence. Finally, A-B+ isolates,
including NAPS strains, correspond to Clade 4. A comparison of these clustering
methods is presented in Figure 1 (25, 38). More recently, two new lineages of C.
difficile have been reported. Similar to the Escherichia coli cryptic clades, Clade C-I
is very divergent and could be a subspecies, a new species or ancestor. The
second one cryptic clade is Clade 6, which appears in between Clade 1 and Clade
2, although some authors consider that it is a sublineage of Clade 1 (39, 40).
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Figure 1. Phylogenetic tree of the MLST C. difficile clades. Taken from Griffiths et
al (25).

Following the clades defined by Stabler et al., one representative isolate from each
clade was chosen by He et al. to study their divergence through core genome
SNPs analyses (25, 41). From this comparison the authors concluded that there is



a great genetic diversity among the strains, with the NAP7 genotype being the
more phylogenetically distant. Additionally, they found epidemic ribotypes
associated with severe CDI in all clades, suggesting that virulence in C. difficile
was acquired from a common ancestor (41).

A baclerial genome can be subdivided in a core genome and an accessory
genome and the integration of all genomes of a species is known as pangenome.
The core genome consists of all the genes shared by the isolates under analysis.
In contrast, the accessory genome only includes those genes unigue to each
isolate or strain. The pangenome of a species contemplates both the core and the
accessory genomes. Genes in the core genome are commonly involved in
metabolic processes, biosynthesis, cell division, replication and gene regulation
(18, 42). However, in C. difficile they also include genes for virulence factors, such
as those related to adhesion and motility. Comparative genomic analyses of C.
difficile have revealed that the core genome of this species is rather small (16% to
23%). Therefore, since the size of most C. difficile genomes ranges from 4.2 to 4.5
Mb, a great proportion of their genetic information is accessory and possibly linked
to pathogenicity or adaptation. Indeed, the majority of the C. difficile pangenome is
composed by MGE (38, 41).

1.6 Genome diversification in Bacteria

Bacterial genomes diversify by the effect of mutations or through recombination. In
this regard, a mutation is defined as a change in a genetic sequence that produces
a base substitution or an indel (insertion or deletion) (43) and recombination is
regarded as the exchange of DNA fragments, as may occur when a recipient
bacteria acquires DNA from the surrounding environment or from a donor

organism. MGE are transferred by recombination (18).

Mutational and recombinational events can be distinguished through SNPs
analyses because they impact the average SNP density of a genome differentially
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(42). Moreover, the latter type of events can be identified through visual or
bicinfarmatic sequence comparisons.

The outcome of a mutational event is determined by the intensity and direction of
the natural selection, which can be neutral, positive purifying or negative purifying.
Mutational events producing non-synonymous substitutions (dN) affect the coded
protein and accumulate in a genome under the effect of positive purifying pressure.
On the contrary, synonymous substitutions (dS) lead to silent mutations. Their
accumulation indicate that negative purifying pressure is acting on coding regions
in order to purge non-synonymous changes from the sequences. The dN/dS rate is
used to estimate the effect of natural selection in coding sequences: while a dN/dS
rate > 1 indicates changes in coding sequences because of positive purifying
selection, rates < 1 signify that coding sequences are under the effect of negative
purifying pressure. Finally, rates of 0 state that the selective pressure acting on
coding sequences is neutral. Organisms suffering a clonal diversification are
distinguished by dN/dS rates greater than 1 (18, 42, 44).

Another parameter used to weight the effect of mutations or recombination in
genome evolution is the rate of nucleotide substitution from recombination (r) vs.
mutation (m), r/m. Clonal species mainly evolve through acquisition of mutations
and show r/m rates lower than 1. On the confrary, r/m rates above 1 typify
organisms that diversify by recombination (18).

1.7 Mutations and recombination in C. difficile

Supporting the notion that mutation rather than recombination drives C. difficile
evolution, He et al. analyzed the core genome of 9 representative isolates from
each of the clades defined by Stabler et al. They calculated the dN/dS ratio for
each strain and concluded that Clade 5 (NAP7) has diversified by negative
purifying selection due to the high number of dS mutations detected in this group
compared to the others. They also concluded that Clades 1 to 4 have diversified
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mainly by positive purifying selection, as most point mutations were dN. These
authors also determined that the 1/dN/dS rate was not linear, meaning that dN
mutations were not efficiently purged in this species. Non-linear populations have
already been reported for other species of the Firmicutes, such as Streptococcus
pyogenes and the Bacillus thurigiensis, B. anthracis, B. cereus complex (41). This
study also concluded that the role of recombination in C. difficile diversification is
moderate, as indicated by the calculation of r/m rates ranging from 0.63 to 1.13
(41, 45). Similarly, Dingle et al. predicted a r/m ratio 0.08 for 77 STs from the five
clades (11). Lemee et al. estimated that a C. difficile allele has 8-10 times greater
possibility to diversify by mutation rather than by recombination (24). Further MLST
analyses of virulence genes showed evidence of a clonal population with a
possible coevolution of tcdA, tcdB and the binary toxin, with essential genes (46).
Finally, Dingle et al. analyzed the MLST housekeeping genes of 1290 clinical
isolates and calculated a dN/dS rate of < 1, accounting for a negative purifying
selection to preserve gene integrity (11).

Favoring the notion that recombination plays a stronger role than mutation in C.
difficile diversification, Lemee el al. detected SNPs blocks and unusually large
amount of polymorphisms in genes relevant for host colonization, such as those
encoding flagella, the cell wall protein 66 (Cwp66) and SlpA (46). In addition,
Didelot et al. reported that the rim ratios of different STs may differ as does the
diversity of C. difficile isolates from the same ST (47).

Microevolution studies have been performed only for the RT027 genotype. In a
pivotal study by He ef al., the authors concluded that the RT027 strain suffered an
expansion at the beginning of the century that coincides with the epidemic
outbreaks. Additionally, they mention that it was hard to root their phylogeny
analysis probably because of early recombination events (41). In another study on
the same RT027 isolates, Castillo-Ramirez et al. detected 184 SNPs outside
recombinational regions. Up to 64.7% of these variants were non-synonymous,
16.3% were synonymous and 19% were located in intergenic regions. When



recombination regions were included in the calculation, the total amount of SNPs
detected increased almost 10 fold (n=1553), of which 47.5% were non-
synonymous, 39.2% were synonymous and 13.3% were located in intergenic
regions. This shows that the RT027 genomes include large recombinational blocks.
Moareover, they conclude that the accumulation of synonymous SNPs in RT027
genomes relates to the acquisition of genes from foreign lineages (42).

1.8 The C. difficile mobilome and its biclogical effect

MGE are DNA fragments that codify for enzymes and other proteins capable of
moving the fragment inside the genome (intracellular mobility) or between bacterial
cells (intercellular mobility) and the mobilome is the group of MGE found in a
species (18, 48).

Although MGE insertion in a genome may lead to gene acquisition, gene disruption
or gene fusion, affect the nearby genomic regions through inversion, produce
transcription breaks, and transactivate other MGE (18, 49, 50), studies on bacterial
population genetics classically focuses on variants found in the core genome and
disregard the accessory genome irrespective of the adaptive advantages that the

latter can confer to its hosts.

Several types of MGE have been found in C. difficile. Of them, the best annotated
come from strain CD630, which includes introns and [Strons, integrative and
conjugative elements (ICE), skin (a prophage-like element inserted in the
sporulation gene sigK) and several prophages and bacteriophages (35). These
MGE have been found in different lineages from all known Clades and some of
them are shared by phylogenetically distant strains (49, 51). The reasons behind
the occurrence of a rather large and diverse repertoire of MGE in C.difficile is
unknown, especially if one considers that it possesses the DNA repair system
RecA and several CRISPR-Cas systems (clustered regularly interspaced short
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palindromic repeats), which are defense mechanisms against bacteriophage
infections and MGE insertions (52-54).

The transposable elements described in the pathogen usually contain antibiotic
resistance genes. For instance, Tn5397 has tetM and Tn6764 contains fet (44),
which encode for ribosomal protection proteins conferring resistance to tetracycline
(55-57). Tn5398 and Tn6215 contain ermB, whose product is a methyltransferase
of the 235 rRNA that modifies the target of clindamycin, eritromycin and
streptogramin type B (58, 53). In addition to ermB, some Tn6218 elements also
have cfr, which codes for a methyltransferase of the 23S rRNA and generates a
multiresistance phenotype against chloramphenicol, lincosamides, oxazolidones,
pleuromutilines and type A streptogramins (60). Specifically in CD630, the
Tn4453a transposon includes the gene for a acetyltransferase conferring
resistance against chloramphenicol termed catD (61). Moreover, other putative
transposons are CTn1 to CTn7, which contain efflux pumps or ABC transporters
conferring resistance to tetracycline, chloramphenicol, eritromycin and possibly
other antibiotics (35). Some NAP7 isolates from human and porcine origin contain
Tn6164 with resistance genes to tetracycline and aminoglycosides inserted in a
genomic island with non-clostridial MGE (62). Finally, transposable elements
similar to Tn916 and Tn1549 from E. faecalis have been found (63).

C. difficile has many prophages whose host range has not being determined.
Nonetheless, they have been detected in different RT and in isolates from human
and animal origin. Most of these prophages belong to the Myoviridae family with
contractile non-flexible tails (phiCD119, phiC2, phiCD27, phiMMP02 and
phiMMO4), though some members of the Siphowviridae family with flexible non-
contractile tails have been found as well (phiCD38-2 and phiCDE356). All of these
phages have integrases, hence they are expected to undergo lysogeny. Some
researchers have confirmed that C. difficile phages influence the virulence and/or
adaptability of their hosts. For example, phiC2 mediates the transfer of Tn6215;
phiCD119, phiCD38-2 and phiCD27 modulate toxin production, and phiCDHM1
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possesses genes homologous to agr participating in quorum sensing. Finally,
phiMMPO2 and phiMMP04 have been isolated from patient samples, implying that
they are induced during CDI (64-70).

He et al. produced a rooted phylogeny of strains 630, BI-9, CF5, M&8, M120,
CD196, BI-1, 2007855 and R20291, which represent the main MLST C. difficile
Clades. They were able to trace back genomic insertions and deletions of MGE
and reported a large proportion of putative conjugative transposons and
bacteriophages in the C. difficile mobilome. Similar results were obtained in a study
on 25 RTO27 isolates (41). In a comparison between two RT027 strains, isolates
CD196 and R20291, and strain CD630, 234 unique genes were found in at least
50 different genomic regions. These regions were a phage island, transposon
genes, two-component response regulators, drug resistance genes, transporter
genes and type | restriction enzyme/restriction modification genes. Moreover, in a
comparison between strains R20291 and CD196, five genetic regions were unique
to R20291, including a phage island (Stoke Mandeville phage island), a prophage
with slight variations, the loss of 3 CDS for a putative protein and a region
encoding genes for a multiantimicrobial extrusion family drug/sodium antiporters
(71). In conclusion, differences between CD630 and RT027 isolates or between
RTO027 isolates mainly include MGE.
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2. SCIENTIFIC QUESTION

Although both NAPcr1 and NAP1 strains coexisted during an outbreak in a Costa
Rican hospital, a much larger diversity of the former group was observed. The
mechanisms behind the genome diversification of the NAPcr: lineage and its
implications in virulence are unclear.

3. JUSTIFICATION

Although several authors agree that C. difficile expands clonally, this species is
characterized by a high degree of genetic variability. The majority of studies have
only included a few lineages, most notably NAP1 strains, and they have been
restricted to the core genome, which is small in C. difficile. Moreover, most
researchers have focused on the evolution of the Paloc or other virulence factors,
hence only few studies have compared the effect of mutation and recombination in
the diversification of C. difficile at a genomic level. The results of these

investigations are inconclusive and often contradictory.

This work focuses on determining the genetic mechanisms behind the
diversification of NAPcr1 strains in the Costa Rican hospital environment. This
knowledge has the potential to provide explanations for the increased diversity,
virulence, and outbreak-causing capacity of this emerging lineage, which remains
unknown.

4. HYPOTHESIS

The acquisition of MGE in the accessory genome, rather than the accumulation of
mutations in its core genome, is a more imporiant mechanism of diversification in
NAPcr1 strains compared to NAP1 Costa Rican isolates.
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5. MAIN AIM

To compare the effect of mutational events in the core genome and the acquisition
of MGE in the accessory genome as mechanisms of microdiversification in NAPcrs
and NAP1 Costa Rican isolates.

5.1 Specific aims

9.1.1 To identify SNPs in the core genome of NAPcr1 and NAP1 isolates of C.
difficile and estimate their contribution to the microdiversification of both
lineages.

5.1.2 To estimate the diversity of the pangenome of NAPcr1 and NAP1 isolates of
C. difficile to assess the contribution of the accessory genomes to their
microdiversification.

5.1.3 To identify hypervariable genomic fragments and putative MGE in the
accessory genomes of selected NAPcr1 and NAP1 isolates of C. difficile
which could be related to microdiversification.

9.14 To define structurally and functionally the MGE that maximize the
differentiation of NAPcr1 and NAP1 isolates and to estimate their contribution
to the microdiversification of the lineages.

6. MATERIALS AND METHODS

6.1 Bacterial isolates and WGS

This study focused on 32 NAPcr1 and 17 NAP1/001 isolates from CDI patients that
received attention in the following hospitals: San Juan de Dios (HSJD), México
(HMX), Blanco Cervantes (HBC), Calderén Guardia (HCG), San Vicente de Paul
(HSVP) and the National Centre for Rehabilitation (CENARE) between 2003 and
2012 (Table 1). Draft whole genome sequences (WGS) for all of the analyzed
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isolates were obtained by sequence-by-synthesis at the Wellcome Trust Sanger
Institute (UK). Some representative NAPcr1 isolates were resequenced using
Single Molecule Real Time (SMRT) sequencing in a PacBio platform at the
Leibniz-Institute DSMZ (Germany). The quality control of the llumina reads
included comparisons of their %GC, mapping to reference bacterial genomes, and
determinations of the matching vields against C. difficile CD196. llumina reads
were assembled with Velvet (72) or Edena (73) then mapped back to assembly
contigs to correct for misassemblies. Statistics for the Velvet assemblies are shown
in Table 2. Edena assemblies were used only for the study of representative
isolates. This sequencing data can be downloaded from the European Nucleotide
Archive (Study PRJEB5034). SMRT reads, in turn, were assembled with HGAP 3
and error correction was done with Bridgemapper (74), no accession number is
available yet for these assemblies. The analyzed isolates suffered no more than 5
culture passages before DNA extraction for WGS was performed. ORF prediction
was done with Prodigal (75) and WGS were annotated with Prokka and custom C.
difficile databases (76). The annotated genomes of C. difficile CD630 (AM180355)
and C. difficile R20291 (FN545816) were used as reference genomes for NAPcr1
and NAP1 isolates, respectively.
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Table 1. PFGE typing, hospital, and year of isolation of the analyzed NAPcr1 and

NAP1 isolates.

Smal

PFGE pattern Isolate Hospital Year
442 3147 HSJD 2003
5701 HSJD 2009
5711 HSJD 2009
pucld 5767 HCG 2009
5771 CENARE 2009
2784 HBC 2003
3125 HSJD 2003
3137 HSJD 2003
5434 HBC 2003
448 5704 HSJD 2009
5707 HSJD 2009
5733 HSJD 2009
5751 HMX 2009
5774 HMX 2009
6275 HMX 2011-2012
3128 HSJD 2003
WA o 5719 HSJD 2009
5755 HMX 2009
- 5772 HSVP 2009
6276 HMX 2011-2012
6289 HMX 2011-2012
452 5734 HSJD 2009
487 2945 CENARE 2009
5763 HCG 2009
488 2992 HCG 2009
5761 HEB 2009
s 5762 HEB 2009
558 3145 HSJD 2003
6285 HMX 2011-2012
3144 HSJD 2003
578 3150 HSJD 2003
5436 HBC 2003
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Table 1. PFGE typing, hospital, and year of isolation of the analyzed NAPcr1 and
NAP1 isolates (continued).

PFGE p:tT:rln Isolate Hospital Year
5700 HSJD 2009
5703 HSJD 2009
5705 HSJD 2009
5706 HSJD 2009
5708 HSJD 2009
5708 HSJD 2009
5710 HSJD 2009
5713 HSJD 2009
NAP1 001 5714 HS.D 2009
5718 HSJD 2009
5720 HSJD 2009
5749 HMX 2009
5758 HBC 2009
5759 HBC 2009
5764 CENARE 2009
5765 HSVP 2009
5768 HCG 2009




Table 2. Statistics of the WGS assemblies used in the study.

17

Pulsotype lsolate  Total length “:L“:;; o c"'l‘:i"-:‘g't';‘““ c::;i‘gﬁ:, nf:;g’“['::" Mumberofn  Gaps NS0
2784 4513122 62 72792.29 326372 317 3349 14 165946
2045 4598748 87 5285917 299452 a 3481 15 165308
2092 4543631 91 49930.01 286334 362 2050 g 140269
3125 4546460 72 63145.28 547813 395 3735 17 211769
3129 4545745 81 56120.31 317892 325 5613 26 211721
3137 4512451 66 68370.47 547832 329 1859 18 187283
3144 4555159 67 67987.45 286240 135 7993 32 211702
3145 4553141 67 67957.33 547733 307 7808 33 200755
3147 4544596 59 77027.05 547735 316 5681 23 200355
3150 4543284 63 72210.86 500457 308 8363 35 206405

NAPcqs 5434 4518929 56 80695.16 575941 183 9605 38 213100
5436 4550846 61 74604.03 286260 123 8800 38 206401
5701 4512151 54 83558.35 547820 31 6405 25 209967
5704 4549499 56 81241.05 547739 307 9311 40 212974
5707 4507991 73 61753.3 286278 331 4323 16 164084
5741 4537289 a7 46776.18 547807 10 4879 20 158110
5719 4539549 78 58199.35 446658 312 3509 16 159106
5733 4548341 67 67885.69 370022 307 12354 a8 168429
5734 4513340 63 71640.32 370019 362 11083 46 171394
5751 4548016 58 78414.07 370331 422 7034 31 206155
5755 4550036 60 75833.93 351142 307 7842 29 171400



Table 2. Statistics of the WGS assemblies used in the study (continued).
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Pulsotype Isolate Total length H:::ig:f ma(a::l::ilggth mLﬁtnlgTE:l} nﬁ:::?ﬁ;} Number of n Gaps N50

5761 4500411 61 Ta777.23 E47760 359 7734 3 211763

5762 4499203 61 73757.43 547778 3oz 8732 34 213085

5763 4603505 59 78127.2 583809 316 6520 30 213618

5767 4548673 63 72201.16 370075 334 7340 28 213537

5771 4554433 62 73458.6 548268 ao7 ggaz a7 211718

NAP g1 5772 4552363 67 67945.72 360958 3oy 6729 26 213018
5774 4551618 64 71119.03 547835 anz 7940 30 208409

6275 4521469 51 BB656.25 547716 307 9378 38 213644

6276 4535622 73 §2131.81 370015 307 7408 36 185759

6285 4553447 58 TBE507.71 556230 307 8444 35 216422

6289 4522692 63 73376.06 547797 302 8018 36 211712

5700 4181811 52 80419.44 407848 355 2675 11 217205

5703 4180657 46 80683.85 424833 355 1385 218229

5705 4125379 52 79334.21 408227 375 2587 148986

5706 4123808 51 B0&5E.98 408300 336 B36 201810

e 5708 41311956 46 B9525.13 425101 452 4338 18 236318
5709 4128976 51 8096031 407399 355 2170 191539

5710 4129568 51 80971.92 762773 360 1785 187329

5713 4127874 53 77884.42 425115 N 3813 14 149047



Table 2. Statistics of the WGS assemblies used in the study (continued)
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Number of

Contig

Longest

Shortest

Pulsotype Isolate Total length l:onl:igs meanlength  contig (bp) contig (bp) Number of n Gaps N50
5714 4090142 46 B8916.13 407835 452 1629 7 186488
5718 4128653 54 T6456.54 407368 355 1722 7 149086
5720 4179942 48 BF082.12 425148 401 2312 10 217637
5749 4132034 51 B1020.27 424529 379 1527 B 149040
MAP1 5758 4126645 51 B0914.61 353728 353 3015 14 149122
5759 4128317 45 91740,38 425370 452 3292 15 217746
5764 4007786 50 B1955.72 426234 379 1461 236324
5765 4136133 51 B1100.65 469362 405 2356 9 217981
5768 4135683 44 928928 425661 355 2018 10 289108
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6.2 SNPs calling and core SNP phylogeny

The pipeline Breseq was used to determine core genome SNPs, the number of SNPs
of each isolate, SNP densities per kb (amount of SNPs/genome size *1000), and to
classify SNPs in coding sequences (CDS) as synonymous or non-synonymous
mutations and thereby estimate dN/dS rates. The pipeline maps short sequences to
the reference genome using Bowtie2. It performs mapping through two steps, the first
one in stringent conditions to obtain perfect matches and a second one aligns
previous unmapped reads in a more relax phase. The output includes SNP location,
coverage and annotation to facilitate interpretation. The pipeline was run with the
default parameters and a minimum threshold of 25 reads was used to call SNPs.
Mutations in intergenic regions, large deletions, new junctions, and MGE-associated
SNPs were discarded from downstream analyses. The results obtained for NAPcr1
and NAP1 isolates did not had a normal distribution, thus they were compared using
Mann—-Whitney U test.

The CFSAN SNP pipeline (79) and Seaview (80) were used to generate core SNPs
alignments and maximum likelihood bootstrapped trees. CFSAN maps short reads to
a reference genome using Bowtie2, generate pileups of the files with SAMtools, calls
variant sites with VarScan and produces a SNP list from which the SNP matrix is
generated. The pipeline was run with default parameters, thus with a coverage of 20
reads for SNP calling and a p- value of 0.98. When required, a NAP4 isolate (LIBA-
2812), a NAP1 isolate (LIBA-5750), or a NAPcr: isolate (LIBA-6289) were used as
outgroups. Root-to-tip distances were calculated for NAPcri and NAP1 isolates to
estimate SNP distances. These values were compared using Mann-Whitney U tests,

since they did not have a normal distribution.

6.3 Analyses of feature frequency profiles (FFP)

To determine differences in the accessory genome and MGE found outside the core
genome that could be related to the microdiversification of the strains, WGS were
compared using FFP (81). This is an alignment-free method that detects differences



21

in relative I-mer frequencies to calculate distance scores and can be applied even
when the WGS under study do not share genes with high similarity. Here, /-mers of
20 nt were used to find a compromise between discrimination potential and
computational capacity. The rest of the analysis was done with the default parameters
of the pipeline. Comparison matrices from the derived distance of a multistate
unordered characters model of feature frequency were transformed with the neighbor-
joining method into trees in which distances represent the number of character
feature changes and were visualized using FigTree
(http://tree.bio.ed.ac.uk/software/figtree/). Root-to-tip distances calculated for NAPcrs
and NAP1 isolates were compared using Mann-Whitney U tests, since they did not
had a normal distribution.

6.4 Proteome predictions and pangenome comparisons

Roary (82) and Get_Homologues (83) were used to predict unique gene/sequence
clusters/proteins as an input to detect MGE and to facilitate the comparison of the
MNAPcr: and NAP1 pangenomes. In detail, Roary was employed to estimate the size
of the core- and accessory genomes to generate a gene presence-absence
spreadsheet, and an approximate-maximum-likelihood phylogenetic tree from the
accessory genome, It classifies genes in four categories according to their frequency
of occurrence: core genes (99% <= strains <= 100%), soft core genes (95% <=
strains < 99%), shell genes (15% <= strains < 95%) and cloud genes (0% <= strains <
15%) Get_Homologues, in tum, produces pangenome matrices from which
parsimony-based pangenomic trees can be derived. Trees were visualized with
FigTree and root-to-tip distances obtained for NAPcr1 and NAP1 isolates were
compared using Mann-Whitney U tests, since they did not have a normal distribution.
Roary was run with the default parameters of the pipeline. Get_Homologues was run
with the default parameters with the exception of considering all the possible clusters,

including sequences from a single genome.

6.5 Identification of unique gene clusters and MGE

Based on the results of the Get_Homologues pipeline, four NAPcr1 and six NAP1
isolates were selected for further analyses according to their cluster location and their
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branching distances. The unique gene clusters predicted for these representative
iIsclates were highlighted in their genomes with Artemis (77) and their contigs were
compared to cognates from reference genomes using WebACT/ACT (78) to spot
unshared regions that resembled MGE. Criteria such as presence of genes from
known MGE (phage proteins or recombinases), %GC deviations, and NCBI
databases searches were used to define MGE. Putative MGE were annotated using
Prokka (76), and BLAST (http://blast.ncbi.nim.nih.gov/Blast.cgi) or Interpro
(https://www.ebi.ac.uklinterpro/search/sequence-search) searches. A list of
differential MGE was raised according to their presence-absence in the
representative isolates. To confirm their role in the microdiversification of the NAPcr1
genotype , the Roary analyses were repeated with WGS in which these discriminatory
MGE were deliberately removed.

6.6 Functional studies of selected MGE of NAPcr isolates

To prove that the discriminative MGE are functional, a PCR-based approach for
detection of circularization and excision events was performed. The primers and
temperatures used are detailed in Table 3. The reaction was done with the Platinum
SuperFi DNA Polymerase (ThermoFisher), and genomic DNA obtained from
overnight cultures in BHI medium in anaerobic conditions. A typical amplification
program consisted of: 2 min at 95°C, 10 s at 95°C, 10 s at the respective annealing

temperature, 45 s at 68°C and 5 min at 68°C.
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Table 3. Primers, annealing temperatures, and predicted sizes of the amplicons used for detection of circular
intermediates and excision of the differential MGE identified through pangenome comparisons.

: Predicted
Isolate(s) MGE® Forward (5~ 3') Reverse (5'-3') t:::““"““ amplicon
perature

size (bp)
2945 mobCksgA_C CCGTCTGGTTCTCGGCTAAT AGCTATGACGAGAACGGCAC 56°C 300
2945 mobCksgA_E  CGTTGATGTCAAGAAACATGGA  GTAGGTGCAGGACTTGGAGC 56°C 400
5761/6289 mobCksgA_C TCAATGGCATTCCGCAACAC TCATGGAACTGTCGGCAGAC 56°C 520
5761/6290 mobCksgA_E  ACCGTATCAAAAAGCCCCGT AGACCCTTGTTGTTGCCCTC 56°C 500
6276 mobCksgA_ C  TCATGGAACTGTCGGCAGAC TCAATGGCATTCCGCAACAC 56°C 520
6276 mobCksgA_E  AGACCCTTGTTGTTGCCCTC ACCGTATCAAAAAGCCCCGT 56°C 500
2945/5761/6289 skin_C CCTATACAGGTGCTTTCCTA ACCATGATTCAGATTCCCTTGG 52°C 1400
2945 skin_E AGCCATAAGGAGTTAACCCA  ACATCAATAGCTTCCTCAACAC 52°C 1300
2SoTo1e91  skin E AGCCATAAGGAGTTAACCCA  AGAGATGGAGGAACTAAGAT S1°C 1300
2045 Tn5397_C TGAACAAGCAGAGGTAGTGCA ACGATTTTATCCTCGCCAGCA 57°C 650
2045 Tn5397_E AGACACCTGCTAAGAACCGC TCTTCTGTTGCTGATAGAGT 52°C 600
6276/6289 Tn5397_C AGCAGAGGTAGTGCAAAGCT ACCGATTTTGTAGCCCTCGG 56°C 1000
6276/6290 Tn3397_E AGACACCTGCTAAGAACCGC AGGCTCTTGATGTTCTTCCA 54°C 350
6276 Tnd001-like ¢ GCACCCTCTGCAAATTTTGTCT GAACCATAACCTTTGTCTTG 52°C 520
6276 Tnd001-ike_E  GCAACATTCAAAGCTGCCCA TGGCTAGATAGTATAGTTGGAG 56°C 400
6289 Tn4001-like_C GAACCATAACCTTTGTCTTG TCTTCGCCTTGTTCAAACTCA 52°C 400
6289 Tn4001-ike_E  TTTGTCAAGGGCTTGTTGCG CCGTAAAGTCTTTGCACAGT 54°C 450
2045 Prophage GGGAACTTGCCATATCGTGC TCGTACACGGTATCGCATGG 58°C 330
2945 Prophage GCAAAAGCCGCCGAAAAAGG AGCTGCAAGAGAATCAACCCT 58°C 500
6289 EI'::I:',";S ACTTCCTTTTTGTTGTGCCA TGACATTGCAATGACTGATG 52°C 500

a C= circularization, E=excision.
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6.7 Amplicon sequencing and analysis

The amplicons obtained were purified with the QlAquick PCR Purification Kit (Qiagen)
and capillary sequenced in both directions through traditional Sanger methods
(Macrogen). Sequence editing, assembly, alignments and pairwise comparisons of
the sequenced amplicons against the corresponding WGS were done with Geneious.

Figures of the PCR products and the predicted MGE were generated with Geneious.

7. RESULTS

7.1 NAPcr1 and NAP1 isolates have slightly different SNP densities and
dN/dS rates

Although the NAPcri genomes (4499203-4622692 bp) are in average 378 907 bp
larger than their NAP1 cognates (4090142-4181811 bp), and that a much smaller
proportion of the reads abtained for NAPcr: isolates mapped to its reference
sequence (87-91%) compared to NAP1 isolates (96-99%) (Tables 4 and 5). The
former group of isolates only showed 5 more SNPs in average and a 10% higher
average SNP density (0.55 vs. 0.50) than the NAP1 isolates (Figure 2). Despite these
rather subtle differences, the dN/dS rate calculated for the NAPcr1 isolates (2.47)was
three fold lower than that obtained for the NAP1 isolates (6.05) (Fig 2C). Both dN/dS
rates were >1. These observations also hold true when NAPcr1 isolates from single
Smal patterns were pairwise compared to NAP1 isolates (Appendix 1). Interestingly,
NAPcrs isolates from the 487 Smal pattern showed a greater dN/dS rate (4.95) than
the rest of the isolates of the pulsotype (Appendix 1).



Table 4. Number of SNPs, SNP densities, and dN/dS rates calculated for NAPcr1 isolates.

po Banoiis Mapped Total Average Average Average Average
Isclate to number number of SNP density SNP dN dS dN/dS  dN/dS
patiern size (bP)  opg3p  of SNPs  SNPs (perkb) density rate
442 3147 4544596 90.2% 24 24 0.53 0.53 15 9 167 1,67
5701 4512151 92.0% 27 0.60 18 9 200
447 5711 4537280  90.5% 27 25 0.60 0.55 18 9 200 264
5767 4548673 80.1% 23 0.51 17 6 283
5771 4554433 90.3% 23 0.51 18 5  3.60
2784 4513122 91.2% 23 0.51 17 6 283
3125 4546460 90.4% 22 0.48 15 7 2.4
3137 4512451 92.2% 23 0.51 15 8  1.88
5434 4513340 91.1% 25 0.55 18 7 257
148 5704 4549499  91.0% 27 25 0.59 s 17 10 170 233
5707 4507991 91.3% 29 0.64 18 11 164
5733 4548341 90.2% 28 0.62 20 8 250
5751 4548016 90.8% 24 0.53 16 8  2.00
5774 4551618 90.2% 22 0.48 17 5 340
6275 4521469  91.7% 298 0.64 21 8 2863
3129 4545745 90.6% 22 0.48 15 7 214
5719 4539549 89.5% 27 0.59 18 9 200
449 5755 4550036  90.2% 23 - 0.51 054 18 5  3.60 _
5772 4552363 90.5% 25 0.55 18 7 257
6276 4535622 90.0% 26 0.57 18 8 225
289 4622692  89.9% 25 0.54 17 8 213

Table 4. Number of SNPs, SNP densities, and dN/dS rates calculated for NAPcr1 isolates (continued).
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ol Ganoe Mapped Total Average n?'::? Average Average
abarn Isolate ize (bp) to number number of density SNP dd dS dNidS dN/dS
P sizeBP)  cpg30  of SNPs SNPs density rate
(per kb)
452 5734 4513340  91.1% 27 27 0.60 0.60 18 9 200 2.00
87. 54
57 2045 4598748 0% 25 25 0 054 2 3 7.33 4.95
5763 4609505 88.3% 25 0.54 18 7 257
488 2002 4543631 90.0% 23 23 0.51 0.51 15 8 188 1.88
48 58
489 5761 4500411 a0 :a 26 27 0 0.60 20 6 333 292
5762 4499203  91.3% 28 0.62 20 8 250
i
556 3145 4553141 203 :’n 25 26 0.55 0.57 16 9 1.78 1,86
6285 4553447 90.2% 27 0.59 18 9 2.00
3144 4555159 90.0% 24 0.53 16 8 2.00
578 3150 4549284 90.5% 26 24 057 0.52 16 10 1.60 1.87
5436 4550846  90.0% 21 0.46 14 7 200
Average 4550197 90.4% 24 25 0.54 0.56 8 8 2.5 2.58
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Table 5. Number of SNPs, SNP densities, and dN/dS rates calculated for NAP1 isolates.

AR nglite; g eebpea R ol d;.::'{:f:jf:m dN  dS  dN/dS
5700 4181811 96.20% 26 0.62 21 3 7.00
5703 4180657 96.20% 21 0.50 24 3 8.00
5705 4125379 898.10% 17 0.41 18 3 6.00
5706 4123808 97.00% 21 0.51 w3 Eib
5708 4131956 96.50% 23 0.56 8 5 360
5709 4128976 97.80% 21 0.51 B 5 a2
5710 4129568 97.40% 22 0.53 7 5 340
5713 4127874 96.40% 24 0.58 9 5 380
5714 4090142 99.30% 19 0.46 17 2 850
5718 4128653 97.10% 19 0.46 7 2 850
5720 4179942 95.20% 22 0.53 20 2 1000
5749 4132034 96.90% 21 0.51 % 5 320
5758 4126645 98.00% 17 0.41 % 3 e
5758 4128317 97.70% 23 0.56 w8 e
5764 4097786 99.50% 20 0.49 18 2 9.00
5765 4136133 97.60% 19 0.46 7 2 8so
5768 4135683 97.40% 19 0.46 -

Average 4134433 97.31% 21 0.50 18 3 6.05
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Figure 2. Core genome SNPs analyses for isolates from the NAPcr1 and NAP1
pulsotypes. (A) Total amount of SNPs found in coding regions, (B) SNP density per
kb, (C) dN/dS rates. C. difficile 630 and R20291 were used as reference strains for
NAPcr1 and NAP1 isolates, respectively. Asterisks above bars depict differences at a
level of significance of P<0.05 as indicated by Mann—Whitney U tests.

With a few exceptions, the non-synonymous mutations detected in the NAPcr1 and
NAP1 isolates differed qualitatively. In the former group of isolates, mutations were
observed in the genes encoding the DNA gyrase subunit A, putative exosporium
glycoproteins, a putative transcriptional regulator activator Mor, an ABC-type
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Figure 3. Rooted (A) and unrooted (B) phylogenomic trees of NAP g, isolates
generated with SNP distance matrices and the maximum likelihood method.
The NAP4 isclate 2812 from MLST Clade | (blue) and the NAP1 isolate 5750
from MSLT Clade 2 (red) were included in A as outgroups. Bootstrap values
are indicated in gray numbers. Scales correspond to the average number of

substitution per site.
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Figure 4. Rooted (A) and unrooted (B) phylogenomic trees of NAP1 isolates
generated with SNP distance matrices and the maximum likelihood method.
NAP g, isolate 6289 from MLST Clade | (green) was included as an outgroup.

Bootstrap values are indicated in gray numbers. Scales correspond to average
number of substitutions per site.
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Figure 5. Average root-to-tip distances of isolates from the NAPcri and NAP1
pulsotypes in SNP-based phylogenomic trees. The asterisk depicts differences at a
level of significance of P<0.05 as indicated by a Mann—Whitney U test.

7.3 The accessory genome of the NAPcr1 isolates is more diverse than that
of the NAP1 isolates

Though both scales were equal, a ffp-tree that takes into consideration the entire
genome revealed more differences in the accessory genomes of the NAPcr: isolates
compared to NAP1 isolates according to the branch distance of each isolate (Fig 6A
and 6B). In the NAPcr1 tree, isolates from the 487 macrorestriction pattern appeared
separated. Additionally, isolates 6289, 5761, and 5762 outstood from the main
clustering (Fig 6A). In the NAP1 fip-tree, three clusters with very similar isolaes were
formed (Fig 6B). This conclusion was supported by the finding of significantly larger
average root-to-tip distances for NAPcr1 isolates than for NAP1 isolates (Fig 7).
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Figure 6. Feature-frequency profile tree of NAP.z,~(A) and NAP1-isolates (B)

The NAP4 isolate 2812 from MLST Clade | (blue) and the NAP1 isolate 5750
from MSLT Clade 2 (red) were included in A as outgroups. In B, strain CD630
(green) was included as an outgroup. The scales correspond to number of

character feature changes.
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Figure 7. Average root-to-tip distances of isolates from the NAPcr1 and NAP1
pulsotypes in feature frequency profiles-based trees. The asterisk depicts differences
at a level of significance of P<0.05 as indicated by a Mann-Whitney U test.

7.4 The NAPcr1 pulsotype has a larger accessory genome and more gene
clusters than NAP1 strains

For the NAPcr1 isolates Roary predicted 4802 gene clusters and a core genome of
3547 gene clusters, which accounts for 74% of the genome. Seven percent of the
gene clusters were found in the soft-core genome, 8% in the shell genome and 11%
in the cloud genome. Hence, the second genome category after the core genome
having more gene clusters was the cloud (Fig 8A). In contrast, the same program
predicted 3829 gene clusters and a core of 3588 gene clusters (94%) for the NAP1
isolates. In this group, the shell genome only contained 5% of the predicted gene
clusters and a cloud genome of 1% (Fig 8B). Coinciding with the FFP results, this
data shows that the NAPcr1 isolates have more genes in the accessory genome than
the NAP1 pulsotype. Moreover, NAP1 has more genes shared by all of the isolates
studied.
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A NAPcg,
4 802 gene clusters

Core 74%
{N = 3547)

Cloud 11 %
(N = 541)
Shell 8 %
(N = 362)
Soft-core T %
(N = 352)
B NAP1
3829 gene clusters

Core
93.7%
(N=3588)

Cloud 1.6% (N=62)

Shell 4.7 % (N=179)
Softcore 0% (N=0)

Figure 8. Pangenome comparison of NAPcr1 (A) and NAP1 isolates (B). Based on
their occurrence rates, gene clusters are organized as core (99% <= strains <=
100%), soft core (95% <= strains < 99%), shell (15% <= strains < 95%) or cloud (0%

<= strains < 15%).
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B NAP1
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k7o

Figure 9. Presence-absence plot of gene clusters in the pangenome of NAPcr1 (A)
and NAP1 isolates (B). Tree scales were generated from a binary matrix and indicate
presence-absence of gene clusters. Blue bars indicate presence of gene cluster.
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Figure 10. Parsimony-based pangenomic tree of NAPcr: isolates generated with
Get_Homologues. The tree was rooted with strain CD630. Three distinct groups were
defined: cluster | (purple), cluster Il (green) and cluster |l (blue) and selected isolates
from each group are depicted with arrows. Tree scales are generated from a binary
matrix and indicate presence-absence of gene clusters.
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Figure 11. Parsimony-based pangenomic tree of NAP1 isolates generated with
Get_Homologues. The tree was rooted with strain R20291. Six distinct groups were
defined denominated cluster | (teal), cluster Il (brown), cluster Il (purple), cluster IV
(green), cluster V (red) and cluster VI (blue) and selected isolates from each group
are depicted with arrows. Tree scales are generated from a binary matrix and indicate
presence-absence of gene clusters.

When the parsimony-based pangenomic trees of NAPcr1 and NAP1 were compared
according to the scales, NAPcr1 (50.0) isolates have greater distances than NAP1
isolates (20.0). This result was confirmed by the average root-to-tip distance that
characterized the NAPcr1 isolates, which was two-fold higher than the calculated for
isolates of the NAP1 pulsotype (Fig 12). Therefore, the pangenome of the NAPcr1
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isolates is larger than that of the NAP1 pulsotype as a consequence of a greater

accessory genome.
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Figure 12. Average root-to-tip distances of isolates from the NAPcr1 and NAP1
pulsotypes in parsimony-based pangenomic trees. The asterisk depicts differences at
a level of significance of P<0.05 as indicated by a Mann-Whitney U test.

7.5 NAPcr1 isolates have more distinctive mobile genetic elements in their
accessory genomes than NAP1 isolates

Two of the four NAPcr1 isolates selected in the parsimony-based pangenomic belong
to the same pulsotype and were isolated in the same hospital during 2011-2012
(Table 6). The other two, which were derived from Clusters | and |l, represent distinct
pulsotypes and were isolated in different hospitals in 2009. In agreement with the tree
shown in Figure 10, isolate 2945 from Cluster | showed the greater amount of unique
gene clusters (n=376), followed by the isolates from Cluster Ill (n=104) and isolate X
from cluster Il (n=62).
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Table 6. Origin and amount of unique gene clusters of representative NAPcr1
isolates from each cluster.

Smal Unigue gene
Cluster Isolate pattern Year Hospital clusters
| 2045 487 2009 CENARE 376
Hospital Raul Blanco
] 5761 489 2009 Cervantes Be
m 8278 449 2011-2012 Hospital México 104
mn 6289 449 2011-2012 Hospital México 104

As to the NAP1 isolates that represent the six clusters defined in the parsimony-
based pangenomic tree shown above, isolates 5714, 5708, 5703 and 5710 from
Clusters I, IV, V and VI were derived from the same hospital during a year in which a
CDI outbreak took place. Isolates 5764 and 5759 from Clusters | and Il were
recovered at different hospitals in 2009. As already indicated by the tree shown in
Figure 10, isolate 5703 from Cluster V had the largest amount of unique gene clusters
(n=85). All other representative NAP1 isolates had between 10 and 17 unique gene
clusters. This figure is small when compared to the results obtained for the NAPcr1

isolates. Results are shown in Table 7.

Table 7. Origin and amount of unique gene clusters of NAP1 representative isolates

fram each cluster.

Cluster Isolate pg:t":tL Year Hospital U"::Iul;ﬁf;ne
I 5764 001 2009 CENARE 17
n 5714 o001 2009 Hospital San Juan de Dios 13
1 5759 001 2009 HERERE e e 17
v 5708 oo 2008 Hospital San Juan de Dios 10
v 5703 001 2009 Hospital San Juan de Dios B5
Vi 5710 001 2009 Hospital San Juan de Dios 14

Most of the unique genes of the NAPcr1 isolates encode MGE-related and form part
of novel MGE absent in CD630. Among these distinctive MGE there is a putative
plasmid found only in isolate 6289 from Cluster Ill, an element similar to the Tn4001






Table 8. Differential MGE present in the NAPcr1 pangenome.

Pfﬁr'n Isolate ::::‘:i: mobCksgA Tn5397  skin  '"yo''  Prophage pﬁ:’:} p?iTz

CD&30 - - + + . - i E

442 47 - + + + + = + -
5701 - + + + + - + i

5711 - + + + + - + .

il 5767 - + + + + = + s
5771 - + + + + L + -

2784 - + + + + ¥ + 2

3125 - + + + - - + .

3137 - + + + + - + -

5434 - + + + + - + -

448 5704 - + + + + - + -
5707 - + + + + = + &

5733 - + + + + - + -

5751 - + + + + - + “

5774 - + + + + : + .

6275 - + + + + = + -

3129 o * + + + - + -

5719 - + + + + o + -

440 5755 - + + + + - + .
5772 - + + + + - + -

6276 = + + & + v + a

6289 + + + + + : + -




46

Table 8. Differential MGE present in the NAPcr1 pangenome (continued).

Smal Putative Tn4001- Prophage Giant Giant
pattern 19010 oo omig MobCksgA  Tn3397  skin Ike inCTn5  phiV.d  phiV.2
452 5734 - + + + + - + -
4 i P -
487 2945 + + + *
5763 - * + + - i
488 2992 - + + + - = + =
5761 - + - + + - + -
o3 5762 - + - + + - + -
3145 - + + + + - + .
558
6285 = + + + + - < =
3144 - + + + + - + -
578 3150 = + + + + = + a
5436 g + + + + Z + z

Presence (+, light blue), absence (-, light green).

A very different picture was derived from the comparison of NAP1 WGS (Table 9). Here, only isolates 5703, 5720 and
5700 from Cluster V had a differential MGE. This element was absent in strain R20291, but gave a perfect identity match
to a previously reported plasmid of NAP1 (36).
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Table 9. Differential MGE found in the NAP1 pangenome.

MNAP1 isolate Putative plasmid
5764 =
5714 -
5759 -
5713 -
5708 =
5758 -
5705 -
5765 -
5768 -
5749 -
5718
5709 =
5703 *
5720 +
5700 +
5710 -
5706 -
R20291 -
Presence (+, light blug), absence (-, lighl green).

The differential NAPce1 MGE were distributed in the parsimony-based pangenomic
tree according to potential gain/loss events (Fig 13). Starting from the root, all of the
isolates have the mobCksgA mobilizable transposon. When the branches divide, the
isolates of Cluster | were the only to acquire the variant 2 of the giant phage and the
prophage inserted in CTn5 of CD630. In the other branch, all of the isolates from
Clusters |l and lll have the Tn4001-like element and the first variant of the giant
phage. Two isolates from Cluster Il lack Tn5397 (5761 and 5762) and isolates 6289
and 5761 from Cluster Il have a putative plasmid or lack the skin element,

respectively.
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Figure 13. Location of the differential MGE in a parsimony-based pangenomic tree
calculated for the NAPcr1 isolates. The tree was rooted with strain CD630 and the
differential MGE were highlighted with colors. Tree scales are generated from a
binary matrix and indicate presence-absence of gene clusters.
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Figure 14. Location of the differential MGE in a parsimony-based pangenomic tree
calculated for the NAP1 isolates. The tree was rooted with strain R20291. Tree scales
are generated from a binary matrix and indicate presence-absence of gene clusters.

Summarizing, the pangenome comparisons detected more differential MGE in
NAPcr1 (n=6) rather than in NAP1 isolates (n=1). This agrees with other results, that
demonstrate that the NAPcr1 isolates have a greater pangenome and a smaller core

genome.
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7.6 Annotation and functional characterization of the differential MGE
With a size of 10 815 bp, the novel mobCksgA transposon (Table 10) was present in
all NAPcr1 isolates but in two different genomic locations. It was found into CTn2 in
isolates from Cluster | or inserted into a Tn976-like element in isolates from Clusters Il
and lll. This element resembles a mobilizable transposon, as it has a recombinase, a
bacterial mobilization protein MobC, and a replication initation protein RepA (Table 9).

Interestingly, it encodes for a kasugamycin dimethyltransferase (KsgA).

Table 10. Annotation of the mobCksgA element of NAPcr1 isolates.

ORR
ORF length Prokka Annotation Best Blast hit Best Interpro hit
{bp)
Lambda repressor-like, DNA-
(+1) 444 HTH transcriptional Transeriptional binding domain, CrofC1-type
regulator regulator helix-tum-helix domain and
putative zinc rbbon domain
4 DNA-directed RNA .
RMA polymerase sigma RNA polymerase sigma factor,
(+1) 423 factor WWETSE Slgma-r0 region 3/4
actor
Dimethyladenosine
transferase (S-
adenosylmethionine-6-N",
M -adenasyl (IRNA) Ribosomal RNA adenine
(+1) 930 dimethyltransferase) (165 adﬁﬁ%?ﬂ:;ﬁ:’:ﬁ methyitransferase KsgAJ/Erm
rRNA dimethylase) (High farnih Bentain and S-adenosyl-L-methionine-
level kasugamycin o PREREN dependent methyltransferase
resistance protein ksgh)
{Kasugamycin
dimethyitransferase)
Rossmann-like
(+1) 486 Glycerol-3-phosphate Glycerol-3-phosphate  alpha/betalalpha sandwich fold
cytidyltransferase cytidylyltransferase and cytidvitransferase-like
domain
(Alpha)-aspartyl Class | glutamine
(+2) 612 dipeptidase Fpoeics prot amidotransferase-like
(+3) 477 Hypathetical protein Hypothetical protein Mo prediction
Bacterial mobilisation Bacterial mobilization 1 g
(+1) 399 protein (MobC) protein (MobC) Bacterial mobilisation
Relaxase/mobilization
(+3) 1617 Endonuclease relaxase nuclease domain Emcﬁggzﬁ relwase,
% irD2
protein
. Gl 2 pae P-loop containing nucleoside
(+2) a52 REpht:afIitE{;?Lhahuﬁ F!Epllc;ﬂ;;rlllhahun triphosphate hydrolase and
IstB-like ATP-binding protein
et Pn el ication initiator A, M-
(+3) 843 ATP-binding protein ”’"“5‘}']";:: protein Replication s
Resolvase, N-terminal catalytic
domain, DMNA-binding
{+1) 1620 TndX/TnpX recombinase Recombinase recombinase domain and

recombinase zinc beta ribbon
damain






Table 11. Annotation of the Tn5397 from NAPcr1 isolates.
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ORF ORF
length Pfam Annotation Eest Blast hit Best Interpro hit
(bp)
(+3) 315 Gonjugal';:;;ri?‘rnsposun Conjugal transfer protein Mo prediction
(+3) 387 c’“"]“gagr:t;i" s el Transposase No prediction
(+3) 1386 Cell di“""”;;ﬁf"“””’“"“”*’ Cell division protein FisK FtsK domain
(+1) 153 Gcn]uga;ugrgiﬂ;nspmn Transposase No prediction
Lambda repressor-
Phage replication initiation like, DMNA-binding
(+1) 1209 Replication initiation factor and Cre/Cl family domain and Cro/C1-
transcriptional regulator type helix-turm-helix
domain
(+1) 222 Conjugative tranposon protein Hypothetical protein Mo prediction
(+2) 408 Antirestriction protein Antfresu'ﬂin protein Antirestriction
Conjugative transposon Conjugal transfer protein : :
1+2) 393 protein (TcpE family protein) TcpE family protein
(+1) 2448 ATPase ATPase ATPase
(+2) 2168 Membrane protein Membrane protein Mo prediction
i : Lysoczyme-like domain
(+3) 1113 Gonjugaﬂﬁ;znspumn Peptidase P&0 and endopeptidase,
P NLPC/PE0 domain
Reverse ‘
Reverse Group Il intron reverse
(+1) 1830 transcriptase/maturase/endon tmgmﬁf;ﬂstﬂgruﬁ Eﬁ'rm ranseriptase/maturas
uclease, Group Il intron - P &
intron
Ll Lysczyme-like domain
(+2) 1113 C“”J"E‘a““;’t;ﬁ” sposon Peptidase P60 and endopeplidase,
i NLPC/P60 domain
. . Conjugative
(+3) 933 Conjugative tranposon protein - Conjugal transfer protein transposon protein
TepC
(+1) 1920 Tetracycline resistance protein Tet GTPase activity
(+2) 185 C“”’““:f";;ﬁ“"‘m" Conjugal transfer protein ~ Cysteine-rich KTR
Lambda repressor-
inti like, DMNA-binding
(2) 354 dhl oot e Transcriptionsl regulator  domain and Cro/C1-
ro type helix-tum-helix
domain
(+1) 66 WJUEEm;r;DEWEm Transposase Mo prediction
: P : RMNA polymerase
(+1) 426 RMA polymerase sigma factor DNA-binding protein sigma factor
’ Helix-tum-heliz,
(+2) 231 Cunjuga:r\r:t;:nspﬁsnn Hypothetical protein conjugative
transposon-like
(+3) 141 Conjugative tranposon protein Hypothetical protein Mo prediction
(+1) 1602 Recombinase site-specific Recombinase famiby Basthonne

resolvase family protein

protein




A novel MGE resembling the Tn4001 of S. aureus was found among NAPcr: isolates
from Clusters Il and Ill. This element, for now denominated as Tn40071-like, has size
of 6 526 bp and contains only six genes (Table 12), including a recombinase, two
acyl-CoA
phosphotransferase, and a acetyltransferase from the GNAT family, which likely

transposases, a  bifunctional N-acyltransferase/aminoglycoside

confer resistance to aminoglycosides. This Tn40071-like element has an extra

recombinase when compared to Tn4001 (Figure 16).

Table 12. Annotation of the Tn4007-like element from NAPcr1 isolates.

ORF

ORF length

(bp) Prokka Annotation Best Blast hit Best Interpro hit
(+2) 231 ijugﬂé':’:p‘:;lﬁzposm Resolvase, M—tef!'ninal Resuluasg, N—terrlninal
recombinase domain protein catalytic domain
(+1) 1173 Transposase IS256 transposase Transpoaif'psg. e
Bifunctional AAC/AFH
| Pl b AcyL-CoA N-
(-1) 1440 Putative aminoglycoside acetyliransferase and acyitransferase and
phosphotransferase APH(2): 2 aminoglycoside
amin Dg}yc-ﬂg'rdﬂ phosphotransferase
phosphotransferase
(1) 405 Flbasc TaoAsin: GNAT family Acyl-CoA N-
acetyltransferase acetyltransferase acyltransferase
(-3) 117 Transposase IS256 transposase Tl‘aﬂspmﬁzz. oo
Conjugative tralnsposun iﬁsl::ﬁ:zloﬁ:?r:“;ir?:l
(+3) 1446 rﬁg':qﬁ:;ﬁ; Resolvase recombinase zinc beta

ribbon domain
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Figure 15. ACT comparison of Tn4001 and the Tn4007-like transposon of the NAPcr1
isolates 6276 and 6289. The latter element has an extra recombinase gene compared
to the original Tn40017. Red depicts shared regions and blue inversions.

The skin“® element differentiated the NAPcr: isolates because it is missing in isolate
6276 from Cluster lll. It mainly includes phage proteins. Additionally, it has a
recombinase, a beta-lactam repressor and the vanZ gene, encoding for a teicoplanin
resistance protein (Table 13). The PCR analysis was positive for isolates 2945, 5761
and 6289, but not for isolate 6276, which lacks the element (Fig 19B). This sequence
of this amplicon coincides with the ends of the skin® element, confirming its
circularization.



Table 13. Annotation of the skin® element from NAPcrs isolates.

a5

ORF length

ORF (bp) Pfam Annotation Best Blast hit Best Interpro hit
M-catalytic domain
Recombinase and : ; resolvase and
(-1} 1518 ey Serine recombinase recombinase DNA-bnding
domain
Tetratricopeptide repeat-
1-2) 822 Putative lipoprotein Lipopratein containing domain and
helical domain
Putative cell surface ; Putative cell wall binding
1) 1428 protein cwp 26 Fapbcaan with Pep3Y dormain
{+2) 153 FPutative phage protein Hypothetical protein Mo prediction
Conserved hypothetical Conserved hypothetical e
{+2) 171 protein protein Mo prediction
{+3) 156 Putative phage requlator Hypothetical protein Mo prediction
(+3) 102 Putative phage protein Putative phage protein No prediction
(+1) 252 Putative phage protein Hypothetical protein Mo prediction
(+2) 114 Putative phage protein Hypothetical protein No prediction
{-2) 384 Putative phage protein Phage protein Mo prediction
Fragment of putative i i iam
(+2) 729 phage protein Hypothetical protein Mo prediction
Fragment of putative . . o
(+3) 729 phage protaln Hypothetical protein Mo prediction
-2) 120 Conserved hypothetical Hypothetical protein No prediction
protein
(-2} 318 Putative phage protein Phage protein Mo prediction
(+2) 174 Conserved hypothetical  pypothetical protein No prediction
7 Fragment of conserved . : G
{-3) 183 hypothetical proteln Hypothetical protein Mo prediction
Transcriptional regulator, i
(+1) 390 beta-lactams repressor  Transcriptional regulator Bl t;“t:ffﬂﬁ;a'
phage-lype o
Teicoplanin resistance Teicoplanin resistance i
1) L protein (van2) protein (vanZ) vanZ-fke
2) 195 Putstive phage protein DNA-directed RNA No prediction

polyrmerase
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Table 14. Annotation of a putative prophage from NAPcr1 isolates (continued).

ORF
ORF length Prokka Annotation Blast Annotation Interpro Annotation
(bp)
{-2) 159 Hypothetical protein Hypothetical protein Mo prediction
Gamma-
: : Gamma-
i-3) 477 AlG2 family protein glmam}flr:yc;ntransf&ras glutamylcyclotransferase
Putative amidoligase : " :
(1) 951 enzyme Amidoligase Putative amidoligase
(-1} 318 Hypothetical protein Hypothetical protein Mo prediction
(-3) T20 WVirulence-like protein Virulence prolein Mo prediction
-2) 1938 DMA-cytosine DNA cytosing C-5 cytosine
methyltransferase methyltransferase methyltransferase
Lactate dehydrogenase
DMNA methylase N-4/N-6 s DNA methyase, ParB
=3) 1358 domain-containing protein R D:;:;:;antlm domain-containing
(-2) 786 S-adencsylimethione S-adenosylmethicnine S-adenosylmethionine
synthetase synthetase synthetase superfamily
Fhage terminase, small . e
{-3] 558 sbitini Terminase No prediction
(-2} 384 HMNH endonuclease HNH endonuclease HMH endonuclease
SNF2-related, N-terminal
(-2) 1365 SNF2-related protein DEAE"I;’EN.' Lo domain and P-loop binding
elicase d :
ormamn
VRR-MUC domain- :
(-3) 282 containing protein MNuclease VRR-NUC domain
(-2) 540 Hypaothetical protein Hypothetical protein No prediction
i Virulence-associated E FPhage-like protein ;
(-3) 2340 family protein [Enteracoccus faecium] Virulence-assodiated E
Phage-related DNA WNFesirectid DNA-diracted DNA
(-2) 1941 pol i polymerase or XRE polymerase
e transcriptional regulator
MNucleic acid-binding, OB-
{-3) 576 Phage-like protein Hypothetical protein fold. Protein of unknown
function,
(-1) 1128 Phage-fike protein Hypothetical protein Mo prediction
(-2) 318 HRNA b'“gfl_:g"“ prossir DNA ligase No prediction
(-3) 423 Hypothetical protein Hypothetical protein Mo prediclion
(+2) aTh Hypothetical protein Hypothetical protein Mo prediction
: : ; P-loop containing nucleoside
(*3) 1827 Advh domain protein Hypothetical protein riphasphate hydrolas
(+1) 252 XRE family transcriptional Transcriptional Lambda repressor-like, DNA-
regulator regulator binding damain
(+2) 1044 DNA-cytosine DA (cytosine-5-)- S-adenosyl-L-methionine-
methyltransferasa methyltransferase dependent methyltransferase
(+3) 1050 DNA-methyltransferase Dem DMA (cytosine-5-)- S-adenosyl-L-methionine-

methyltransferase

dependent methyltransferase
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Table 14. Annotation of a putative prophage from NAPcr: isolates (continued).

ORF
ORF length Prokka Annotation Elast Annotation Interpro Annotation
(bp)
: Acyl-CoA M-
(+2) 1092 mm'}fﬂ'ﬁ;&f&z{f”‘m a;’:;;:;::':sﬂ acyltransferase with
GMNAT domain
’ : Acyl-Col M-
(+3) 1452 Aminoglycoside ‘:ﬁmsg*};gg:f;"g awnrlansrerasq and
phosphotransferase phosphotransferase aminoglycoside
phospholransferase
Phosphotransferase Phosphotransferase e e Aminoglycoside
(+1) 798 P il
enzyme family protein family protein phosphotransferase
(-3) 528 Hypothelical protein Hypothetical protein Mo prediction
(+3) 2250 mﬁﬂg::iﬁgg::ggise Hypothetical protein ATP binding protein
B : Ao Restriction
Resfriction endonuclease, LlaJl family restriction
{+1) 1476 type II, LiadI i endmudﬁ:jf. type I,
{(+2) 501 Hypothetical protein Hypothetical protein Mo prediction

VLR A

Prophage

Figure 16. Insertion of a novel prophage in CTn5 of the NAPcr: isolate 2945 from
Cluster | (bottom). Isolate 6289 has intact the CTn5 (top).

A putative plasmid of approximately 69 kbp was only found in the NAPCr1 isolate
6289 of Cluster lll. This element encodes a putative type IV secretion system, a
prepilin type IV, DNA-binding proteins, and a partitioning protein ParA, thus it is
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possibly a conjugative plasmid. Besides hypothetical proteins, this circular element
harbors potential virulence factors, such as a putative adhesin (von Willebrand factor
type A), a ADP-ribosyltransferase excenzyme, a Fic/DOC protein (Table 15). The
PCR products confirms it to be a circular plasmid (Fig 19C).

Table 15. Annotation of a putative plasmid from the NAPcr: isolate 6289.

ORF DFIIE:?gﬂ'I Prokka Annotation Blast Annotation Interpro Annotation
(-1} 244 Hypothetical protein Hypothetical protein Mo prediction
(-3) 405 Hypothetical protein Hypothetical protein Mo prediction
{-1) 312 Hypothetical protein Hypathetical protein Mo prediction
{-1) 894 Hypothetical protein Hypothetical protein Na prediction
] Type 1A DNA . DA topoisomerase, type 1A,
(-3) 223 {opoisomerase DNA topoisomerase core domain
(-1) 375 Putative single-strand single-strand-hinding Primosome PriB/single-strand
binding protein family protein DNA-binding
g Von Willebrand factor VWA domain-containing :
{-1) 774 type A domain protein protein von Willebrand factor, type A
{-3) 438 Hypaothetical protein Hypothetical pratein No prediction
{-3) 258 Hypothetical protein Hypathetical protein No prediclion
; Lysozyme-like doemain and
; ¢ Bacteriophage -
{-1) 1119 Cell-wall hydrolase peptidoglycan hydrolase Endupephgg:‘eénNLPC!FEﬂ
(-3) 582 Hypothetical protein Hypothetical protein No prediction
Type IV secretory
pathway VirB4
component-like
protein,conjugal transfer
- ATP-binding protein P-loop containing nucleoside
-2) 1917 Hydrolase TraC,Type IV secretory triphosphate hydrolase
pathway, VirB4
components, type-IV
secretion system protein
TraC AAA-like domain
(-2) 606 Hypothetical protein Hypothetical protein Mo prediction
-1) 37 Hypothetical protein Hypothetical protein Mo prediction
(-2) 2025 Hypothetical protein Hypothetical protein Mo prediction
: ; Type IV secretory system .
Conjugative transfer . : Type IV secretion system
{-2) 2175 Conjugative DNA transfer i :
protedn family protein protein TraG/VirD4
{=1) 2n Hypothetical protein Hypothetical protein Mo prediction
{-3) 159 Hypothetical protein Hypothetical protein Mo prediction
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Table 15. Annotation of a putative plasmid from the NAPcr1 isolate 6289 (continued).

ORF ““’:;;';9“ Prokka Annotation Blast Annotation Interpro Annotation
(-1) 384 Hypothetical protein Membrane protein Mo prediction
-2) 642 Hypothetical protein Hypothetical protein Mo prediction
(-3) 282 Hypothetical protein Hypothetical protein Mo prediction
{-1) 165 Hypathetical protein Hypothetical protein No prediction
{-1) 189 Hypothetical protein Hypothetical protein MifT/FixU
(-3) 1764 Hypothetical protein Hypothetical protein Mo prediction
(-3) 1035 Cell wall binding Cell wall binding repeat 2 Futative cell wall binding
protein family protein repeat 2
{-2) 531 Hypothetical protein Hypothetical protein Mo prediction
; Futative IS merR HTH regulatory : ;
(-3) 265 transposase (OHA) familly protein Merf-type HTH domain
(-2) 534 Hypothetical protein Hypothetical protein Mo prediction
{-1) 417 Hypothetical protein Hypothetical protein Mo prediction
(-1} B64 Hypothetical protein Hypothetical protein Mo prediction
(=1) 936 Hypothetical protein Membrane pratein Mo prediction
Type |l secretion system
(-2) 1383 Type IV pilus Type W'V secretion system protein E and P-loop
transporier system family protein containing nucleoside
triphosphate hydrolase
CobQ/CobB/MinD/FarA
CobQ/CobB/MinD/Para T nucleptide binding domain
(-2) 771 nucleotide binding ““'“'"““l:‘ir‘: gzﬂ‘u“'”g and P-loop containing
domain protein P nucleoside triphosphate
hydrolase
| ; Flp pilus assembly protein Fip pilus assembly protein
(-2) o Hypothslical protein CpaB RcpC/CpaB domain
Type 4 prepilin-ike Prapilin t
1 : vpe IV
proteins leader Type IV leader peptidase i ;
(-1) 555 peptide-processing family protein Gndm&phdasﬂ;apepﬂdslsa
EI'IZ}"I‘I'IE
{-3) 255 Hypothetical protein Hypothetical protein Mo prediction
(-3) 90 Hypothetical protein Hypathetical protein Mo prediction
{-3) 114 Hypothetical protein Putative membrane probein MNo prediction
{-1) 711 Hypothetical protein Hypothetical protein No prediction
-3) 543 Hypothetical protein Hypothetical protein Mo prediction
-1) 318 Hypothetical protein Hypothetical protein Mo prediction
1) 960 RMNA polymerase sigma  Bacterial regulatory s, R Winged helix-turn-helix
' factor Sigx family protein DNA-binding domain
Lambda repressor-like,
: , ; DM A-binding domain and
(-3) 210 Helix-tum-helix Transcriptional requlator o/C1-type helix-tum-helix
domaln
(-3) 183 Hypothetical protein Hypothetical protein No prediction
o Lambda reprassor-like,
o - Hefix-tm.-helix domain | soprilono) 8GUEIOTON o Acbinding domin and
¢2) protein putative prophage Cro/C1-type helix-tum-helix
b domain
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Table 15. Annotation of a putative plasmid from the NAPcr1 isolate 6289 (continued).

ORF
ORF length Prokka Annotation Blast Annotation Interpro Annotation
(bp)
(-2) 132 Hypothetical protein Hypothetical protein Mo prediction
Lambda repressor-like,
{(+1) 261 Helix-turn-helix domain Transcriptional regulator or ~ DINA-binding domain and
protein putative prophage repressor CrofC1-type helix-turn-
helix domain
(+1) 150 Hypothetical protein Hypothetical protein Mo prediction
(-3) 1200 Hypothetical protein Hypothetical protein Mo prediction
_ Helix-turn-helix domain . Lambda repressor-like,
(-1) 405 i Transeriptional regulator DNA-binding domain
(-1) 156 Putaﬂv;;;;nhmne Hypothetical protein No prediction
(+3) 246 Hypothetical prolein Hypothetical protein Mo prediction
(+2) 408 Hypothetical protein Hypothetical protein Mo prediction
{+3) 330 Hypothetical protein Hypothetical protein Mo prediction
Lambda repressor-like,
{-1) 240 Helix-lurn-helix Transcriptional regulator D&“&g’ﬂ:&dﬂﬁﬂz:ﬂd
halix domain
Lambda repressor-like,
Helix-turn-helix domain . DOMA-binding domain and
(-1) 258 Bioteln Transcriptional regulator CroiC1-lype helixurn-
helix domain
i Resolvase, N-terminal
{-1) 648 Putative resolvase Resolvase catalytic domain
) ADP-ribosyltransferase
(-3) 705 e exenzyme [Bacillus ADP ribosyltransferase
o azotoformans MEV2011]
Adenosine
(-2} BE maonophosphate-protein fic/DOC family protein Fido domain
transferase VbnT
{-2) 216 Hypothetical protein Hypothetical protein No prediction
Lambda repressor-like,
Z > Rty DMA-binding domain and
-3) 543 Helix-turn-helix Transcriptional regulator Cra/C1-t bl
helix domain
i . . ) Chromosome partitioning .
(-3) 1365 Mucleoid occlusion protein protein ParB ParBiSulfiredoxin
P-loop containing
(-3) 822 Sporulation initiation Chromosome partitioning nucleoside triphosphate
inhibitor protein Paré hydrolase and AAA
domain
(+2) 615 R&ﬁéﬂ{?g:&;ﬁ.‘n d RelA/SpoT family protein RelA/SpoT
(+1) 225 Hypothetical protein Hypothetical protein Mo prediction
(+2) ang Hypothetical protein Hypothetical protein Mo prediction
(+2) 441 DNA repsir protein Radg~__"2dC-like JAB domain RadC-like JAB domain

protein (DNA repair protein)
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Table 15. Annotation of a putative plasmid from the NAPcr1 isolate 6289 (continued).

ORF
ORF length Prokka Annotation Blast Annotation Interpro Annotation
(bp)
o S-adenosyl-L-methionine-
(+3) 867 DA methylase R“mm:'u"bﬁ:ﬁﬂﬂ uclease dependent
methyltransferase
Lambda repressor-like,
HTH-type transcriptional e DOMNA-binding domain and
(+2) 351 regulator Transcriptional reguletor Cro/C1-type helix-turn-helix
domain
(+1) 534 Hypothetical protein Hypothetical protein Mo prediction
Putative transcriptional radC-like JAB domain Bial transcriptional
(+2) 324 3 ;
regulator protein regulatory family

(-1} 453 Hypothetical protein Hypothetical protein No prediction
(+1) 522 Hypothetical protein Hypothetical protein Na prediction
(+1) 270 Hypothetical protein Hypothetical protein Mo prediction
(+2) 237 Hypothetical protein Hypothetical protein Mo prediction
(+2) 168 Hypothetical protein Hypothetical protein No prediction

Lectin C-type domain Lectin C-type domain o
(-3) 11103 orolsin protein C-type leciin-like
(-3} 201 Hypothelical protein Hypothetical protein Mo prediction
DMA repair
3 fn it ; protein, Antirestriction i -
(=2} 1380 Anitestriction protein protein,Domain of HTH domain, IrrfE-type
unknown function

-3 369 Hypolhetical protein Transcriptichal regulator Mo prediction

-2) 630 Hypothetical protein Hypothetical protein  Metalopepidase, catalytic
-1 204 Hypathetical protein Hypothetical protein No prediction
(+2) 909 Hypothetical protein Hypothetical protein Mo prediction

Finally, two variants of a putative pseudolysogenic giant phage with a size of

approximately 130 kbp was detected among the NAPcr1 isolates (Figure 18). Most of

the predicted genes encode hypothetical proteins. Nonetheless some phage proteins,

transposases and transcriptional regulators were also predicted. Some of the

predicted proteins in which the phages differed are transposases, but phage version 1

is characterized by having a Fic/DOC family protein and a Cas3 protein (Tables 16

and 17). For these elements circularization assays were not performed.
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Figure 17, ACT comparison of the two giant phage variants found among the NAPcr1

isolates. Red depicts shared regions.

Table 16. Annotation of giant phage version 1 from NAPcr isolates.

ORF I:::-F;It:h Prokka Annotation Blast Annotation Interpro Annotation
(bp)
(+3) 861 Hypothetical protein Hypothetical protein Mo prediction
(+2) 1776 Terminase ph;?nﬁl;— g:r;i;ise Terminase
(+1) 1485 Hypothetical protein Hypothetical protein Mo prediction
(+3) 237 Hypothetical protein Hypothetical protein Mo prediction
(+3) 1383 Hypothetical protein Hypolhetical protein Mo prediction
(+1) 489 Hypothetical protein Hypothetical protein Mo prediction
(+1) a72 Hypothetical protein Hypaothetical protein No prediction
(+2) 5494 Hypothetical protein Hypothetical protein Mo prediclion
(+1) 636 Hypaothetical protein Hypothetical protein Mo prediction
(+3) 1047 Hypothetical protein Hypaothetical protein Mo prediction
(+1) 450 Hypothetical protein Hypothetical protein Mo prediclion
(+2) 804 Hypathetical protein Hypothetical protein Mo prediction
(+3) 819 Hypothetical protein Hypothetical protein Mo prediction
+2) 786 Hypothetical protein Hypothetical protein srmm”;i;iﬁ? il
(+1) 450 Hypothetical protein Hypothetical protein Mo prediction
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Table 16. Annotation of giant phage version 1 from NAPcr isolates (continued).

ORF DRI:J;?gth Prokka Annotation Blast Annotation Interpro Annotation
(+1) 438 Hypaothetical protein Hypathetical protein MNo prediction
Phage repressor . BRO N-terminal
(+1) 651 protein KilAC domain Ei:'g Tjg:_rh;ﬁ_lpmﬁ:;; domaln and
protein al anitrepressor domain
(+2) 786 Hypothetical protein Prophage antirepressor ER%E::?:'”'
) . BRO family, N-
. BROf , N-terminal b
(+3) 714 Hypothetical protein duTaliE protain s terminal d_urrraqn
protein
; ChaY-like superfamily
(+2) 705 Sem[ﬁg;ﬁrﬁ?;chnn Sans;:;.; ;:gnl-s;::;mbn and LyITR DNA-
binding domain
(+1) 360 Hypothetical protein Hypothetical protein Mo prediction
(+2) 288 Hypothetical protein Hypothetical protein Mo prediction
(+1) 159 Hypothetical protein Hypothetical protein Mo prediction
S-adenosyl-L-
methionine-
s Putative type || dependent
(+2) 3228 T‘;’:; {ﬁézségg}?n restriction enzyme, methyltransferase
¥ methylase and Tagql-like C-
terminal specificity
domain
HTH-type , Lambda repressor-
1) 450 transcriptional regulator s like, DNA-binding
ImmR 9 domain
BRO M-terminal
Phage antrirepressor A
3 . Phange antirepressor domain and
(*+1) 1044 protein K“'?'cl: domain KilAC domain protein antirepressor profein,
proan C-terminal
(+3) 1161 Hypothetical protein Hypothetical protein Mo prediction
(+1) T Hypothetical protein Hypaothetical protein SHOCT domain
(+3) 111 Hypothetical protein Hypothetical protein Mo prediction
(+3) 284 Hypothetical protein Hypothetical protein Mo prediction
Phage-related minor Phage tail tape R
(+2) 1478 tail protein measure protein Mo prediction
; : Phage tail tape Phage tail tape
(1) B062 Hypotheticat protein measure protein measure protein
(+2) 156 Hypothetical protein Hypothetical protein Mo prediction
(-1) 117 Hypothetical protein Hypothetical protein Mo prediction
Prophage
(+2) 1716 Hypothetical protein endopeplidase tail Mo prediction
family protein (74% Id)
Intramolecular
(+1) 1923 Hypothetical protein Chaparone of chaperone auto-

endosialidase

processing domain



Table 16. Annotation of giant phage version 1 from NAPcr isolates (continued).

ORF
ORF length Prokka Annotation Blast Annotation Interpro Annotation
{bp)
(+3) 156 Hypathetical protein Hypothetical protein Mo prediction
(*+1) 2076 Hypothetical protein Hypothetical protein Mo prediction
Regulator of
6o e owomosam  cuomosom . Comoeme
condesniation (RCC1) condesntation (RCC1) Isclarnagadnhibiior
repeal protein repeat protein Deotan N
(+2) az7 Hypothetical protein Hypathetical protein Mo prediction
. . Phage lail-collar fiber e
(+2) 330 Hypaothetical protein family protein Mo prediction
P : Glycine rich famil
(+1) 1716 Glyeine rich protein W'Lf_;mn e No prediction
(+3) 204 othetical protain othetical protein Mo prediction
Hyp P Hyp
(+1) 183 Hypothetical protein Hypothetical protein Mo prediction
Sporulation-specific M- N
¥ -acetyimuramaoyi-L- M-acetylmuramoyl-L-
i) il 3:&1::: :;ﬁ"? ;;1';‘ alanine amidase alanine amidase
Mannosyl-glycoprotein - Mannosyl-glycopratein gl mﬂ;ﬁ}; .
(+3) 618 endo-beta-N- endo-beta-N- i s
acetyigiucosaminidase acetylglucosaminidase acetylglu midase
(+1) 252 Hypaothetical protein Membrane protein Holin
(+1) 312 Hypothetical protein Hypothetical protein Mo prediction
(+3) 936 TWSi”Eg:Gm" binase Phage integrase Integrase
HTH-type = Lambca repressor-
(+3) 354 transcriptional T"';*f_:?;’;‘:”“‘ like, DNA-binding
regiulator SinR 9 demain
Methicillin resistance o .
. Transcriptional Blal transcrptional
L= a2 ragummrrmmn regulator regulatory family
M-acetylmuramoyl-L- i
: : Cell wall-binding Putative cell wall
+3) 1259 “"'”*”;_ﬂf:::’ LAC  repeat2 family protein  binding repeat 2
(+3) 222 Hypothetical protein Hypothetical protein Mo prediction
{-3) 132 Hypothetical protein Hypothetical protein Mo prediction
(-2) 1845 Hypothetical protein Hypothetical protein No prediction
1) 1413 Transposase from Transposase from m?gr‘:'ngﬂei}g;ﬁ;
transpson Tn816 transposon TnB16 catalytic core
(+3) g43  Cxodeoxyrinonuclease o atical protein No prediction

x

65
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Table 16. Annotation of giant phage version 1 from NAPcr isolates (continued).

ORF
ORF  length Prokka Annotation Blast Annotation Interpra Annotation
(bp)
Transposase
i el Transposaze THnpasash 15204/151001/1S1096/151165
Deoxyuridine 5'- Deoxyuridine 5'- s -
-1) 474 triphosphate triphosphate Dezﬁrféﬂi‘f;ﬂg‘:ﬂﬁam
nucleatidohydrolase nuclectidohydrolase st o
: x Crossover junction Crossover junction
(-3) 485 HOIE::;E;;S“" endodeoxyribonuclease endodeoxyribonuclease
RuvC RuvC
Ribose 1,5- ;
i ! : Guanylate kinase/L-type
(-2) Srd i ush';%hh?rfap::tshnﬂ Guanylate ldnasa caleium channel beta subunit
-1) 363 Hypothetical protein Putative phage protein Mo prediction
DNA adenine 3 : S
Site-specific DMNA- S-adenosyl-L-methionine-
(-2) 810 rnethlr}::;jfeﬁ&& methyltransferase dependent methyltransferase
{-1) 285 Hypathetical protein Hypothetical protein No prediction
(-2) 255 Hypothetical protein Hypothetical protein Mo prediction
Metallo-dependent
(2 668 towaphoophotase, SSineftveanine  PRCECCL LN
symmetrical ENOTAM. PSR phosphoesterase domain,
apaH type
(-3) 185 Hypathetical protein Hypothetical protein Mo prediction
{-1}) 153 Hypothatical protein Hypothetical protein Mo prediction
{=3) BOT Hypothetical protein Hypothetical protein No prediction
{-2) 534 Hypothetical protein Hypothetical protein Mo prediction
(-1) 248 Hypathetical protein Hypothetical protein Mo prediction
(1) 132 Hypothetical protein Hypothetical protein Mo prediction
(=1) ars Hypothetical protein Hypothetical protein Mo prediction
pilriieaa Ribﬂ:l.mlﬂ‘ﬂﬂd& Ribanudf;:j:ﬁ-dimnamate
: reductase, ase,
(-2) 2181 m‘yﬁ hto Zi";ﬁz adenosylcobalamin- adenosylcobalamin-
- dependent dependent
DN A-guliur i )
(-2) 1140 Hypothetical protein - modification-associated s, sull;hgr rgnﬂgmuon
family protein protein Lin
(-1) 303 Hypothetical protein Hypothetical protein MNo prediction
-2) 3333 DNA polymerase |1l DA polymerase [l Bacierial DMNA polymerase

subunit alpha

subunit alpha

I, alpha subunit



Table 16. Annotation of giant phage version 1 from NAPcr isolates (continued).

ORF
ORF length Prokka Annotation Blast Annotation Interpro Annotation
(bp)
Putative SPBc2 :
prou;::;;:-derived P";a“'fre F;PE“? pm”h?jge‘
- : erived single-stran o
-3) 17 smg';::;:dug:aie DMA-spedific exonuclease Mo prediction
e o York
(-3} 882 Hypothetical protein Hypothetical pratein No prediction
DNA helicase DnaB,
N-teminal/DMA
= primase DnaG, C-
(-1} 1593 Hypothetical protein Ghmmfg:;:::“mmg terminal and P-loop
P cofitaining nucleoside
triphosphate
hydrolase
(-2) 558 Hypothetical protein Hypothetical protein No prediction
2 T : Essential
’ ; Recombination prolein, A
(-2} 576 ERF suparfamily protein ; recombination
phage associated function protein
(-3) B46 Hypothetical protein Hypothetical protein Mo prediction
; ; Putative membrane i
(=2) 171 Hypothetical protein Frolein Mo prediction
(-3) 666 Hypothetical protein Hypothetical protein No prediction
(-2) 561 Hypothetical protein Hypothetical protein Mo prediction
(=3} 156 Hypothetical protein Hypothetical protein No predicticn
{-3) 432 Hypothetical protein Hypothetical protein No prediction
(-2) 1122 Hypothetical protein pold-like family protein Pcfl-like protein
(=2) 309 Hypothetical protein Hypothetical protein Mo prediction
-1) 252 Hypothetical protein Hypothetical protein Mo prediction
(=3) 210 Hypothetical protein Hypothetical protein No prediction
(-2} 603 Hypothetical protein Hypothetical protein Mo prediction
S-adenosyl-L-
. ) ) methionine-
{=1) 327 Hypothetical protein Hypothetical protein dependent
methyltransferase
(-3) 135 Hypothetical protein Hypothetical protein No prediction
; DUF5052 domain- DUF5052 domain-
(-1) 285 Hypothetical protein containing protein containing protein
(-1) 396 Hypaothetical protein Hypothetical protein Mo prediction
(-1) ast Hypothetical protein Hypothetical protein Mo prediction
(-2) 183 Hypothetical protein Hypothetical protein Mo prediction
-3) 210 Hypothetical protein Hypothetical protein Mo prediction
(-1) 177 Hypothetical protein Hypothetical protein PUB domain
(1) 231 Hypothetical protein Hym"}::i; phage No prediction
(=3) 363 Hypothetical protein Hypothetical protein No prediction
{-1) 153 Hypathetical protein Hypaothetical protein No prediction

a7



Table 16. Annotation of giant phage version 1 from NAPcr isolates (continued).

ORF Iﬁgll:h Prokka Annotation Blast Annotation Interpro Annotation
(=1) 180 Hypothetical protein Hypothetical protein Mo prediction
1) 1264 RNA-splicing ligase RNA-splicing ligase ~ 1RNA-splicing ligase,

RicB RicB RicB
(-2} 360 Hypothetical protein Hypaothetical protein Mo prediction
(-3) 468 Hypothetical protein Hypothetical protein Mo prediction
(-2) a5 Hypothetical protein Hypothetical protein Mo prediction
{-3) 282 Hypothetical protein Hypothetical protein Mo prediction
(-1) 447 Hypothetical protein Hypothetical protein Mo prediction
{-3) 156 Hypothetical protein Hypothetical protein No prediction
(-3) 381 P“ﬁﬁ;ﬂ:‘:&”“ hwﬁﬁ.ﬁd?-‘n‘?z“%y hydrolase mﬁzufamiw
protein protein

(-2) 468 Hypothetical protein Hypothetical protein Mo prediction
(-3} 11 Hypothetical protein Hypothetical protein Mo prediction
(-1} 345 Hypothetical protein Hypothetical protein Mo prediction
(-2) 285 Hypothetical protein Hypothetical protein Mo prediction
(-3) 360 Hypothetical protein Hypothetical protein No prediction
(-2) 537 Hypothetical protein Hypothetical protein Mo prediction
(-3) 386 Hypothetical protein Hypothetical protein Mo prediction
(-3) 1011 Hypothetical protein Hypothetical protein Mo prediction
(-2) 189 Hypothetical protein Hypothetical protein No prediction
{-2) 588 Hypothetical protein Hypaothetical protein No prediction
(-1) 2m Hypothetical protein Hypothetical protein Mo prediction
¢ 1284 DNAlgese L e protein  dependent, contral
(-1} 186 Hypothetical protein Hypothetical protein Mo prediction
(-2} 380 Hypothetical protein Hypothetical protein Mo prediction
(-3) azr Hypothetical protein Hypothetical protein Mo prediction
1) o Fypoiatcal protan phuspﬁ:féfs}arasa thﬁmsa
(-2) 117 Hypothetical protein Hypothetical protein Mo prediction
(-3) 1485 Hypothetical protein Hypothetical protein Mo prediction
(-3} 414 YopX protein YopX family protein YopX protein
(-3) 234 Hypothetical protein Hypothetical protein Mo prediction
(-1) 144 Hypothetical protein Hypothetical protein Mo prediction
{-2) 339 Hypothetical protein Hypothetical protein No prediction

68



Table 16. Annotation of giant phage version 1 from NAPcr isolates (continued).

ORF
ORF length Prokka Annotation Blast Annotation Interpro Annotation
(bp)
(=3} 894 Hypothetical protein Hypothetical praotein Mo prediction
1) o972 Tyrosine Site-specific tyrosine ; a?:rﬁngﬁa?“z:g&,
recombinase XerD recombinase XerC catabviic core
i Death on curing
Fic/DOC family Death-on-curing famiby .
3) 68 protein protein Pfﬂlﬂ;f:’:‘."; nFiDD
(-2) 174 Hypothetical protein Hypothetical protein No prediction
. ; CopG family :
{-3) 573 Hypothetical protein transcriptional regulator No predicticn
CRISPR-associated CRISPR-associated
-3) 2397 nudeasehelicase  helicaselendonuclease U1 Cassodiated
Cas3 Cas3
-1 525 Hypathetical protein Hypothetical proteln No prediction
Type llA DNA
. y : i topoisomerase
(-3} 534 Hypothetical protein Hypothetical protein subunit A, alpha-
helical domain
(-3) 333 Hypothetical protein Hypothetical protein No prediction
(-2) 303 Hypothetical protein Hypothetical protein No prediction
(-2) 507 Hypothetical protein Hypaothetical protein Mo prediction
{-3) 1083 Hypothetical protein Hypaothetical protein No prediction
(-1) 117 Hypothetical protein Hypothetical protein Mo prediction
(-2) 486 Hypothetical protein Hypothetical protein Mo prediction
{-1) 585 Hypothetical protein Hypothetical protein Mo prediction
{-3) 339 Hypothetical protein Hypothetical protein Mo prediction
. : BRO family, N-terminal BRO N-terminal
{-3) 759 Hypothetical protein domain protein e
{-2) 267 Hypothetical protein Hypothetical protein No prediction
{-3) 345 Hypothetical protein Hypothetical protein Mo prediction
(-2) 141 Hypothetical protein Hypothetical protein No prediction
(-1} 258 Hypothetical protein Hypothetical protein No prediction
Antidote-toxin
{-1} 189 Hypothetical protein ~ recognition MazE family Mo prediction
protein
=2) 324 Hypothetical protein Hypothetical protein No prediction
HTH-type Lambda repressor-
(+3) 318 transcriptional Transcriptional regulator like, DNA-binding
regulator ImmR domain

69
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Table 16. Annotation of giant phage version 1 from NAPcr isolates (continued).

ORF
ORF length Prokka Annotation Blast Annotation Interpro Annotation
(bp)
{-3) 389 Hypothetical protein Hypothetical protein Mo prediction
(+2) 138 Hypothetical protein Hypothetical protein Ma prediction
. . - i Plasmid segregation
(+3) 245 Hypothetical protein StbA family protein protein ParM/StbA
. . Helix-turn-helix '
i{-1) 627 Hypothetical protein dornain protein MNo prediction
(-1} 240 Hypathetical protein Hypothetical protein Mo prediction
(+3) 195 Hypothetical protein Hypothetical protein No prediction
; LuxR family et
Bacterial requlatory e Transcription regulator
(+2) 1203 e . transcriptional .
proteins, luxR family regulator LuxR, C-terminal
: T Integration host factor
(+3) 306 Bacterial DNA-binding s pinding protein  (IHF)-like DNA-binding
protein z
domain
(+1) 672 Hypathetical protein Hypothetical protein MNo prediction
(+3) 555 Hypothetical protein Hypothetlcal protein Mo prediction
(+1) 618 Hypothetical prolein Hypothetical protein Mo prediction
{+1) 188 Hypothetical protein Hypothetical protein No prediction
Calcineurinike Calcineurin-like Mt de pendant
phosphatase-like or
(+2) 1184 phosphoesterase phosphoesterace calcineurin-ike
superfamily domain superfamily domain hosphoesterase
protien protein g 3

domain, apaH type

Table 17. Annotation of giant phage version 2 from NAPcr1 isolates.

ORF DRF{‘;;Tgth Prokka Annotation Blast Annotation Interpro Annotation
(+3) 861 Hypothetical protein Hypothetical protein Mo prediction
(+2) 1776 Terminase F'::ﬁl; m:;“ Terminase
(+1) 1485 Hypothetical protein Hypothetical pratein Mo prediction
(+3) 237 Hypothetical protein Hypothetical protein Mo prediction
(+3) 1383 Hypothetical protein Hypothetical protein Mo prediction
{+1) 489 Hypothetical protein Hypothetical protein Mo prediction
{+3) a7z Hypothetical protein Hypothetical protein Mo prediction
{+1) 5094 Hypothetical protein Hypothetical protein Mo prediction
(+1) 636 Hypothetical protein Hypathetical protein Mo prediction
(+3) 1047 Hypothetical protein Hypothetical protein Mo prediction
(+1) 450 Hypothetical protein Hypaothetical protein Mo prediction
(+2) 804 Hypothetical protein Hypothetical protein Mo prediction
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Table 17. Annotation of giant phage version 2 from NAPcr1 isolates (continued).

ORF ﬂﬁﬁt':?gm Prokka Annotation Blast Annotation Interpro Annotation
(+3) 819 Hypothetical protein Hypaothetical protein Mo prediction
; ' 4 . Siphovirus-type tail
(+2) T86 Hypothetical protein Hypothetical protein component
(+1) 450 Hypothetical protein Hypaothetical protein Mo prediction
(+1) 438 Hypothetical protein Hypothetical protein No prediction
Phage repressor ; BRO N-terminal damain
[+1) 651 protein KilAC omain Eﬁgi:m;ﬁ'f;i% and anilreprassor
protein P domain
(+2) 786 Hypothetical protein ar':l'r‘;"p’;:gfm BRO N-terminal domain
BRO family, M- :
. ! i BRO family, N-terminal
(+3) 714 Hypathetical protein tmmglraultg;mam Somain probein
. z CheYlike superfamily
Sensory transduction Sensory ransduction ot
(2) 705 protein LytlR pratein LytR and LHT: DNA-binding
amain
(+1) 360 Hypothetical protein Hypothetical protein Mo prediction
(+2} 288 Hypothetical protein Hypothetical protein Mo prediction
(+1} 1589 Hypothetical protein Hypothetical protein No prediction
S-adenasyl-L-
y Putative type Il methionine-dependent
(+2) 3228 T!":_Ie "E:EreEségg;?n restriction enzyme, methyltransferase and
i methylase Taql-like C-terminal
specificity domain
HTH-type Tr o ’
5 il anscriptional Lambda repressor-like,
(-1) 450 :;l'}lsa‘:';mlg‘"f:q regulatar DNA-binding domain
Phage antrirepressor . BRO N-terminal domain
(+1) 1044 protein KIAC domain 295 2NUIEPreSSar = 4ng antirepressor
protein P protein, C-terminal
(+3) 1161 Hypothetical protein Hypothetical protein Mo prediction
(+1) 711 Hypothetical protein Hypothetical protein SHOCT domain
(+3) 111 Hypolhetical protein Hypothetical prolein Mo prediction
(+3) ag4 Hypothetical protein Hypothetical protein Mo prediction
Phage-related minor Phage tail tape i
(+2) 1479 tail protein measure protein P pravicyin
. Phage tail tape Phage tail tape measure
{+1) 6069 Hypothetical protein measure protein protein
(+2) 156 Hypothetical protein Hypaothetical protein Mo prediction
Prophage
: d tidase tail -
(+2) 1716 Hypathetical protein ;:Inil{;fpsr%;ein ?}.4% Mo prediction
Id})
Intramolecular
. . Chaperone of
(+1) 1928 Hypothetical protein i chaperone auto-
endosialidase processing domain
(+3) 156 Hypathetical protein Hypothetical protein No prediction
(+1) 2076 Hypathetical protein Hypothetical protein Mo prediction



Table 17. Annotation of giant phage version 2 from NAPca1 isolates (continued).

72

ORF Gniﬁ?gth Prokka Annotation Blast Annotation Interpre Annotation
Regulator of Regulator of ;ﬂ:{f&nﬂg
chromosome chromosame }
+3) Py condensation (RCC1)  condensation (RCG1) "":‘{s:fnﬂ;m;fﬁ
repeat protein repaat protein orotei 11
(+2) az7 Hypothetical protein Hypothetical protein Mo prediction
; . Phage tail-collar fiber i
(+2) 330 Hypothetical protein rgamny ratain Mo prediction
) ) Glycine rich famity ,
(*1) 1716 Glycine rich protein orotein Mo prediction
(+3) 294 Hypothetical pratein Hypothetical protein Mo prediction
(+1) 183 Hypothetical protein Hypothetical protein Mo prediction
¥p P
[ - ific M-
o0 e emereettN Nscaymuamoy-  NacsmuramoytL:
alanine amidase dlanine amidase AN eI
- ; Mannosyl-
Mannosyl-glycoprotein - Mannosyl-glycoprotein .
(+3) 618 endo-beta-N- endo-beta-N- i
acetylglucosaminidase acelylglucosaminidase acetylglucosamidase
(+1) 252 Hypothetical protein Membrane protein Haolin
{+1) 32 Hypothetical protein Hypothetical protein Mo prediction
{+3) 936 T!,rmsmaxrgrc:: oinasa Fhage integrase Integrase
HTH-type ; Lambda repressor-
(+3) 354 transcriptional Tespaer o like, DNA-binding
regulator SinR i domain
(+1) 321 Mﬂm:jﬂn T&mf Transcriptional Blal transcriptional
reg Hw‘ i requlator regulatory family
N-acetylmuramoyl-L- s
(+3) 1263 alanineamidaseLyic  Cell Wall-binding - Putative cell wall
R repeal 2 family protein binding repeat 2
{-1) 222 Hypothelical protein Hypothetical protein Mo prediction
-3 132 Hypothetical protein Hypothetical protein Mo prediction
{-2) 1845 Hypothetical protein Hypothetical protein Mo prediction
DA breaking-
(0 ama nsommsedem e rnngenyme
catalytic core
Toposorersss ONA  Nuceaserla
(-2} 750 DNA topoisomerase | binding C4 zinc finger DNA mﬁdsmemse
family protein type IA, zn finger
(-1} 174 Hypothetical protein Hypothetical protein Mo prediction
{-3) 141 Hypothetical protein Hypaothetical protein Mo prediction



Table 17. Annotation of giant phage version 2 from NAPcr: isolates (continued).
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ORF length

ORF (bp) Prokka Annotation Blast Annotation Interpro Annotation
Deoxyuridine 5'- Deoxyuridine 5'- 3 .
1) 474 triphosphate triphosphate Demé'ﬁg;”p?gg?m
nucleotidohydrolase nucleotidohydrolase yd
; f i Crosgover junction Crogsover junction
-2) 495 HDI]f:a:"' Junchon andodeoxyribonuclease  endodeoxyribonuclease
solvase
RuvC RuvC
Guanylate kinase/L-type
(-1} 582 Guanylate kinase Guanylate kinasa caleium channel bata
subunit
-2) 3 Hypothetical protein Hypothetical protein Putative phage protein
Restriction endonuclease
(-3) 840 PD-(D/EYXK nuclease  PD-(D/E)XK nuclease type l1-like and
superfamily protein superfamily protein exonuclease, phage-
type/RecB, C-tarminal
(-2) 210 Hypothetical protein Hypothetical protein Mo prediction
(-3) 258 Hypothetical protein Hypaothetical prolein No pradiction
=2) 255 Hypothetical protein Hypothetical protein Mo prediction
-3) 528 Hypothetical protein  Spore protease YyaC i ' iy
Matallo-dependent
Bis{5'-nucieosyl)- : phosphatase-like and
(1) 666 tetraphosphatase, r‘gﬁﬂﬁ; ?a'?:“ calcineurinike
symmefrical p p phosphoesterase domain,
apaH type
-3 444 Hypothetical protein Hypothetical pratein Mo prediction
{-2) 852 Hypothetical protein Hypothetical protein Mo prediction
{-1) 273 Hypothetical protein Hypaothetical protein Mo prediction
Anaercbic , )
Pyruvate formale- - 3 Ribonucleoside-
-2) 501 lyase lactvating . "OONIISOS0E  triphosphate reductase
BRZyme activating protein activating, anaarobic
Anaerobic . -
k 4 : i Ribonucleoside-
ribonucleoside- Ribonucleoside- :
(=3) 2226 triphosphate Iriphosphate reductase trmhﬂﬁﬁﬁ;?ﬁﬂdﬂ&ﬂ.
reductase
DMA-sulfur Y g
1) 1140 Hypothetical protein  modification-associated DN 5""”:;"‘; "D":gg““m
family protein b
(-3} 303 Hypothetical protein Hypothetical protein Mo prediction
1) 3333 DMA polymerase Il DNA polymerase I Bacterial DMA polymerase
subunit alpha subunit alpha 11, alpha subunit
Putative SPBc2 Putative SPBc2
prophage-derived prophage-dernived
i-2) 1701 single-strand DNA- single-strand DMA- Mo prediction
specific exonuclease specific axonuclease
York York
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Table 17. Annotation of giant phage version 2 from NAPcr1 isolates (continued).

ORF GRI:;:?gth Prokka Annotation Blast Annotation Interpro Annotation
DMNA helicase DnaB,
MN-terminal/DNA
Chromosome primase DnaG, C-
(-3) 1593 Hypothetical protein partitioning protein terminal and P-loop
Para, containing nucleoside
triphosphate
hydrolase
(=1} 558 Hypothetical protein Hypolthetical protein Mo prediction
i Recombination Eszential
(-1} 576 BhE ﬂ:}f‘amm protein, phage recombination
L associated funclion protein
(-2) 846 Hypothetical protein Hypothetical protein Mo prediction
; [ Putative membrane i
(-1) 171 Hypothetical protain protein Mo prediction
(-2) BEEG Hypothetical protein Hypothetical protein Mo prediction
i-1) 561 Hypothetical protein Hypothetical protein Mo prediction
(=2) 426 Hypothetical protein Hypothatical pratein Mo prediction
-1) 1122 Hypothetical protein - pofud-like family protein Pdfl-like protein
-1} 309 Hypothetical protein Hypothetical protein Ma prediction
(-3) 252 Hypaothetical protein Hypothetical pratein Mo prediction
{-2) 210 Hypothetical protein Hypothetical protein Mo prediction
(=1} 603 Hypothetical protein Hypothetical protein Mo prediction
S-adenosyl-L-
. " n 5 methioning-
(-3) az7 Hypothetical protein Hypaothetical protein dependent
methyliransferase
(-2) 135 Hypothetical protein Hypathetical protein Mo prediction
; DUF5052 domain- DUF5052 domain-
(=3) S Heypsothalical profsin containing protein containing protein
(-3) 396 Hypothetical protein Hypothetical protein Mo prediction
(-3) 351 Hypothetical protein Hypothetical protein Mo prediction
-1} 183 Hypothetical protein Hypothetical protein Mo prediction
(-2) 210 Hypathetical prolein Hypothetical protein Mo prediction
(-3} 177 Hypothetical protein Hypothetical protein PUE domain
; Hypothetical pha 2o
(-3) 231 Hypothetical protein yPo pmfain" 9& Mo prediction
(-2} 363 Hypothetical protein Hypothetical protein Mo prediction
(-3) 153 Hypothetical protein Hypothetical protein Mo prediction
(-3) 180 Hypothetical protein Hypothetical prolein Mo prediction
(-3) 1254 RMA-splicing ligase RMNA-splicing ligase tRMA-splicing ligase,
RicB RicB RicB



Table 17. Annotation of giant phage version 2 from NAPcr: isolates (continued).

ORF DHI:;:;-gm Prokka Annotation Elast Annotation Interpro Annotation
{-1) 360 Hypothetical protein Hypothetical protein Mo prediction
-2) 468 Hypothetical protein Hypothetical protein Ma prediction
-1 351 Hypothetical protein Hypothetical protein Mo prediction
(-2) 282 Hypothetical protein Hypothetical protein Mo prediction
(-3) 447 Hypothetical protein Hypothetical protein Mo prediction
(=) 156 Hypothetical pratein Hypothetical protein Mo prediction
(-2) 381 p‘;f;f;‘;‘;::"“ nl:rdef;i:getﬁﬁz hﬁfé;:;tETN::!

family pratein family protein
(-1} 468 Hypothetical protein Hypothetical protein Mo prediction
(-2) 111 Hypothetical protein Hypothetical protein Mo prediction
(-3) 345 Hypothetical pratein Hypolhetical protein Mo prediction
(=1 285 Hypothetical protein Hypothetical protein Mo prediction
(-2} 369 Hypaothetical pratein Hypothetical protein Mo prediction
(-1} 537 Hypothetical protein Hypothetical protein Mo prediction
(=2) 396 Hypothetical protein Hypothetical protein Mo prediction
{-2) 1011 Hypothetical protein Hypothetical protein Mo prediction
(-1) 189 Hypathetical protein Hypothetical pratein Mo prediction
{-1) 588 Hypaothetical protein Hypothetical protein Mo prediction
(-3) 201 Hypothetical profein Hypothetical protein No prediction
& 1284 ONAligase g o Comainprotein  dependent centra
(-3} 186 Hypothetical protein Hypothetical protein Mo prediction
{-1) 390 Hypothetical protein Hypothetical pratein Mo prediction
{-2) 327 Hypathetical protein Hypothetical protein Mo prediction
(3) 600 RMA 2 RMA 2°- Phosphotransferase

phospholransferase phosphotransferase KptATpt

(-1} 17 Hypothetical pratein Hypothetical protein Mo prediction
{=2) 185 Hypothetical protein Hypothetical protein Mo prediction
(-2} 414 YopX protein YopX family protein YopX protein
(-2} 234 Hypothetical prolein Hypothetical protein Mo prediction
(-3) 141 Hypothetical pratein Hypothetical protein Mo prediction
(-1) 339 Hypothetical protein Hypothetical protein Mo prediction
(-2} B94 Hypothetical protein Hypothetical protein Mo prediction
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Table 17. Annotation of giant phage version 2 from NAPcr: isolates (continued).

ORF length

ORF {bp) Prokka Annotation Blast Annotation Interpro Annotation
(-2) 972 Tyrosine recombinase  Site-specific tyrosine DMA breaking-rejoining
KerD recombinase XerC enzyme, catalytic core
CopG family
(-3) 573 Hypothetical protein transcriptional Mo prediction
regulator
Putative transposase
ok T 1S605,
(-1) 1164 DNA-binding domain Transposase OB, Cterminal
protein
(-3) 402 Tra":,‘pxmilfzm Transposase Transposase 1S200-like
(+1) 300 Hypothetical protein Hypothetical protein Mo prediction
(-3) 486 Hypothetical protein Hypothetical protein Mo prediction
(-3) 333 Hypothetical protein Hypothetical protein Mo prediction
-2) 148 Helix-tum-helix Transcriptional Lambda repressor-like,
domain protein regulator DNA-binding domain
1) 381 Transcrptional Transcriptional Lambda repressor-ike,
repressor DicA regulator DWA-binding domain
(-2 360 Helix-turn-halix Transcriptional Lambda repressor-like,
-2) dormain protein requlator DNA-binding domain
(-3) 1446 Hypothetical protein Hypothetical protein Mo prediction
(-1} 165 Hypothetical protein Hypothetical protein No prediction
=2} 453 Hypothetical protein Hypothetical protein No prediction
(=3) 159 Hypothetical protein Hypothetical protein Mo prediction
-2} 4498 Hypothetical protein Hypothelical protein No prediction
-1) 585 Hypothetical protein Hypothetical protein No prediction
(=2) 264 Hypothetical protein Hypothetical protein Mo prediction
(-2) 612 Hypothetical protein Hypothetical protein No prediction
(-3} 237 Hypothetical protein Hypothetical protein Mo prediction
-3} 138 Hypothetical protein Hypothetical protein Mo prediction
(-2} 258 Hypothetical protein Hypothetical protein Mo prediction
Antidote-toxin
-2) 188 Hypothetical protein recognition MazE Mo prediction
family protein
=3) 324 Hypothetical protein Hypothetical protein Mo prediction
HTH-type — ’
Ragk: Transcriptional Lambda repressor-like,
(+3) 4 tranacripliorel regulator DNA-binding domain
regulator ImmR
(-1) 368 Hypothetical pratein Hypothetical protein Mo prediction
(+1) 138 Hypothetical protein Hypothetical protein Mo prediction
. : . : Plasmid segregation
(+2) 945 Hypothetical protein ~ StbA family protein e ity
-3) 627 Hypothetical protein Fielbehurr-hailx No prediction

domain protein



Table 17. Annotation of giant phage version 2 from NAPcr: isolates (continued).
ORF ‘:’“’E;;']'ﬁ‘“ Prokka Annotation  Blast Annotation  Interpro Annotation
{-3) 240 Hypothetical protein Hypothetical protein No prediction
(+3) 195 Hypothatical protein Hypothetical protein No prediction
: LuxR family Transcription
(+2) 1203 ek iy iy ! transcriptional regulator LuxR, C-
pn ' Y requlator terminal
: e Integration host factor
(+2) 306 Bacterial Dl”d"‘”b'”d'"g DNA-binding protein (IHF )-like DNA-
prien binding domain
(+3) 672 Hypothetical protein Hypothetical protein Mo prediction
(+1) 555 Hypaothetical protein Hypothetical protein Mo prediction
(+1) B18 Hypothetical protein Hypothetical protein Mo prediction
(+1) 189 Hypothetical protein Hypothetical protein Mo prediction
. : : e Metallo-dependent
Calcineurin-like Calcineurin-like phosphatase-iike or
(+3) 1194 phosphoesterase phosphoesterase calrindutinilie
superfamily domain superfamily damain hosphossterase
protien protein P

domain, apaH type
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A D PCR produst
G276 G289 =L f-m
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Putative plasmid

Figure 18. PCR products obtained for circular intermediates of (A) Tn5397 in isolates
6279 and 6289, (B) skin“® in isolates 2945, 5761 and 6289, (C) putative plasmid in
isolate 6289. Sequences confirmed through bidirectional Sanger sequencing are
shown as blue bars (D, E, F) with primer binding sites highlighted in green.

The only differential MGE found among the NAP1 isolates was previously annotated
as a putative plasmid with phage proteins (36). This putative plasmid was found in
isolates 5700, 5703 and 5720 from Cluster V. Once again the element consists
mostly of hypothetical proteins. However, some of the predicted proteins are DNA-
binding proteins, phage for GIY-YIG protein, the plasmid segregation protein StbA,
structural phage proteins, resolvase, endopeptidases and a peptidoglican binding
protein LysM (Table 18). For this element circularization assays were not performed.



Table 18. Annotation of a putative plasmid from NAP1 isolates.
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ORF
ORF length Prokka Annotation Biast Annotation Interpre Annotation
(bp)
{-1) 189 Hypothetical protein Hypothelical protein Mo prediction
_ ; " &-phospho-beta- oo
=1) 1740 Hypathetical protein glucosidase Mo prediction
. . " H domain-lik
(-3) 458 Hypothetical protein Transposase family protein [:‘E;Dﬁ b-ir:d il::gzli =
(-1} B45 Tyrosing recombinase XerD Integrase Integrase
(-1) 546 Hypothetical protein Hypothetical protein Mo prediction
Winged helix-turn-helix
- RMA polymerase subunit DN A-hinding domain
e 4 Hypathatical proteln sigma (DNA transcription
factor)
-2) 258 Hypothetical protein Hypothetical protein MNo prediction
(-3) 486 Hypothetical protein Hypothetical protein No prediction
(-3) B42 Hypothetical protein HMH endonuclease Mo prediction
(-3) 261 Hypothetical protein Hypothetical protein Mo prediction
(-3) aovy Hypothetical protein Hypothetical protein Mo prediction
(-2) 537 LemA family protein LemA family protein LemaA domain
{-1) azr Hypothetical protein Hypothetical protein No prediction
(=3} 159 Hypothetical protein Hypothetical protein No prediction
il % RNA polymerase sigma :
-1) 546 Sporulation sigma factor factor, sigma-70 family RNA polymerase sigma
SigF 5 70
protein
(-2) 378 Single-stranded DNA- single-stranded DNA- Primosome PriB/single-
binding protein binding protein strand DMA-binding
(=1) 183 Hypothetical protein Hypothetical protein No prediction
-1) 705 Hypothetical protein Hypothetical protein Na prediction
(-3) aa7 Hypothetical protein Hypothetical protein Mo prediction
(-1) 1332 Replicative DNA helicase Replicative DNA helicase DMA helicase
i-1) 234 Hypothetical protein Hypothetical protein No prediction
(-1} 261 Hypothetical pratein Hypothetical protein Mo prediction
(+3) 207 Hypothetical protein Hypothetical protein Mo prediction
=1} 219 Hypothetical protein Hypothetical protein Mo prediction
-3) 186 Hypothetical protein Hypothetical protein Mo prediction
(1) 732 Hypothetical protein Halheby ’:r;‘l‘“‘::: A No prediction
(-2) 216 Hypothetical protein Hypothetical protein Mo prediction
Insect edorant-binding
(-3) 162 Hypothetical protein Hypothetical protein protein A10/Ejaculatory
bulb-specific protein 3
; g f Lambda repressor-like,
1) - Helix-turn-helix domain Hfgt‘;:‘#"i‘m“:::n"“:a:[‘ DMNA-binding domain
protein AIRED. KAnec RN and Cro/C1-type helix-
e tum-helix domain
(-1} 156 Hypothetical protein Hypothetical protein No prediction
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Table 18. Annotation of a putative plasmid from NAP1 isolates (continued).

ORF
ORF length Prokka Annotation Blast Annotation Interpro Annotation
(bp)
acy Penicillinase repressor Blal transcriptional
b g4 Penicilinase repressor family protein regulatory family
4 F . Winged helix-tum-helix
-1} 690 HTH domain protein HTH demain protein DNA-binding domain
i — : . Winged helix-tumn-helix
(*+1) 1188 Inltratufr;te;tcatlun ’:;pﬁﬂfﬁgfaﬂ?mlf&m DMA-binding domain and
" dhips e initiator Rep protein
- - g z GIY-¥I1G nuclease
(+3) 801 Hypothetical protein GIY-¥IG catalytic domain superfamily
GIY-¥1G catalytic domain GIY-Y1G nuclease
(+2) 735 prolein Endonuclease superfamily
+ pothetical protein cal protein o prediction
(+3) 153 Hypotheti i otheti i N dicti
(+3) 303 Hypothetical protein Hypothetical protein Mo prediction
(+2) 459 Hypothetical protein Hypothetical protein No prediction
(+1} 204 Hypothetical protein Hypothetical protein No prediction
StbA protein, ATPase . '
: Plasmid segregation
(+1) 906 StbA protein and ppx/GppA
phosphatase protein ParbA/StbA
(+1) 516 Hypothetical protein Hypothetical protein Homeodomain-like
i ez Blal transcriptional
-1} 336 Penicilinase reprassor Penicillinase repressor regulatory famity
(1) 543 Modification methylase DMA methylase family S-adanz&;;;l;drr;tihmmne-
Sl pratein melhyltransferase
S-adenosyl-L-methioning-
1) 156 Hypothetical protein Plave fhado A dependent
y methyltransferase
-2) 837 M-acetylmuramaoyl-L- MN-acetylmuramoyl-L- hydmggg;:lilysin
alanine amidase alanine amidase g !
catalytic
i ; ; ; Toxan secretion/phage ’ . ,
(-1) 432 Holin family protein lysis holin family protein Bacteriophage holin family
(-2) 219 Hypothetical protein Hypothetical protein Mo prediction
(=3) 183 Hypothetical protein Phage protein No prediction
(-2} 284 Hypothetical protein Phage protein Mo prediction
(-2) 1488 Hypothetical protein Hypathetical protein Mo prediction
=3) TB3 Hypothetical protein Tail protein Phage tail fibre protein
{-3) 615 Hypothetical protein Phage protein Bactenophage Mu, Gp48
(1) 1053 Baseplate J-lke protein B““”““;fﬂf:ii:e family  Bageplate protein J-ike
(=2) 435 Hypothetical protein Phage protein Mo prediction
(-3) 333 Hypothetical protein Hypothetical pratein Mo prediction
(1) 1677 Putative endopeptidase Phage cell wall hydrolase  Endopeplidase, NLPC/PG0
p60 precursor {plasmid) domain
: LysM domain/BON Peplidoglycan-binding ‘
(-3) o superfamily protein protein LysM LM Comiam
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Table 18. Annotation of a putative plasmid from NAP1 isclates (continued).

ORF
ORF length Prokka Annotation Blast Annotation Interpro Annotation
(bp)
Immunoprotective
. Telomeric repeat-binding i : extracellular,
(-3) 477 factor 2 Hypothetical protein immunoglobulin-like
domain
(1) 9393 Phage-related minor tail Phage tail tape Phage tail tape measure
protein measure prolein protein
-1} 150 Hypaothetical protein Hypothetical protein Mo prediction
: I Phage XkdMN-like family Clostridium phage
’ Phage-like element Phage-like element i i
(-3) 441 PBSX protein XkdM PBSX protein Xkdh Phage tail tube protein
(-3) 1056 Phage tail sheath protein Phage portal protein Tail sheath protein
(-3) 450 Hypothetical pratein Hypothetical protein Mo prediction
5 : . : Bacteriophage HK97-gp10,
(-2) 357 Hypothetical protein Hypothetical protein putative tail-component
-1} 348 Hypothetical protein Hypothetical protein Mo prediction
5 ; Phage gpt-like head- . ;
. Phage gpt-like head-tail 0 . Fhage gpB-like head-tail
(-3) el connector protein tal cun[:;c;ti:r: tamity connector protein
(1) 273 Hypothetical protein  Rho termination factor 0 termination factor, N-
(-2) a24 Hypothetical protein Hypothelical protein Mo prediction
(-3) 603 Hypothetical protein Hypothetical protein Mo prediction
-1) 327 Hypaothetical protein Hypaothetical protein Mo prediction
Phage head
-2) 762 Phage Mu protein F like maorphogenesis, SPP1 Phage head
protein gp7 family domain morphogenesis domain
protein
(-3) 264 Phage portal protein, Phage portal, SPP1 Portal protein, SPP1 Gp6-
EPP1 Gp6-like Gpé-like family protein like

7.7 MGE have a greater effect in the microdiversification of isolates from the
NAPcr1 pulsotype than in NAP1 isolates.

When the putative plasmid (60 kb), giant phage version 1 (130 kb), giant phage
version 2 (130 kb) and prophage (56 kb) inserted in CTn5 were removed from the
sequences, the amount of gene clusters detected in the resulting pseudomolecules
were reduced from 4 802 (Fig 20A) to 4 595 (Fig 20B) and the distances between the
isolates were diminished. This observation confirms that these MGE indeed play a
role in the differentiation of the NAPcr: isolates. Interestingly, the 487 isolates
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A NAPcRrs
4802 gene clusters

B NAP g,
4595 gene clusters

Figure 19, Roary pangenome analysis of NAPcr1 and NAPcr1 WGS modified through
manual removal of selected differential MGE. Blue bars indicates presence of gene
cluster. (A) Original NAPcr1 pangenome analysis. (B) Repetition of the analysis with
WGS from which the putative plasmid, the giant phage v1, the giant phage v2 and the
putative prophage was manually removed.
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Figure 20. Roary pangenome analysis of NAP1 and NAP1 WGS modified through
manual removal of selected differential MGE. Blue bar indicates presence of gene
cluster. (A) Original NAP1 pangenome analysis. (B) Repetition of the analysis with

WGS from which the putative plasmid was manually removed.
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which are essential for signal transductions in prokaryotes in response to
environmental signals or quorum sensing (87).

In relation to the accessory and pangenomes, only 74% of the predicted NAPcrs
genes, compared to 93.4% NAP1 genes, were shared by all analyzed isolates. Even
more outstanding is that 11% of the predicted NAPcr: genes clusters are found in
only 0% to 15% of the analyzed isolates. These results clearly show that the NAPcr:
isolates have an open pangenome, as expected for organisms living in highly
heterogeneous and changing conditions (88). By contrast, bacteria thriving in narrow
niches contain a small genome and a closed pangenome. Although further tests are
required to reach a solid conclusion (90), this seems to be the case of the NAP1
isolates. This difference is of substantial biological relevance as it implies that the
NAPcr1 and NAP1 are possibly confronted and specialized to different conditions in
the human gut and outside of it. Our results also agree with the notion that larger
genomes have an increased capacity to acquire MGE (88).

To further sustain that the NAPcr:1 pangenome is open, these isolates were not
distributed in the branches of a parsimony-based pangenomic tree according to their
Smal pattern or hospital of isolation. Instead, the topology of this tree was dictated by
the gain or loss of certain MGE that included most unique gene clusters: at least eight
differential MGE were identified in NAPcr1 isolates, whereas only one MGE was found
in the NAP1 strains. MGE can be an important source of diversification in bacterial
genomes and even in the generation of new pathogens (48). For instance, they
commonly carry antibiotic resistance genes, promoting the spread of resistant
variants among a bacterial population, for example the multiresistance genomic island
SSCmec conferring methicillin resistance to S. aureus or transposons Tn4453a and
Tn5397 from C. difficile conferring resistance to chloramphenicol and tetracycline,
respectively (48, 49, 89). Also, clear examples exist of MGE carrying virulence factors
increasing the pathogenicity of bacterial strains. For example, the toxins of Bacillus
anthracis are harbored in a plasmid, the diphteria and cholera toxins were acquired
from bacteriophages by Corynebacterium diphteriae and Vibrio cholerae respectively,
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or the human pathogenic Escherichia coli strains that acquired many of their virulence
factors from genomic islands (48, 89). Additionally, MGE have been related to the
acquisition of genes for processing new substrates, degrading toxic components or
membrane transport (89). These MGE also suffer from selection processes since
bacteria need a balance between genome integrity and instability, thus avoiding the
intake of genetic content that does not increase their fitness (90, 91). These tasks can
be performed by systems like the Restriction-Modification, CRISPR-Cas and the DNA
repair guided by RecA (91).

The defined differential MGE consists of known elements of C. difficile and new
elements. In the case of NAPcr1, the known elements were Tn5397 and skin™
present in other strains of this pathogen, including CD630 (79, 92). The PCR assays
detected circular intermediates for both of these MGE, hence they can participate in
horizontal gene transfer. The skin®® element has been reported to be excised from
the chromosome during late sporulation in a process vital for the regulation of efficient
sporulation (79). Therefore, it is expected that isolates that lack the element like
NAPcr1-6276 sporulate poorly. This hypothesis awaits verification in our isolate.

The other six differential MGE found in NAPcr1 are novel or gave partial hits with
previously described elements. All of the them were not found in CDE30, confirming
that many of the differences between CDE30 and NAPcri1 come from foreign DNA
(33). The first one is the so-called mobCksgA found in all the isolates but on different
locations. This element is a putative mobilizable transposon because it has a
recombinase, a mobC and a repA (48, 93). Even though we were not able to detect a
circular intermediate, the fact that it is found in different genomic locations indirectly
shows its capacity to undergo mobilization. Additionally, it includes a gene similar to
ksgA which encodes a methyltransferase essential for the assembly of the 305
subunits. Inactivation or lack of this protein in bacteria diminishes susceptibility to the
aminoglycoside kasugamycin (94). Two further differential MGE carry confirmed or
potential antibiotic resistance determinants. First, a variation of the Tn40071
transposon originally described in S. aureus (95) was found in our isolates. Second, a
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prophage inserted in the CTn5 of CD630 was found only in the 487 macrorestricion
pattern having a variety of resistant determinants like an aminoglycoside
phosphotransferase and a GNAT acetyltransferase for resistance to aminoglycosides
(96, 97). Antibiotics play an essential role in bacterial selection (98) and in some
cases they have been shown to promote the uptake of foreign DNA through
horizontal gene transfer. For instance, exposition of fecal phage to ciprofloxacin and
ampicillin increased the expression of several antibictic resistance genes, phage
integration and phages host range in a mouse model (99). The mentioned MGE have
aminoglycosides resistance determinants for which C. difficile is instrinsically
resistant, but this represents a risk because C. difficile may serve as a gene reservoir
for other bacteria of the gut microbiota. Interestingly, several of the phage proteins
and recombinases showed BLAST hits to phages from Enterococcus faecium,
suggesting that the NAPcr1 isolates share DNA with other intestinal Firmicutes. For
example, lateral transfer of Tn5397 between C. difficile and E. faecalis has been
accomplished in the laboratory and, in the other direction, anaerobic enterococci
could transfer their vancomycin resistance to C. difficile (100), jeopardizing one of the
last therapies available for multidrug resistant isolates. Additionally, all of the NAPcRr1
isolates shared multiple MGE with antibiotic resistance determinants which were not
part of this study. For example, the previously mentioned Tn4453a with catD
conferring resistance to chloramphenicol, Tn5398 with an ermB gene for resistance to
clindamycin, and a Tn916-like element with a putative SAM-radical protein similar to
cfr, a gene known to confer simultaneous resistance to phenicols, lincosamides,
pleuromutilins, streptogramin A and certain macrolides.

Some of the novel elements, including the giant phages and the plasmid could
provide NAPcr1 isolates with virulence factors. For instance, one variant of the giant
phages has a protein with a FiC/DOC domain, a protein family known to
postranslationally modify the cytoskeleton and thereby interefere with intracellular
traffic, signaling and translation pathways in eukaryotic cells (101). Likewise, the
putative plasmid found only in isolate 6289 contains genes for a type |V secretion
system, plasmid segregation and two putative novel virulence factors: an ADP
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ribosyltransferase exoenzyme and a von Willebrand type A domain protein. We
predict this plasmid to be conjugative and circular according to the annotation of a
type IV secretion system and the PCR results, respectively. (48). The activity of the
ADP ribosyltransferase exoenzyme remains to be determined but the general
mechanism of these enzymes is based on a covalent linkage of ADP to host proteins
disrupting intracellular signaling pathways (102). The von Willebrand type A domains,
which are present in proteins from the extracellular matrix and integrins receptors,
mediate adhesion, thus we predict this gene to code for an adhesin (103). The single
differential MGE of the NAP1 isolates has been reported before as a putative plasmid
(36). Nonetheless, we recommend revising this affirmation because it includes
several phage proteins. Some of the predicted proteins in this element resemble SigF
and LemA. The former is a transcriptional regulator that regulates sporulation (83)
and proteins from the LemA family are predicted to be transcriptional regulators from
two component systems, as described in Pseudomonas syringae pv. syringae (104).
Both proteins have the potential to modulate the virulence of the NAP1 isolates that
carry this putative plasmid/phage element.

Most of the genes found in the differential MGE of both groups of strains encode
hypothetical proteins, thus there is plenty of unknown information. A more precise
annotation of the MGE, based on functional studies, will allow us to gain insight into
other potential adaptations of C. difficile to its environment and its virulent capacity.
Nonetheless, this does not necessarily mean these proteins are expressed in the

pathogen so further studies are needed.

From the constant exchange of MGE, the NAPcr1 pulsotype and, in particular the 487
pattern, is microdiversifying through the acquisition of antibiotic resistance
determinants, virulence factors and metabolic advantages (105). This could end up
with a better adapted pathogen capable of coexisting with the NAP1 strains, which, in
contrast, protect their well-developed pathogenic strategy and avoid drastic
modifications of their accessory genomes. Whether the NAP1 strains have active



2 ¥

barriers for lateral gene transfer that are no present in the NAPcr1 strains remains to
be determined

To corroborate some of the findings, it is desirable to estimate the r/m rate of the
isolates studied and thereby determine whether recombination or mutations are
driving the microdiversification of their core genome. The expected result would be to
obtain r/m < 0 for NAP1 isolates and r/m = 0 for the other group. Moreover, the novel
MGE found should be further studied and better annotated as this improved
information can clarify the advantages that they confer to NAPcr: strains.

A limitation of the study is the difference in the number of isolates from each
pulsotype studied. However, this was tolerated to have the chance to compare
isolates that cocirculated in time and space and in this manner limit the effect of
confounding factors. This decision might have affected the size of the NAP1
pangenome, but it is unlikely that it will depart significantly from that of the global
NAP1 population as indicated by the very high percentage of reads that mapped to
the reference and the clonality of this strain (38, 71). Another limitation comes from
working with MGE, as they can be lost from bacterial genomes through constant
passages or from exposition to antibiotics. To reduce this possibility, DNA extractions
for WGS were performed from freshly thawed isolates.

CD630 was chosen as the reference genome for all NAPcr1 analyses because, from
all sequenced C. difficile reference strains, it is the most closely related (33). For now,
is not known whether the NAPcr1 pulsotype diversified from CD630 or alternatively if
they share a common ancestor. To answer this, their time of divergence should be
calculated and further phylogeny analyses with other isolates from Clade | should be
performed. Isolates from the 487 pattern were closer to CD630 than the rest of the
MNAPcr1 isolates, hence they could serve as useful tools to confirm their relationship.
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9 CONCLUSIONS

C. difficife lineages can microdiversify through different genetic mechanisms.

The acquisition of MGE in the accessory genome is the main mechanism of
microdiversification of NAPcr1 isolates when compared to NAP1. These MGE confer
the NAPcr1 novel functions and antibiotic resistance genes, which could relate to its

capacity to generate outbreaks.

The accumulation of non-synonymous mutations in the core genome was the main
mechanism of microdiversification of NAP1 pulsotype when compared to NAPcri. In
this way, NAP1 is able to accumulate potential adaptations without risking its fine-
tuned pathogenic capacity.

Coinciding with the well known genetic diversity of this species, studies of the
diversification of C. difficile should include the pangenome and not only the core

genome.
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Appendix 2. SNPs in coding regions of the NAPcr1 isolates.
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Appendix 2. SNPs in coding regions of the NAPcr1 isolates (continued).
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Appendix 2. SNPs in coding regions of the NAPcr1 isolates (continued).
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Appendix 2. SNPs in coding regions of the NAPcr1 isolates (continued).
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Appendix 2. SNPs in coding regions of the NAPcr: isolates (continued).
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Appendix 3. SNPs in coding regions of NAP1 isolates.
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Appendix 3. SNPs in coding regions of NAP1 isolates (continued).
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Appendix 3. SNPs in coding regions of NAP1 isolates (continued).
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Appendix 3. SNPs in coding regions of NAP1 isolates (continued).
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Appendix 4. SNPs in non-coding regions of each NAPcr1 isolates.
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