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Abstract

Clostridium difficile PCR ribotype 106 (also identified as restriction endonuclease analysis [REA]
group DH) recently emerged as the most common strain causing C. difficile infection (CDI)
among US adults. We previously identified this strain predominating our pediatric cohort.
Pediatric clinical CDI isolates previously characterized by REA underwent antibiotic resistance
testing and whole genome sequencing. Of 134 isolates collected from children, 31 (23%) were
REA group DH. We performed a comparative genomics analysis to identify DH-associated
accessory genes. We identified five DH-associated genes that are associated with virulence in
other bacterial species but not previously known to contribute to CDI. These genes are associated
with intestinal mucosal adhesion (collagen-binding surface protein), sporulation (sporulation
integral membrane protein Ytvl), and protection from oxidative stress and foreign DNA (DNA
phosphorothioation-dependent restriction proteins, sulfurtransferase, and DNA sulfur modification
proteins). The association of these genes was validated in a cohort of 623 publicly available C.
difficile sequences, 10 (1.6%) of which were monophyletic to REA group DH through in silico
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multilocus sequence typing and core genome phylogenetic analysis. Further investigation is
required to determine the contribution of these genes to the emergence and virulence of this
epidemic strain.
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1. Introduction

The clinical and molecular epidemiology of Clostridium difficile infections (CDI) has
recently received considerable attention because of the emergence of highly virulent strains.
These include strain BI/NAP1/027 (identified as Bl by restriction endonuclease analysis
[REA], NAP1 by pulsed-field gel electrophoresis), and 027 by polymerase chain reaction
[PCR] ribotyping) [1], as well as BK/NAP7,8,9/078 [2] and AF/244 [3]. The recent global
dissemination of epidemic strain BI/NAP1/027 was associated with emergence of
fluoroquinolone resistance,[4] and changes in BI/NAP1/027 infection phenotype may be
related to binary toxin production and a loss-of-function mutation in fcdC, a negative
regulator for toxins A and B [1]. Because of increased CDI morbidity, mortality, and
associated healthcare costs and the predominance of antibiotic-resistant strains such as BI/
NAP1/027, the U.S. Centers for Disease Control and Prevention (CDC) classified C. difficile
among the most serious antibiotic resistant “public health threats that require urgent and
aggressive action”[5].

Recent CDC Emerging Infections Program CDI surveillance data [6, 7] from ten US states
suggest that BI/NAP1/027 prevalence declined between 2012 and 2014. Ribotype 106, also
identified as group DH by REA and NAP11 by pulsed-field gel electrophoresis [8], emerged
as the predominant strain causing CDI among US adults [6, 7]. While ribotype 106 was
previously uncommonly reported among US adults, ribotype 106 was the second-most
prevalent ribotype in the UK until 2009 [9], after which yearly declines in incidence were
noted [10]. Until recently, for unknown reasons, ribotype 106 was uncommon outside of the
UK [9]. We previously reported the predominance of strain DH in children [11].

The molecular epidemiology and pathogenesis of strain DH/NAP11/106 are poorly
understood. Because strain DH/NAP11/106 is now the most common cause of CDI among
US adults, the primary study objective was to describe the microbiologic and genotypic
characteristics of this epidemic subclade. Specifically, we explored whether BI/NAP1/027-
associated virulence factors and antibiotic resistance patterns contributed to the emergence
of strain DH/NAP11/106. Additionally, using a comparative genomics approach, we
identified several accessory genomic elements (AGEs) associated with this epidemic
subclade that may represent candidate virulence factors. These data provide an important
framework for further exploration of the pathogenesis of this epidemic subclade.

Microbes Infect. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kociolek et al. Page 3

2. Materials and Methods

2.1 Clinical Microbiology

This study included patients diagnosed with CDI (i.e., unformed stool that tested positive by
tcdB PCR) between March 2011 and November 2013 at the Ann & Robert H. Lurie
Children’s Hospital of Chicago. The Institutional Review Board approved this study and
waived informed consent.

Clinical stool specimens were stored at —70°C and batch processed for isolation of C.
difficile by anaerobic culture, as previously described [11, 12], at the Microbiology Research
Laboratory at Edward Hines Jr. VA Hospital. All C. difficile isolates underwent REA, as
previously described[11, 13]. REA group was assigned to each isolate based on comparison
of the DNA band pattern to a library of reference REA groups.

Antibiotic susceptibility data were derived from a previous study [14]. Mean inhibitory
concentrations (MIC) of the following antibiotics were measured at the Loyola University
Chicago Stritch School of Medicine: metronidazole, vancomycin, rifaximin, fidaxomicin,
surotomycin, clindamycin, and moxifloxacin (i.e., high-level fluoroquinolone resistance).
Agar dilution method was used for susceptibility testing [15, 16]. MIC breakpoints were set
for metronidazole (=32 ug/ml), clindamycin (=8 ug/ml), and moxifloxacin (=8 ug/ml) based
on Clinical and Laboratory Standards Institute breakpoints[16] and for vancomycin (=4
ug/ml) based on the European Committee on Antimicrobial Susceptibility Testing
epidemiological cutoff value [17]. The rifaximin-resistant breakpoint (=32 ug/ml) was
previously described [18]. Susceptibility breakpoints have not been established for
surotomycin and fidaxomicin.

2.2 Whole Genome Sequencing

C. difficile isolates previously characterized by REA underwent whole genome sequencing
(WGS). Genomic DNA was extracted using the BiOstic Bacteremia DNA Isolation Kit (MO
BIO Laboratories, Carlsbad, CA). Paired-end sequencing libraries were prepared using the
Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA), and WGS was performed
using the lllumina MiSeq system to produce paired 300 base pair (bp) reads. De novo
genome assembly was performed using SPAdes (v3.6.2; http://cab.spbu.ru/software/spades/)
[19]. Contigs = 200 bp were annotated using Prokka (v1.11; http://
www.vichioinformatics.com/software.prokka.shtml) [20]. The nucleotide sequences for the
134 sequenced genomes have been deposited at DDBJ/ENA/GenBank under the accession
numbers listed in the Supplementary Materials. Sequence types (STs) were assigned to each
isolate based on the allelic patterns of 7 housekeeping genes[21] using the C. difficile
multilocus sequence typing (MLST) database (http://pubmlst.org/cdifficile).

Illumina reads for each sequenced isolate were quality trimmed using Trimmomatic[22]
(v0.36; http://www.usadellab.org/cms/?page=trimmomatic) and aligned to the strain 630
chromosomal sequence (GenBank accession number: AM180355.1) using bwa (v0.7.6a-
r433; http://bio-bwa.sourceforge.net/). The mpileup function of SAMtools and bcftools
(v0.1.19-44428cd; http://www.htslib.org/) were used to identify nucleotide variants relative
to the reference. The default options for mpileup were used with the following exceptions:
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extended BAQ values were calculated, indel calling was not performed, and BCF output was
generated. The view function of bcftools was used to call variants using default options with
the following exceptions: single nucleotide variant (SNV) calling was requested, likelihood
based analyses were performed, and genotype calling was performed at variant sites. The
following criteria were used to filter variant positions: a variant must be supported by = 75%
of covering reads; a position must be covered by a minimum of 5 reads and a maximum of
3x4 the median read coverage of the entire alignment; there must be at least one read in both
directions covering a position; the variant is determined to be homozygous under the diploid
model; and the position did not fall within a region in the reference genome determined to be
low complexity using NCBI dustmaker (BLAST+; https://blast.ncbi.nim.nih.gov/Blast.cgi?
PAGE_TYPE=BlastDocs&DOC_TYPE=Download) [23]. A multiple alignment was
produced by replacing variant positions passing the above filters with the variant base in the
reference sequence. Variant positions not passing the above filters and non-variant positions
covered by fewer than 5 reads were replaced with ambiguous bases. To produce a core
genome alignment, all positions with ambiguous bases in one or more of the strain
alignments were replaced with the reference base in the sequences for all of the strains. A
phylogenetic tree omitting regions of likely recombination was produced using Gubbins (v.
2.2.1; https://sanger-pathogens.github.io/gubbins/) [24]. Evolview (http://
www.evolgenius.info/evolview/) [25] and Interactive tree of life (iTOL; http://itol.embl.de/)
[26] were used to visualize and annotate phylogenetic trees.

Genomes were screened for various genes whose association with virulence or antibiotic
resistance was previously described in other C. difficile strains. These genes were identified
in draft genome sequences using an /n sifico PCR program developed by one of the study
authors (E.A.O.; https://github.com/egonozer/in_silico_pcr/releases) using previously
published primer sequences (Table 1) [27]. Up to one base mismatch and one base insertion
or deletion in primer sequences were permitted. SNVSs, insertions, and deletions were
manually identified using CLC Sequence Viewer (v7.7; https://
www.giagenbioinformatics.com/products/clc-sequence-viewer/). Non-synonymous SNVs
were assessed for their potential impact on protein function by the program SIFT (http://
sift.bii.a-star.edu.sg/) [28]. Using ResFinder (https://cge.cbs.dtu.dk//services/ResFinder/)
[29], draft genomes were screened for 73 genes associated with macrolide-lincosamide-
streptogramin B (MLSB) resistance.

2.3 Comparative Genomics Analysis

Core genome, defined as nucleotide sequences of genomic regions present in = 95% (i.e., =
128 of 134) of the isolates in our pediatric cohort, was determined using Spine (v0.2; http://
vfsmspineagent.fsm.northwestern.edu/cgi-bin/spine.cgi) [30]. Accessory genomic elements
(AGEs) were designated as those sequences in each isolate not identified as core genome by
Spine. AGEs may contain zero, one, or more than one complete or incomplete genes. The
distributions of individual AGEs among the 134 pediatric isolates genomic sequences were
determined using ClustAGE (v0.7.2; https://sourceforge.net/projects/clustage/). Briefly,
ClustAGE identifies representative contiguous AGEs within the input data set of all AGEs
from each of the 134 strain genomic sequences and delineates the distribution of discrete
AGESs among those genomes. A minimum of 85% nucleotide sequence identity was set as a
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cutoff for AGE similarity between any two strains. The distribution of AGEs (at least 200 bp
in length) in DH strains versus non-DH strains was determined.

The strength of association of each AGE with strain DH was determined by calculating
Cramer’s V, and statistical significance was determined by chi square test, using Stata/IC
statistical software, v12.1 (StataCorp, College Station, TX). All AGEs with strong
correlation (i.e., Cramer’s V > 0.75, P< 1x10725) underwent manual validation with
nucleotide and protein BLAST alignments against strain genomic sequences and predicted
coding sequences. Of note, the cutoff of Cramer’s V > 0.75 in this analysis was associated
with £< 1x10725. When strength of association is measured for 6000 AGEs and alpha =
0.05, the Bonferroni correction for statistical significance is £< 8 x107%, Thus, all AGEs
with Cramer’s V > 0.75 are strongly statistically significant.

To externally validate the strain association of these candidate virulence factors in a larger
and more diverse cohort, additional comparative genomics analyses were performed. All
complete and draft C. difficile genomes publicly available in the National Center for
Biotechnology Information (NCBI) Genome database (as of January 2017) were
downloaded and grouped into an NCBI cohort against which candidate virulence factors in
the DH strains were compared. /n sifico MLST was performed on all 626 downloaded
sequences identified as C. dlifficileby NCBI, and a core genome phylogenetic tree was
generated from the downloaded NCBI sequences and our 134 newly sequenced pediatric
isolate sequences using kSNP (v3.021; https://sourceforge.net/projects/ksnp/). A core
genome definition of 95% (722 of 750 genomes) was used. NCBI isolates underwent
BLAST analysis for the previously identified novel candidate virulence factors, and the
strain-specific association of these virulence factors was assessed.

Of note, NCBI isolates were not available for REA typing. Thus, the NCBI isolates
belonging to this epidemic subclade were identified by a variety of methods. As described
above, we collected /n silico MLST data from our pediatric isolates that had previously been
characterized by REA. In addition, we confirmed the ST-associations with other typing
methods through a review of the literature, which demonstrated previous classification of
ribotype 106 strains as ST-42 [21, 31]. To provide validation of our definition of DH-
associated STs, we performed /n silico MLST on 626 C. difficile NCBI sequences, and also
identified previously published typing data, when available, for those downloaded sequences
classified as a DH-associated ST. Ribotyping data were available for two of these ST-42
sequences, and those isolates had been previously classified as ribotype 106 [32]. Finally,
core genome phylogenetic analysis permitted visualization of the genetic similarity of all
sequences included in this study irrespective of strain typing results. We confirmed that all
isolates identified as a DH-associated ST belonged to the same subclade on the core genome
phylogenetic tree. Accession numbers and MLST data for these 626 NCBI sequences are
listed in the Supplementary Materials.

To determine the similarities in the accessory genomes of our pediatric and the NCBI DH
isolates, pairwise comparisons of AGE presence or absence among all DH isolate sequences
were performed. Bray-Curtis distances based on total lengths of shared AGEs = 100 bp in
size were calculated for each pair [33]. A neighbor-joining tree was generated from the
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pairwise Bray-Curtis distance matrix using Phylip (v3.695; http://
evolution.gs.washington.edu/phylip). Bootstrap values were calculated from 100
resamplings and branches with less than 50 bootstrap support were collapsed. Tree and
heatmap data were visualized using iTOL (http://itol.embl.de/).

3.1 Whole Genome Sequencing

This study included 134 pediatric CDI cases. Of these, 31 (23.1%) C. difficile isolates had
been previously identified as REA group DH [11]. WGS was performed on 134 C. difficile
isolates from the pediatric cohort. Median read coverage was 72x (range 25x-393x); median
contig number (from de novo assembly of the reads) was 173 (range 51-1,183); and median
N50 (i.e., a statistic indicating the value at which 50% of the entire assembly is contained in
contigs of at least this length) was 113,353 bp (range 5,540-519,873). WGS statistics for
each pediatric isolate are listed in the Supplementary Materials.

3.2 Sequence Typing and Phylogenetics

In silico MLST was performed on each isolate, and sequence types (STs) were assigned
based on allelic patterns of 7 housekeeping genes [21]. The pediatric cohort contained a
highly diverse group of isolates represented by 46 REA groups (18 defined REA groups and
28 unique non-specific REA groups) and 35 STs; core genome phylogenetic analysis (Fig.
1) separated pediatric isolates into 4 of the 5 C. difficile clades (https://pubmlst.org/
cdifficile/) [34]. The DH isolates in our pediatric cohort formed a monophyletic group
containing two STs: ST-42 (30/31 [96.8%]) and ST-28 (1/31 [3.2%]). Compared to ST-42,
ST-28 differs only in its allele for the sodA housekeeping gene (3 SNVs: A234G, A364G,
C381G). All DH strains were in clade 1 and appear to be most closely related to the strains
belonging to endemic REA group Y (ST-2 and ST-110). Of note, all ST-42 and ST-28
isolates in this cohort were previously identified as REA group DH. This suggests that all
DH strains were correctly identified by REA and no additional DH isolates were mistakenly
excluded.

3.3 Screening for Established Virulence Factors

DH strains were screened for genes of various known virulence factors (Table 1). All DH
strains were positive for fcdA and tcdB (toxins A and B) and negative for cdtA and catB
(binary toxin). The sequences of fcdB were compared among various C. difficile reference
strains by BLAST alignment. The closed genome of our DH (clade 1) reference strain
(GenBank accession number: CP022524.1) was compared to both reference strains 630
(clade 1) and R20291 (an epidemic BI/NAP1/027 clade 2 strain). The fcdB gene shared 99%
sequence identity between our DH reference strain and strain 630, but only shared 93%
sequence identity between our DH reference strain and strain R20291.

Among the 31 REA group DH strains, fcdC was identical in all 30 of the ST-42 isolates. The
single ST-28 isolate contained an 18 bp deletion at positions 330-347 similar to the well
described fcdC deletion in epidemic strain BI/NAP1/027 [1]. However, the single base
deletion at position 117 that results in a truncated protein and confers #cdC loss-of-function
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in BI/NAP1/027 was not identified in any of the DH strains. In addition to the 18 bp deletion
in the DH/ST-28 strain as described above, all DH strains had a non-synonymous SNV
(T21G) relative to reference strain 630. This SNV was not predicted to impact protein
function by SIFT analysis.

3.4 Antibiotic Susceptibility

Antibiotic susceptibility data were available for 28/31 (90.3%) of the DH strains. All DH
isolates were susceptible to metronidazole, vancomycin, and moxifloxacin and had favorable
MICs to both fidaxomicin (MIC range 0.03-0.25 ug/ml) and surotomycin (MIC range
0.125-2 ug/ml). Rifaximin and clindamycin resistance were noted among 6/28 (21.4%) and
11/28 (39.3%) DH isolates, respectively. The six rifaximin-resistant isolates all contained a
non-synonymous SNV (G1514A) in rpoB that is reported to be associated with rifaximin
resistance [35]. The 11 clindamycin-resistant DH isolates were screened for MLSB
resistance determinants; an MLSB efflux pump gene (mefAE) and an rRNA methylase gene
(ermB) were identified in one and six isolates, respectively. Thus, no clear clindamycin
resistance mechanism was identified in 4/11 (36.4%) clindamycin-resistant DH strains.

3.5 Comparative Genomics: Pediatric Isolates

Amongst the combined accessory genomes of 134 C. difficile isolates from our pediatric
cohort, 5,710 unique AGEs (= 200 bp) were identified. The prevalence of each AGE among
DH and non-DH isolates was compared. AGEs were ranked by their associations with strain
DH. Cramer’s V of AGEs ranged between 1 (i.e., present in all DH and lacking in all non-
DH strains) and -0.89 (i.e., lacking in all DH strains and present in 97/103 [94.2%] of non-
DH strains). Annotated genes among 10 AGEs with strong correlation (i.e., Cramer’s V >
0.75; P< 1x10725) with strain DH are listed in Table 2. Between 1 and 6 annotated proteins
were identified among each of the 10 DH-associated AGESs. Predicted open reading frames
that remained hypothetical proteins after manual validation of automatic annotation results
were excluded. The genomic context of each AGE is illustrated in Figure 2.

3.6 Comparative Genomics: External Validation of Candidate Virulence Factors

In silico MLST was performed on 626 downloaded NCBI C. difficile isolate sequences. Of
these, 60 unique STs (distributed among all 5 MLST clades) were identified in this cohort.
Of note, 72 (11.9%) could not be assigned a ST for various reasons; 6 had a novel pattern of
previously characterized MLST alleles; 26 had a novel MLST allele; 12 had at least 1 allelic
sequence that was truncated; 20 were missing at least 1 allele; 7 had both missing and novel
alleles; and 1 had both a truncated and novel allele. A phylogenetic tree was generated from
the core genome alignment of the NCBI sequences and the 134 newly sequenced pediatric
isolate sequences (Fig. 3). The tree incorporated 176,115 variant positions among the group
of strains. Three of the 626 downloaded sequences (GCF_000450985.2, GCF_900011355.1,
and GCF_900012755.1) were omitted because MLST, the constructed phylogenetic tree, and
core genome analysis all indicated that the 3 sequences had been misidentified as C.
difficile. This assessment was confirmed by BLAST alignment of the genomic sequences of
these three isolates against the NCBI 16S rRNA gene sequence database. One of these
isolates (GCF_000450985.2) was identified as Clostridium innocuum, and the other two
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(GCF_900011355.1 and GCF_900012755.1) were identified as Terrisporobacter species.
Thus, 623 NCBI isolates were included in the analyses.

Of the 623 NCBI sequences included in the analysis, 10 (1.6%) were ST-42 and 0 were
ST-28 (i.e., the DH-associated STs in our cohort) and 613 (98.4%) were other non-DH-
associated STs. Core genome phylogenetic analysis (Fig. 3) confirmed that these 10 NCBI
strains formed a monophyletic group with our 31 REA group DH isolates from the pediatric
cohort. Of note, zero non-ST-42 strains from the NCBI cohort clustered with our DH strains
on the core genome phylogenetic tree. Thus, between both our pediatric cohort and the
NCBI cohort, 757 sequences were available: 41 strains belonging to this epidemic subclade
and 716 strains outside of this subclade.

BLAST alignment was performed for all annotated proteins identified among the 10 DH-
associated AGEs against all 757 C. difficile sequences. All of the DH-associated AGEs had a
similar association with this epidemic subclade in this larger and more diverse cohort (Table
2), with the exception of conjugative transposon FtsK/SpolllE-like protein (DH-AGE-8) that
was identified in 65% of the non-DH strains in the validation cohort.

Fig. 4 demonstrates the similarities in accessory genome content among the 41 strains
belonging to the epidemic subclade; reference strains 630 and R20291 are included for
comparison. The accessory genomes of the monophyletic group of pediatric and NCBI
strains were generally highly similar to each other, with a few exceptions. Notably, the
accessory genomes (Fig. 4) of the two NCBI strains isolated from adults in Ireland and the
UK were relatively dissimilar to other strains in this subclade, while the two strains from
Canada were highly similar to our pediatric isolates in this subclade, as well as the other
NCBI strains sequenced in the US. The accessory genomes of all strains within this subclade
were highly dissimilar to that of the two reference strains outside of this subclade (630 and
R20291).

4. Discussion

According to recent CDC Emerging Infections Program data, the incidence of CDI caused
by C. difficile strain DH/NAP11/106 has surpassed BI/NAP1/027, and DH/NAP11/106 is
now the most common strain causing CDI among US adults [6, 7]. Interestingly, strain DH/
NAP11/106 had been the second most common strain (after strain BI/NAP1/027) causing
CDI in the UK [9], but recent declines in incidence have been noted [10]. Strain DH/
NAP11/106 had been previously uncommonly reported outside of the UK.

Host and pathogen characteristics that account for this shift in C. difficile molecular
epidemiology and the clinical consequences of infection with strain DH/NAP11/106 are
poorly understood. A previous UK study demonstrated that strain DH/NAP11/106 generally
caused less severe CDI than BI/NAP1/027 [36]. The infection phenotype of DH/NAP11/106
requires additional investigation in US adults.

Genomic analyses of our large cohort of isolates demonstrate that strain DH/NAP11/106
lacks several virulence factors previously identified in BI/NAP1/027 strains [1], specifically
binary toxin and the single nucleotide deletion in fcdC that results in a loss-of-function
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mutation of this negative regulator of toxins A and B. Widespread use of fluoroguinolones in
adult patients likely contributed to emergence and dissemination of BI/NAP1/027 strains,
which are fluoroquinolone resistant [1]. In contrast, DH strains in the present study had a
more favorable antibiotic susceptibility pattern; all were susceptible to moxifloxacin and
most were susceptible to clindamycin. Thus, a similar competitive advantage related to
antibiotic use was not identified among our DH strains. Furthermore, although clindamycin
resistance in our DH isolates approached 50%, our previous study indicated that only 8% of
patients in this pediatric cohort had been exposed to clindamycin in the previous 30 days
[11]. Thus, antibiotic exposure seemed to play a limited role in the emergence of strain DH/
NAP11/106 in our cohort. Of note, a similar favorable antibiotic susceptibility pattern of
DH/NAP11/106 isolates in adult patients was reported in North America[18], while DH/
NAP11/106 strains among adults in Ireland[37] and Scotland[38] were generally
fluoroquinolone-resistant. Additional investigation of antibiotic susceptibility patterns of
strain DH/NAP1/106 among US adults is needed.

Using a comparative genomics analysis, we identified several genes that are strongly
associated with strain DH requiring further investigation to assess their role in C. difficile
pathogenesis. Although many of these genes and the functions of their putative translated
proteins have not yet been well delineated in C. difficile, several have been described in
other bacterial species. Many of these proteins play a role in intestinal mucosal adhesion,
sporulation, and protection from oxidative stress and foreign DNA. These particular
physiologic processes could potentially provide a bacterial competitive advantage that could
explain the clinical associations with strain DH that we have previously described, namely
an association with multiply recurrent CDI and long time intervals between CDI relapses
[11].

The DH-associated AGEs included a diverse array of genes likely involved in a multitude of
cellular functions, including metabolism and antibiotic resistance. However, the specific role
in C. difficile virulence is not entirely clear for many of these AGEs. Several AGEs
associated with the DH epidemic subclade contained genes whose role in virulence have
been described in other bacterial species. For example, the operon involved in sulfur
modification and phosphorothioation of nucleic acids (i.e., DNA phosphorothioation-
dependent restriction proteins, sulfurtransferase, and DNA sulfur modification proteins) has
been well characterized. In Streptomyces lividans [39], phosphorothioation of DNA
enhanced survival upon exposure to oxidative stress. In Sa/monella enterica,
phosphorothioation permitted restriction of foreign DNA, which is hypothesized to provide
protection from bacteriophages [40]. Bacteriophages are highly prevalent in the
gastrointestinal tract, and resistance to killing by bacteriophages could provide a competitive
advantage to C. difficile in this niche. Another AGE strongly associated with DH strains
contained a gene important for sporulation, which could also potentially provide a survival
advantage. In Bacillus subtilis, targeted mutagenesis of the gene encoding sporulation
integral membrane protein Ytvl resulted in sporulation defects [41]. In addition, other
orthologs of this gene are present in other genera of spore-forming bacteria, supporting the
role of this protein in sporulation of C. difficile strain DH [41].

Microbes Infect. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kociolek et al.

Page 10

The ability of cell surface proteins to mediate mucosal adherence have been well described,
and enhanced mucosal adherence could in turn prevent clearance and facilitate recurrent
CDI [42, 43]. Cell wall-anchored collagen-binding proteins are important for gut mucosal
adhesion. Specifically, collagen binding protein A, a microbial surface component
recognizing adhesive matrix molecules (MSCRAMM) in reference strain 630, mediates
adherence to types | and IV collagen on gut mucosal tissue [42, 44]. Of note, the DH-
associated collagen-binding surface protein identified in the present study is distinct from
collagen binding protein A in strain 630 (CD3145). Interestingly, this AGE shares 85%
sequence identity with the LPXTG-domain-containing cell wall anchor domain found in £.
faecium (GenBank accession: WP_010776652.1), which contributes to enterococcal
virulence via mucosal adhesion and biofilm formation [45].

Strengths of this study include the large and diverse cohort of isolates that underwent WGS.
Because greater number and diversity of isolates being analyzed more reliably distinguishes
core and accessory genome [30], the comparative genomics analysis included a large
number of AGEs that may not have been recognized in a smaller and/or less diverse
collection of isolates. Furthermore, the association of these AGEs with the DH subclade was
externally validated in a larger and more diverse cohort of publicly available isolate
sequences. It is important to note that we identified genes in the accessory genome, rather
than expressed proteins, that are associated with strain DH. Because observed AGE
associations do not definitively indicate causality, AGEs of interest require further
investigation to determine their patterns of expression and contributions to virulence in C.
difficile. Core genome changes may be present that were not identified through our analysis.

In summary, C. difficile strain DH/NAP11/106, which surpassed BI/NAP1/027 as the most
common strain among US adults, lacks several pathogen characteristics that contributed to
BI/NAP1/027 dissemination and virulence. Strain DH/NAP11/106 possesses several genes
that encode proteins that have been previously described in other bacterial species to be
involved in intestinal mucosal adhesion, sporulation, and protection from oxidative stress
and foreign DNA.. Further investigation is needed to delineate the contribution of these
candidate virulence factors to C. difficile pathogenesis. This knowledge may improve our
understanding of the emergence, dissemination, and virulence of this epidemic strain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Core genome phylogenetic tree of 134 pediatric CDI isolates
Isolates are grouped among 4 of the previously classified C. difficile clades (clades 1, 2, 4,

and 5 per the MLST scheme; https://pubmlst.org/cdifficile/ [34]) and identified by their REA
group and ST. Five novel STs were identified. NonSp: non-specific REA group.
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Fig. 2. Genomic context of 10 DH-associated AGEs
The location of 10 AGEs (Table 2), in relation to the C. difficile pathogenicity locus (PaLoc)

that includes zcdA and fcdB, are illustrated in the closed genome of our DH reference strain
(LC5624; GenBank accession number: CP022524.1).
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Fig. 3. Core genome circular cladogram of 757 C. difficile isolates (134 pediatric CDI isolates and
623 downloaded NCBI isolates)

The 41 isolates (31 REA group DH isolates from the pediatric cohort and 10 monophyletic
isolates from the NCBI cohort) that are monophyletic with REA group DH are delineated in
red branching and shading along with the red portion of the outer colored ring. Of note, with
the exception of one closely related ST-28 strain in the pediatric cohort, all strains on that
DH branch were classified as ST-42 and there were no other ST-42 strains on other non-DH
branches in the phylogenetic tree. Thus, the phylogenetic tree validates the definition of DH-
associated STs in this study. All non-DH strains are delineated in blue along the outer
colored ring. The pediatric C. difficileisolates are labeled LC and their unique identifier
(delineated in yellow along the inner colored ring), and the downloaded NCBI isolates are
labeled by their NCBI GenBank assembly accession numbers (delineated in black along the
inner colored ring).
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included. Bray-Curtis distances (d) were calculated for every pairwise comparison of shared

AGE content between strains. Neighbor-joining tree (left) is a consensus across 100

bootstrap resamplings of AGE distributions. Branches with support < 50 were collapsed.
Heatmap (right) shows relative pairwise AGE content similarity (1 - d) between strains.
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Primer Sequences of Known Virulence Factors for which Were Screened by /n sificoPCR Among 31 C.

difficile REA Group DH Strains

Table 1

Gene | Protein Primer sequence (5" => 3’) [27]

tcdA | Toxin A GCATGATAAGGCAACTTCAGTGGTA
AGTTCCTCCTGCTCCATCAAATG

tcdB | Toxin B CCAAARTGGAGTGTTACAAACAGGTG
GCATTTCTCCATTCTCAGCAAAGTA
GCATTTCTCCGTTTTCAGCAAAGTA

fcdC | Negative regulator of toxins Aand B | AAAAGGGAGATTGTATTATGTTTTC
CAATAACTTGAATAACCTTACCTTCA

catA | Binary toxin subunit A GGGAAGCACTATATTAAAGCAGAAGC
GGGAAACATTATATTAAAGCAGAAGC
CTGGGTTAGGATTATTTACTGGACCA

catB | Binary toxin subunit B TTGACCCAAAGTTGATGTCTGATTG

CGGATCTCTTGCTTCAGTCTTTATAG
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Annotated Proteins of C. difficile Strain DH-Associated Accessory Genomic Elements

Protein Annotation of Genes within Each DH-associated AGE

Cramer’s V-Pediatric Cohort (%
DH / Non-DH Strains) (n=134)

Cramer’s V-Validation Cohort
(% DH / Non-DH Strains)

multidrug resistance protein
pyruvate phosphate dikinase PEP/pyruvate-binding protein
TetR family transcriptional regulator

(n=757)
DH-AGE-1 1 (100/0) 1 (100/0)
DNA phosphorothioation-dependent restriction protein DptF
DNA phosphorothioation-dependent restriction protein DptG
DNA phosphorothioation-dependent restriction protein DptH
type 1V secretion-system coupling DNA-binding domain protein
DH-AGE-2 0.92 (100/4) 0.76 (100/4)

DH-AGE-3
acetyltransferase

0.92 (100/4)

0.77 (100/3)

DH-AGE-4

putative sulfurtransferase DndC

DNA sulfur modification protein DndD
DNA sulfur modification protein DndE

0.89 (100/6)

0.60 (100/9)

DH-AGE-5
bifunctional 5'-methylthioadenosine/S-
adenosylhomocysteine nucleosidase/phosphatase

0.86 (100/8)

0.73 (100/5)

DH-AGE-6
putative transcriptional regulator
type Il restriction enzyme, methylase subunit

0.84 (100/9)

0.57 (100/10)

DH-AGE-7
restriction modification system DNA specificity domain protein

0.84 (100/9)

0.34 (100/29)

DH-AGE-8
conjugative transposon FtsK/SpolllE-like protein

0.83 (100/10)

0.16 (98/65)

DH-AGE-9

sporulation integral membrane protein Ytvl
peptidylarginine deiminase
acetyltransferase

drug/sodium antiporter

cytidylate kinase 2

MerR family transcriptional regulator

0.78 (100/13)

0.45 (100/18)

DH-AGE-10

collagen-binding surface protein

0.78 (100/13)

0.61 (98/8)
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