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FIG 2 Microevolutionary analysis and clonal transmission. (A) Maximum likelihood phylogeny of 207 C. difficile genomes based on evolution in 1,076
nonrecombinant, nonrepetitive core genome SNVs in clonal frame. Taxa are colored according to RT lineage: RT033/288 (green; n = 33), RT078 (red; n = 40),
RT126 (blue; n = 69), RT127 (orange; n = 54), or other (gray; n = 11). Strain origin is indicated in yellow (clinical, taxa prefixed with “C") and purple
(veterinary/environmental, taxa prefixed with “V/E"). Clonal relationships (two or more strains sharing =2 core genome SNVs) are indicated in black. The tree
is midpoint rooted, and the nodes are supported by 1,000 nonparametric bootstrap replicates (values of >95 are shown [*]). The overall topology supports PCR
ribotype assignment with six major strain clusters identified (the RT126/078 cluster, RT127 clusters | to Ill, the RT033/288 cluster, and the sequence type 258
[ST258] cluster). (B) Distribution plots showing core genome SNV distances between each strain and the genetically closest strain in each cluster. Vertical lines
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represent the 2-SNV cutoff for the identification of clonally transmitted strains (18). In “RT127*" the asterisk indicates that clusters | to Ill are merged.

Applying the threshold of Eyre et al., 25 clonal groups (CG1 to -25) were identified
across the six phylogenetic clusters, defined as groups of two or more strains differing
by =2 SNVs in their core genome (Table 1). These CGs comprised 25 distinct clones of
major RTs 078, 126, 127, 033, and 288 and encompassed 117 isolates of clinical and
nonclinical origins (Table 1). Overall, 19/25 CGs (76%) comprised strains isolated from
the same host species, indicating intraspecies clonal transmission, while the remaining
six CGs (24%) showed evidence of interspecies clonal transmission. Furthermore, many
CGs revealed long-range transmission of C. difficile clones across local, national, and
international distances (Table 1).

C. dif‘cile ST11 possesses an extensive AMR repertoire. The 207 C. difficile
genomes were screened in silico for acquired and intrinsic resistance determinants. Of
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TABLE 1 Summary of intra- and interspecies clonal groups®
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CcG Clone n Transmission C. difficile source Range Yr Comments
1 RTO78 3 Intraspecies CDI International 2010-2012 3 HCFs in Rotterdam,
and national Netherlands,
and in Australia
(WA and NSW)
2 RT078 2 Interspecies Piglet feces and Local 2011 1 farm in Heino, Netherlands;
asymptomatic corroborates work of
farm worker Knetsch et al. (4)
3 RT126 6 Intraspecies CDI International 2007-2013 3 HCFs in Australia
and national (NSW, WA, and VIC) and
1 HCF in Tainan, Taiwan
4 RT126 12 Intraspecies CDI International 2006-2013 3 HCFs in Toscana
and national region of Italy,
1 HCF in lllinois,
and 3 HCFs in 2
Australian states
(WA and NSW)
5 RT126 2 Intraspecies CDI Local 2012 1 HCF in NSW, Australia
6 RT126 2 Intraspecies CDI Local 2006 1 HCF in NSW, Australia
7 RT126 2 Intraspecies CDI (both CA-CDI) Local 2011 2 distinct HCFs in NSW
and VIC, Australia
8b RT078 2 QCe
9 RT078 2 Intraspecies CDI (1 CA-CDI) National 2013-2016 2 distinct HCFs in
WA and NSW,
Australia
10 RT078 2 Intraspecies CDI National Unknown 1 HCF in lllinois
11 RT126 7 Interspecies CDl, calf feces and National 2012-2013 3 distinct farms in 2 Australian
calf carcass washing states (VIC and QLD) and
1 HCF in NSW, Australia
12 RT127 24 Interspecies CDI (one CA-CDI), National 2011-2014 5 distinct farms in 2 Australian
calf feces and states (VIC and NSW) and
calf carcass washing 5 distinct HCFs in 2
Australian states (NSW and WA)
13 RT127 4 Intraspecies CDI (1 pediatric) National 2006-2008 3 distinct HCFs in Australia
(NSW and WA)
14 RT127 3 Interspecies CD|, calf feces National 2011-2012 1 HCF in NSW, Australia,
and 1 farm in QLD, Australia
15 RT127 2 Intraspecies CDI (both CA-CDI) Local 2006 1 HCF in VIC, Australia
16 RT127 6 Intraspecies CDI Local 2010 1 HCF (ward) in Tokyo, Japan
17 RT127 2 Intraspecies CDI Local 2011-2012 1 HCF in Tainan, Taiwan
18 RT127 4 Intraspecies CDI Local 2005-2006 3 distinct HCFs in WA, Australia
19 RT126% 5 Interspecies CDI (1 pediatric, Local 2009-2012 3 distinct HCFs and 1
1 CA-CDI) and veterinary hospital, all in
kangaroo feces WA, Australia (26)
20 RTO033 3 Intraspecies CDI Local 2006 1 HCF in VIC, Australia
21 RT033 2 Intraspecies CDI Local 1980-1982 1 HCF in VIC, Australia
22 RT033/288 6 Interspecies CDI (1 pediatric), National 2012-2013 4 distinct farms in 3 Australian
calf feces, and states (NSW, VIC, and QLD) and
calf carcass washing 2 HCFs in WA/VIC, Australia®
23 RTO033 6 Intraspecies? Piglet feces, soil Local 2012-2015 2 farms in SA, Australia
irrigated with
effluent, and
treated liquid
effluent
24 RTO033 6 Intraspecies CDI National 2011-2013 6 CDI epidemiologically
unrelated cases from 6 distinct
hospitals in the northern,
central, and southern regions
of France, previously described
by Eckert et al. (25)
25 RT288 2 Intraspecies Calf carcass washing Local 2013 1 farm in SA, Australia

aCG, clonal group; RT, PCR ribotype; CDI, Clostridium difficile infection; CA-CDI, community-associated CDI; HCF, health care facility; SA, South Australia; QLD;
Queensland; NSW, New South Wales; VIC, Victoria; WA, Western Australia; QC, quality control.

bST258.

€M120 (accession no. NC_017174) was used as a reference chromosome for read mapping and SNV calling. For quality control purposes, the original paired-end reads
for this strain (accession no. ERR027342) were obtained from the study by He et al. (41) and processed and analyzed as an additional test genome. SNV analysis
correctly showed C137 and M120 to be indistinguishable (zero core genome SNV differences).
dTransmission between piglets (feces) and environment (soil/effluent).
eNotably, one strain is RT288, and the remainder are RT033.
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these strains, 185 were available for in vitro phenotypic testing. Summary MIC distri-
butions for 13 antimicrobial agents, by RT lineage, are presented in Fig. 3A, and the MIC
range, MIC,,, MIC,,, and geometric mean (GM) for all RT lineages are presented in Data
Set S1 at figshare. All strains including ST258 were fully susceptible to vancomycin,
metronidazole, fidaxomicin, rifaximin, amoxicillin-clavulanate, trimethoprim, and
piperacillin-tazobactam (Fig. 3A; see Data Set S1 at figshare).

Overall, 48.1% of strains showed phenotypic resistance to one or more of the agents
tetracycline, moxifloxacin, erythromycin, and clindamycin, 25.4% of which (predomi-
nantly RT126/078), were multidrug resistant (MDR): i.e,, resistant to =3 of these agents.
Resistance was conferred by a diverse selection of acquired AMR genes (479 individual
genes of 22 types across 4 antimicrobial classes) and intrinsic mutations in DNA gyrase
subunit genes (Fig. 4A; see Data Set S1 at figshare). The distribution of AMR genotypes
and the key genetic features of major AMR-encoding transposons found in this
population are presented in Fig. 4A and Table 2, respectively.

(i) Tetracycline resistance. Nonsusceptibility to tetracycline was seen in 43.7%
(n = 81/185 [Fig. 3B]) of strains and varied widely with RT lineage (RT126, 77.6%; RT078,
70.0%; other, 54.5%; RT127, 14.9%; and RT033/288, 3.0%; P < 0.0001 [see Data Set S1
at figshare]). All ST258 strains were susceptible to tetracycline. One or more tetracycline
resistance genes (tetM, tet-40, tetO, and tet-44) were identified in 47.8% (n = 99/207) of
sequenced genomes, and the tetracycline genotype showed concordance with the
tetracycline phenotype in all 185 strains tested (Fig. 3B and 4A; see Data Set S1 at
figshare). All tetM-positive strains harbored Tn6790, a conjugative element closely
related to Tn916 from Enterococcus faecalis (Table 2). For tet-40, no discernible trans-
posons were identified; however, all 75 tet-40 genes in this population were conserved
and shared 100% sequence identity (seqID) and flanking regions with tet-40 sequences
from the rumen species Megasphaera elsdenii (CP009240) and Streptococcus suis
(KC790465.1). The single tet-O gene found in an RT078 strain shared 100% and 99%
seqID with tet-O from Campylobacter jejuni and S. suis (CP012911.1). Six RT078 strains
carried tet-44 on a conjugative transposon, Tn6164 (Table 2).

(ii) Fluoroquinolone resistance. Nonsusceptibility to moxifloxacin was 25.9%
(n = 48/185 [Fig. 3B]) and varied widely with RT lineage (RT126, 49.3%; RT078, 40.0%;
other, 27.0%; RT127, 5.6%; and RT033/288, 3.0%; P < 0.0001 [see Data Set S1 at
figsharel). All ST258 strains were susceptible to moxifloxacin. Full-length sequences for
gyrA/B were characterized for polymorphisms within their quinolone resistance-
determining regions (QRDRs) using the scheme of Dingle et al. (21). Two alleles were
identified for gyrA (gyrA-2 and -31) and four for gyrB (gyrB-12, -39, -93, and -96). Of these,
gyrA-31 and gyrB-39, -93, and -96 had mutations leading to nonsynonymous amino acid
changes within the gyrA/gyrB QRDRs resulting in fluoroquinolone resistance (FQR; 100%
phenotype-genotype concordance [Fig. 3B and 4A]).

(iii) MLSg resistance. Overall nonsusceptibility to clindamycin and/or erythromycin
was 38.9% (n = 72/185 [Fig. 3B]). Nonsusceptibility to these agents varied widely with
RT lineage (clindamycin, RT078, 55.0%; RT126, 31.3%; other, 27.3%; RT033/288, 15.2%;
and RT127, 5.6%; P < 0.0001; erythromycin, RT126, 70.2%; RT078, 60.0%; other, 18.0%;
RT033/288, 11.3%; and RT127, 7.0%; P < 0.0001 [see Data Set S1 at figshare]). All ST258
strains were susceptible to clindamycin and/or erythromycin. The 23S rRNA methyl-
transferase gene, ermB, was found in 13.0% of strains (n = 27/207 [Fig. 4A; Data Set S1]).
All ermB* strains were negative for Tn6275, Tn6218, and the most common ermB-
carrying element in this species, Tn5398 (1). Of the 27 ermB™ strains, 77.8% (n = 21)
harbored conjugative transposon Tn6794 (HG475346.1). Of the six remaining strains,
four showed significant homology (99% seqID) to a 12-kbp AMR gene cluster from
Campylobacter coli (KT953380.1). Overall, in silico AMR genotyping was a poor predictor
of AMR phenotype, with only 36.1% of MLS;* (macrolide-lincosamide-streptagramin
B-positive) isolates harboring ermB (Fig. 3B). The remainder were also negative for ermA
and erm(C, ribosomal proteins (L4/L22), and 23S rRNA gene mutations, suggesting an
alternative AMR mechanism (data not shown).
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FIG 3 In vitro antimicrobial susceptibility. (A) MIC distributions for 13 antimicrobial agents against 185 C. difficile. VAN, vancomycin; MTZ,
metronidazole; FDX, fidaxomicin; RFX, rifaximin; AMC, amoxicillin-clavulanate; CLI, clindamycin; ERY, erythromycin; CRO, ceftriaxone; MEM,
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