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Introduction 

• Large numbers of newly available microbial genomes are enhancing 

understanding of pathogen biology and evolution.  

 

• Loci of interest can now be studied using long contiguous sequences 

determined without prior knowledge of gene content or sequence. 

 

• Careful choice of isolates representing the population structure and 

different clinical phenotypes enhances this approach. 

 

• WGS derived from a large collection of clinical isolates from Oxford and 

Leeds, UK, and Australia (n>2000) were used. 



Two clinically important regions of the C. difficile genome 
were investigated with respect to the population structure 
 
• 36.6kb cell wall protein (cwp) cluster containing the slpA gene encoding the S-layer; 
immunodominant antigen, determines serotype. 
 

• 19kb Pathogenicity locus (PaLoc) encoding  toxins responsible for the symptoms of CDI. 

Chromosomal locations 

relative to CD630 cwp cluster  

PaLoc 

 2448-ST11-033  2387-ST11-193  1729-ST11-078  2490-ST11-045  2471-ST11-066  0089-ST37-017  2491-ST5-063  2452-ST96-058  1506-ST22-023  0568-ST5-023  2723-ST25-023  2431-ST32-153  2460-ST95-075  0090-ST1-027  1728-ST41-194  0224-ST41-106  2493-ST67-019  2439-ST41-321  0561-ST7-026  0477-ST44-015  0096-ST10-015  0024-ST44-015  0152-ST16-N  0194-ST16-N  2428-ST9-081  0061-ST45-013  0516-ST43-054  0160-ST14-014  0149-ST13-129  0098-ST2-020  3075-ST49-014  0175-ST42-106  0117-ST8-002  2716-ST92-228  2958-ST36-049  0197-ST77-011  2975-ST66-022  0034-ST6-005  0077-ST89-005  0193-ST3-001  0143-ST17-018  0039-ST4-137  2482-ST63-053  0526-ST54-012  0529-ST54-012  2479-ST54-012  CD630-ST54-012  0551-ST3-262  0182-ST35-046  1463-ST59-316  0509-ST58-056  0562-ST12-003  0157-ST57-003 

Phylogeny 

constructed 

from 53 

representative 

whole 

genomes. 

Clade 1 (012, CD630) 

Many clinically 

important ribotypes 

001, 002, 005, 015. 

Clade 2 (027) 

Clade 3 (023) 

Clade 4 (017) 

Clade 5 (078) 



Genetic organisation in and around the cwp cluster.  

CD630: 3,214,395 CD630: 3,277,846 
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Density of polymorphism across the cwp cluster. 

cwp cluster flanking sequences (pink) follow the five clades phylogeny. 
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cwp66: adhesin secA2: translocase 
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slpA S-layer protein 

Phylogeny of slpA, cwp66 and secA2 



A 10kb S-layer cassette 

~10kb cassette: 

• Linkage of cwp66, secA2, slpA. 

• Coincides with peak in genetic diversity. 

• Suggests frequent genetic exchange of the cassette 

involving “switching” by homologous recombination. 

CD630: 3,214,395 CD630: 3,277,846 

D
e
n
s
it
y
 o

f 
p
o
ly

m
o
rp

h
is

m
 

1 

0.2 

0.4 

0.6 

0.8 

cwp family genes  

9.7 kb 



Recombinational switching of the S-layer 

cassette at the chromosomal scale  

• Each pair of genomes chosen to be very closely related, but with distinct S-layer cassettes. 

• Plotted whole-genome distributions of SNPs between the nine pairs 

• Blue highlighting indicates the location of the cwp cluster within the chromosome. 

3 pairs 3 pairs 3 pairs 

Red lines indicate the ORFs on the forward and reverse strands of CD630. 



deletion 

S-layer cassette 

Size of recombination events involving cwp cluster 

S-layer cassette 

Distributions of SNP differences 

among 12 pairs of genomes. 

 

Switches range in size from 

12kb to 35kb, almost entire cwp 

cluster. 

Switches size constrained to maintain linkage of genes in S-layer cassette. 

9.7 kb 

cwp family genes  



CD630: ST54 clade 1 

ST5 clade 3 

1 13 

cwp family 

ORFs oriented 

(one exception marked)  Scale: 5 kb 

S-layer cassette 

slpA secA2 

Initiation Elongation: Glycosyl transferase 

 

Export: ABC transporter Ligation to substrate Elongation: Rhamnose biosynthesis Hypothetical 

Predicted functions of translation products in glycan chain synthesis: 

19 ORF putative glycosylation cassette 

cwp84 

2 3 4 5 6 7 8 9 10 11 12 14 15 16 17 18 19 

Putative S-layer glycosylation cluster within one 

of the S-layer cassettes 

Cassette found in clade 3 (023, ST5), and some members of clades 1 and 2. 

Always occurs with the same slpA, cwp66 and secA2 variants as part of an 

expanded S-layer cassette.  

24kb insertion 



Summary 

 S-layer switching  

• Changes S-layer “serotype” while the rest of the genome 

remains the same. 

  

• Immune avoidance may contribute to temporal changes in 

clinically important C. difficile genotypes. 

 

• Demonstrates the need for data on both S-layer cassette 

and genotype as neither can predict the other. 

 

• Is relevant to vaccine development. 

 

Just accepted by JID, shortly available online. 
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Representative 

phylogeny 

constructed from 

53 WGS. 
Clade 1 

012, CD630 

Many clinically 

important ribotypes 

001, 002, 005, 015. 

Clade 2 (027) 

Clade 3 (023) 

Clade 4 (017) 

Clade 5 (078) 

Cross population comparison of PaLoc sequences 

• PaLocs as expected. 

• Except novel ~9kb insertion in Clade 3 (023). 

• Present in all clade 3 UK and Australian isolates 

studied (n~100) representing five STs: unlikely a 

recent insertion. 

tcdB tcdA tcdE tcdD tcdC Insertion, ~9kb 

• One PaLoc containing an insertion in this 

position described previously. 

• Clade 2 (ST62, 036) strain 8864. 

• Insertion was smaller, at 1.1kb. 



tcdB tcdA 

Holin 
tcdE tcdD tcdC 

Clade 3 
Insertion, ~9kb 

Clade 3 PaLoc vs clade 2 8864 

Clade 2 Strain 8864 
insertion, 1.1kb 

96% nucleotide sequence identity across the region in common. 
 
Was this sequence once common to all PaLocs as part of an ancestral bacteriophage? 
Investigated phylogenetically and by sequence annotation. 
  

deletion 



The most likely phylogenetic explanation is 
two related PaLoc insertions occurred on 
separate occasions, one insertion to the 
ancestor of clade 3 and one to 8864. 

Origin of the PaLoc insertion: phylogenetics 
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Clade 1 (012, CD630) 

Clade 2 (027) 

Clade 3 (023) 

Clade 4 (017) 

Clade 5 (078) 

* 

* 
* 

Three independent identical deletions 
would be required to explain the 
sequences we observe today. 

* 

Absence of the 1.1kb 8864 insertion from its 
close relatives in clade 2 suggests recent 
horizontal acquisition.  

* * 

Representative 
phylogeny 
constructed from 53 
whole genomes. 



• Coding regions related to integrative bacteriophage and transposable elements.  
• “Mobilization module”  

• Tyrosine recombinase: integrase, Tn916-like, lamboid bacteriophages. 
• Xis: directionality of integration versus excision. 
• Rep-trans: N-terminal: HTH cro/cI family. C-terminal possible topoisomerase 
which cleaves specifically at origins of transfer or replication. 
• Imperfect palindrome: 320 nt total length, energetically stable hairpin, 
possible bacteriophage ori. 

Origin of the PaLoc insertion: Annotation 

• Endolysin: Concatenation of 3 adjacent amino acid sequence fragments gives 92% 
coverage, 75% aa identity, with N-acetyl-L-alanine amidase C. difficile ATCC43255 (also 
present in 8864). 

tcdB tcdA 

Holin 

tcdE 

Endolysin 

tcdD tcdC 

Oxidative 

stress 

Mobilization Transcription 

regulation 



start 
end 

Two ~160nt imperfect inverted repeats: 
energetically stable hairpin structure 

Probability of bases pairing 

Palindrome: 320 nt total length 

mfe -146.50 kcal/mol 

RNAfold web server: predict secondary structures of 
single stranded RNA or DNA sequences. 



Mobilisation module: Sequence homology with Tn916: 
integrase same family as bacteriophage lambda, xerC/D. 

Rep 
31-47% aa identity 

Half palindrome, Int/xis 
38-56% aa identity 

Tn916 E. faecalis (Flannagan et al., 1994) 

Clade 3 PaLoc 

tcdB tcdA 

Holin 

tcdE tcdD tcdC 

Oxidative 

stress 

Transcription 

regulation 

Endolysin Mobilization 
Clade 3 PaLoc 



Are any sequences (bacteriophages? transposons?) 

closely related to the clade 3 PaLoc insertion present 

elsewhere in our isolate collection? 

 

Excluding Tn916-like conjugative transposons. 

Examined available WGS (n>2000) for sequences 

sharing at least 70% nucleotide sequence identity. 



A family of mobile genetic elements 
• Isolates of all five clades contained members of a family of mobile elements closely 
related to central ~8kb of PaLoc insertion. 
• Occurred in a wide variety of PaLoc-independent chromosomal locations. 
• Alignment of elements with PaLoc highlights accessory genes. 

ST3 (001) 

ST6 (PCR-RT 005) 

DR-IR IR-DR 

tcdB tcdA 
Holin 
tcdE 

Endolysin 

fragments 

tcdD tcdC 

ST5 (023) 

Red: 85-96% nucleotide 
sequence identity  

chromosome 

Insertion site: not PaLoc 

Accessory genes: 
Non-specific 
resistance to 
antimicrobials 

chromosome 



Evidence of recent mobility 
within ST3 (PCR-RT 001) 

• Mobility demonstrated using a large number (76) genomes. 
• One 1982 Australian isolate  
• Four Leeds isolates 
 
   Tn integrated in a single chromosomal location. 
 
•Integration once and excision 6 times, 4 in last 10 years. 
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10 years 
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Chromosomal locations 
Single copy of Tn per 
chromosome. 
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eg. penicillin acylase 

Transposable 
element present. 



Termini characteristic of mobile genetic elements 

5’ and 3’ element/chromosome junctions: shown for five different elements 

 E
le

m
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n
t 

  
 

Imperfect inverted repeats: complementary bases highlighted. 

Target site duplication: direct repeats 

 
Chromosomal sequences flanking element,  AT rich (in common with Tn916), most 

insertions between ORFs. 



99-100% identity to Enterococcus faecalis/faecium, Staph aureus, Strep pneumo. 

Aminoglycoside 
 resistance 

Erythromycin 
resistance T 

Cell 
surface 
protein 

90-99% identity to species among normal human gut flora 

ST54(012) 
and 

ST3(001) 
chromosome 

Flanking chromosomal sequences 

chromosome 

DR-IR IR-DR 

ST13(129) 

PaLoc insertion-like element 

ST35(046) 

ST35(046) 

Leucine rich repeats (LRR, protein-protein interactions) and Ig-like folds (bacterial cell surface proteins). 

Acquisition of Additional Accessory Genes 

Mobilisation 
module T 

T 

T: transposase 

Mobilisation 
module 



Evidence of mobility in ST54 (012) 

 799-C00002479-2478-54

 2333-C00008063-3090-54

 791-C00000529-1396-54

 795-C00000522-1907-54

 801-C00000523-1931a-54

 788-C00000521-666-54

 790-C00000525-860-54

 789-C00000528-749-54

 800-C00000532-1882a-54

 797-C00002476-2055-54

 2229-C00008120-2880-54-Y

 786-C00000567-42-54-Y

 2760-C00007647-OxI WBC201F-54-Y

 794-C00000527-1794-54-Y

 793-C00000524-1572-54-Y

 792-C00000526-1567-54-Y

 2230-C00008025-2917-54

 2715-C00007627-OxI BF068F-54

 2723-C00007640-OxI BF071E-54

WGS tree suggests one gain and one loss 

of ST54 element during last 10 years. 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

ST54 

years 

ST54 element present 



How are mobile elements generated? 

tcdB tcdA 

Holin 

tcdE tcdD 
tcdC 

Clade 3 insertion, ~9kb red 

“Mobile element” blue 

Clade 2 Strain 8864 

insertion, 1.1kb 

 

Missing the “mobile element” sequence 

deletion 

Endolysin 

fragments 



Mechanism may be palindrome mediated excision 

• Chromosomes containing large palindromes are unstable (E. coli). 
• Eliminated by recombination between two direct repeats (DR), one in the 
palindrome and one nearby. 
• Excises sequences between DR. 
• A single DR remains. (Leach 1996). 

tcdB tcdA tcdE tcdD tcdC 

Clade 3 

Clade 2 8864 

deletion 

36 bp DR 1 

36 bp DR 2 

DR 

Sequence missing from 8864 corresponds to mobile elements and it contains a 
single copy of the DR sequence. 



Excision creates terminal inverted repeats of element? 

tcdB tcdA tcdE tcdD tcdC 
Clade 3 PaLoc 

36 bp DR 1 

36 bp DR 2 

Mobile Element IR1 IR2 

IR1 IR2 

Nick 

ST3 element 

Clade 3 PaLoc 



Summary 

• The clade 3 Pathogenicity Locus is 28kb, containing a bacteriophage 
related insertion of ~9kb. 
• Phylogenetic data suggest this is unlikely to be part of an ancestral PaLoc 
bacteriophage, but instead a more recently acquired phage-like insertion. 
• A fragment of endolysin-like sequence within the typical PaLoc suggest 
that 19kb PaLocs may have undergone a deletion. 
• Palindrome mediated excision by recombination between two perfect 
36bp DR would create a hypothetical mobile DNA element closely related to 
observed mobile elements. 
• Is this a general mechanism whereby mobile elements can be generated? 
• Do these mobile elements represent a missing-link between 
bacteriophages and conjugative transposons? 
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Elements found in genomes of species of normal gut flora 

Clade 3 PaLoc 

ST48 

Element 

86-96% nucleotide 

identity 

Clostridium sp. 

HGF2 

GenBank WGS 

ST48 element has acquired chloramphenicol resistance relative to HGF2 Clostridium sp. 

86-99% nucleotide 

identity 

GenBank WGS:  Clostridium sp. HGF2, Ruminococcus, Bifidobacterium,  
  Lachnospiraceae, Coprobacillus. 

Clade 3 PaLoc 


