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Abstract 

 Clostridioides difficile is the leading cause of healthcare-associated infection 

worldwide and an urgent public health threat because of antimicrobial resistance (AMR). 

Several strains of C. difficile have caused outbreaks of C. difficile infection (CDI) around the 

globe for over three decades. One such strain is C. difficile ribotype (RT) 017, a member of 

evolutionary clade 4, which has been known for a relatively high prevalence of AMR and 

multidrug resistance (MDR). This thesis focuses on the C. difficile RT 017 population in 

Thailand, where the strain is endemic, to determine the characteristics, evolution and clinical 

impact of this strain. 

 First, a country-wide epidemiologic study was conducted. There was a high 

prevalence (32%) of toxigenic C. difficile (TCD) with a deletion in the tcdA gene (A-B+ 

C. difficile), a characteristic of TCD in clade 4, and there was diversity within this group, 

comprising a total of 13 RTs. There was also a high prevalence (49%) and diversity (16 RTs) 

in non-toxigenic C. difficile (NTCD), and multilocus sequence typing (MLST) analysis 

revealed that around half of the population belonged to clade 4. The high diversity of clade 4 

C. difficile was unique to East and Southeast Asia, suggesting that these C. difficile strains 

originated in the region. 

 Next, a clinical study was performed to evaluate whether the difference in the 

population structure of C. difficile had any effect on the outcomes of patients with CDI. The 

characteristics of CDI in Thailand were relatively mild, with 21% 30-day crude mortality, only 

1% directly attributed to CDI, and 10% recurrence. However, the mild characteristics were 

not due to microbiological factors; infection with A-B+ C. difficile strains nor co-colonisation 

with NTCD. This study suggested that region-specific host factors may have been responsible 

for the mild disease characteristics. Further analyses revealed that metronidazole remained an 

effective treatment option in the Thai population despite being proven inferior to vancomycin, 

the current treatment standard, elsewhere. 
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 One characteristic of C. difficile RT 017 is a high prevalence of AMR and this was 

explored both phenotypically and genotypically. Thai C. difficile, in general, had a high 

prevalence of resistance to macrolide-lincosamide-streptogramin B (MLSB) antimicrobials 

(82%), fluoroquinolones (24%) and rifamycins (10%), as well as a high prevalence of MDR 

(9%), with C. difficile RT 017 having a higher AMR and MDR prevalence compared to other 

strains. Two novel genotypic AMR determinants were identified; erm(52), conferring 

resistance to MLSB and mef(H) conferring specific macrolide resistance. 

 In addition, AMR genotypes of a global population of 10,330 non-clonal C. difficile 

genomes were investigated. This confirmed that clade 4 C. difficile was associated with a high 

prevalence of AMR (82%) and the highest prevalence of MDR compared to other clades, and 

was the only clade in which more than half the genomes (62%) were MDR. When classified 

by geographical origin, C. difficile from Australia/New Zealand had the lowest prevalence of 

AMR (15%), possibly reflecting strict antimicrobial stewardship in the region. Conversely, 

the prevalence of AMR was highest in Asia (57%), which reflected the poor regulation of 

antimicrobial use. A novel transposon was characterised, Tn6944, carrying a tetracycline 

resistance tetM gene and a mef(H) gene. 

 Finally, a Bayesian evolutionary analysis of the global population of C. difficile 

RT 017 was performed. The analysis revealed that C. difficile RT 017 had been travelling 

between Asia and Europe since the end of the 16th century with the establishment of the Silk 

Road and the first spread to North America occurred in the 19th century with the introduction 

of trans-Atlantic travel. The lineage of C. difficile RT 017 that would later cause global 

outbreaks emerged from a single point in Asia in the 1960s. This emergence coincided with 

the acquisition of the erm(B) gene on Tn6194, providing high-level resistance to clindamycin, 

an antimicrobial that came into clinical practice around the same time. Thus it is likely that 

the spread of the epidemic lineage of C. difficile RT 017 was driven by the introduction of 

clindamycin. 
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 In conclusion, there was a high prevalence and diversity of clade 4 C. difficile in 

Thailand, implying that the clade originated in the region. C. difficile RT 017, a member of 

clade 4, then spread across the world with the movement of the human population. C. difficile 

RT 017 had a high prevalence of AMR and MDR, and an AMR determinant, erm(B), was 

likely an important factor behind its successful global spread. Though CDI in Thailand was 

associated with milder characteristics, they were not likely due to the unique C. difficile 

population, but rather region-specific host factors. 
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1.1 Introduction 

 Clostridioides (Clostridium) difficile is a bacterium of great public health and One 

Health importance.1,2 Although reclassified as Clostridioides difficile in 2016,3 both 

Clostridioides difficile and Clostridium difficile remain validly published names and can be 

used.4 The burden of C. difficile infection (CDI) has been well-documented in the United 

States and Europe. In the US, C. difficile has been categorised as an urgent threat for 

antimicrobial resistance (AMR) since 2013, on par with the notorious carbapenem-resistant 

Enterobacteriaceae (CRE).5,6 There were approximately 14,000 C. difficile-related deaths in 

the US in the 2013 report by the Centers for Disease Control and Prevention (CDC).6 The 

number of deaths decreased slightly to 12,800 in 2019,5 however, the total number of deaths 

remained the highest and the number of infected patients ranked 5th among the pathogens on 

the same list (Table 1.1). In Europe, C. difficile also places a high burden on the health 

systems. CDI was responsible for almost half the intra-hospital gastrointestinal infections in a 

2012 pan-European prevalence study.7 The average 30-day mortality rate in this region was 

around 15%– 20% but could be as high as 30%, and the incremental cost of CDI was £ 8,843 

(A$ 13,000 – 16,000 with 2010 costs).8 

 Knowledge of C. difficile and CDI in Thailand specifically, and Asia in general, is 

poor compared to high-income countries. This thesis aims to address this major knowledge 

gap by characterising the epidemiology and evolution of C. difficile in Thailand, as well as its 

clinical impact in this region. The main focus is C. difficile PCR ribotype (RT) 017, an 

epidemic strain of C. difficile that has caused outbreaks globally.9-14  
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Table 1.1 – Pathogens in the 2019 Antimicrobial Resistance Threats Report by US CDC.5 

Note:  UT, urgent threats; ST, serious threat; CT, concerning threats;  

 DR, drug-resistant; ESBL, extended-spectrum beta-lactamase;  

 MDR, multidrug-resistant.  

 

1.2 Thesis aim and research objectives 

 This thesis aims to characterise C. difficile RT 017 and related strains in Thailand in 

terms of epidemiology, clinical significance and evolution. First, this thesis expands the 

epidemiologic study of C. difficile in Thailand to include several study sites across the country. 

Second, epidemiologic data and patient clinical information were used to describe clinical 

characteristics of CDI in Thailand, and determine the difference between CDI from C. difficile 

with different toxin gene profiles, as well as examine the role of non-toxigenic C. difficile 

(NTCD) as a protective factor against toxigenic C. difficile (TCD) colonisation and the 

development of CDI. Using whole-genome sequencing (WGS), the genomic diversity of 

C. difficile RT 017 and related NTCD strains is explored, and the genotypic AMR 

Pathogen 
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C. difficile 223,900 12,800 5.7 

Carbapenem-resistant Enterobacteriaceae (CRE) 13,100 1,100 8.4 

Carbapenem-resistant Acinetobacter baumannii 8,500 700 8.2 

DR Neisseria gonorrhoeae 550,000 N/A N/A 

DR Candida auris 323 N/A N/A 

S
T

 

Methicillin-resistant Staphylococcus aureus (MRSA) 323,700 10,600 3.3 

ESBL-producing Enterobacteriaceae 197,400 9,100 4.6 

Vancomycin-resistant Enterococcus spp. 54,500 5,400 9.9 

DR Streptococcus pneumoniae 900,000 3,600 0.4 

MDR Pseudomonas aeruginosa 32,600 2,700 8.3 

DR Candida spp. 34,800 1,700 4.9 

DR Campylobacter spp. 448,400 70 <0.1 

DR nontyphoidal Salmonella spp. 212,500 70 <0.1 

DR Mycobacterium tuberculosis 847 62 7.3 

DR Shigella spp. 77,000 <5 <0.1 

DR Salmonella serotype Typhi 4,100 <5 <0.1 

C
T

 Clindamycin-resistant Group B Streptococcus 13,000 720 5.5 

Erythromycin-resistant Group A Streptococcus 5,400 450 8.3 
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determinants that may be responsible for the global spread of C. difficile RT 017 analysed. 

Finally, C. difficile RT 017 WGS data were utilised to place Thai C. difficile RT 017 in a 

global context and determine the evolutionary origin of this important C. difficile lineage. 

The study has four primary objectives; 

1. To determine the relatedness between TCD and NTCD in Thailand. 

2. To understand the clinical features of CDI in Thailand caused by C. difficile RT017. 

3. To describe the transmission of C. difficile RT017 in Thailand. 

4. To delineate the evolutionary history of C. difficile RT017 and related strains. 

1.3 Thesis structure 

 This thesis is organised into 9 Chapters. Chapter 2 serves as a comprehensive review 

of C. difficile and CDI, with an emphasis on the epidemiology and evolution of C. difficile 

RT 017. Chapter 3 summarises the materials and methods used in this project.  

 The results are presented in Chapters 4 to 8. Chapters 4 and 5 describe the 

epidemiology and antimicrobial susceptibility of clinical Thai C. difficile strains. Chapter 4 

focuses on C. difficile from different regions of Thailand to provide an overall picture of the 

country. Once the country-wide epidemiology is established, Chapter 5 returns the focus on 

the epidemiology of CDI in Siriraj Hospital, the primary study site for this project.  

 Chapter 6 focuses on the clinical characteristics of CDI patients in Thailand. This 

chapter uses results from Chapter 5 and a previous study to identify patients with CDI.15 This 

chapter goes on to explore the effect of possible risk and protective factors on the outcomes 

of CDI and the effectiveness of different treatment options. 

 Chapter 7 provides information on the transmission and spread of C. difficile RT 017, 

using high-resolution genomics and Bayesian evolutionary analyses. The first part of this 

chapter focuses on C. difficile RT 017 isolated from Thai patients characterised in Chapter 5, 

to work out the route of transmission of these strains and determine whether there was an 
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outbreak of multidrug-resistant (MDR) C. difficile RT 017 in Siriraj Hospital. In the second 

part of this chapter, Thai C. difficile RT 017 strains were included in a larger dataset of the 

global C. difficile RT 017 population. This dataset was then analysed to investigate the 

evolution and global spread of this C. difficile strain.  

 Chapter 8 describes the prevalence of AMR in the global C. difficile population. In 

this chapter, the prevalence of AMR in clade 4 C. difficile is compared with that of other 

C. difficile lineages. The results of this chapter add to the results reported in Chapter 7 to help 

determine factors responsible for the global success of C. difficile RT 017. 

 Finally, Chapter 9 discusses the major results of this thesis, provides a conclusion, 

as well as explores directions of future research.



 

Chapter 2 
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2.1 General characteristics of C. difficile 

2.1.1 Biological characteristics of C. difficile 

 Clostridioides difficile is an anaerobic, Gram-positive, bacillary bacterium. On Gram-

staining, the cells appear as large purple rods, with an average size of 0.5 × 3.0 µm. Each 

C. difficile cell can produce a spore which is seen as a clear, oval space in the subterminal 

region of the cell. The spores can be slightly wider than the cells (0.7 × 1.5 µm) and cause 

bulging of the cells (Figure 2.1).16 

 

Figure 2.1 – C. difficile on Gram staining. Ten vegetative cells () and 10 spores () were 

randomly selected to calculate the average size of both vegetative cells and spores. 

 

 C. difficile has several unique phenotypic characteristics, many of which have led to 

the development of diagnostic tools as well as laboratory protocols for culturing and 

identification. First, C. difficile produces and secretes glutamate dehydrogenase (GDH), an 

enzyme believed to help the bacterium survive the presence of hydrogen peroxide.17 This 

enzyme is latex reactive and specific to C. difficile, which has led to the utilisation of GDH 
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for the diagnosis of C. difficile infection (CDI) for many years.18 Though latex agglutination 

kits have been replaced with enzyme immunoassays (EIAs), GDH remains a preferred target.19 

 A majority of C. difficile strains are capable of hydrolysing esculin.20 Esculin is a 

water-soluble β-glucoside that can be hydrolysed into esculetin and glucose, a process 

mediated by esculinase (a β-glucosidase enzyme).21 Thus, it is considered a carbohydrate 

source for bacteria that can utilise the molecule. Esculetin, a product of the hydrolysis reaction, 

forms an insoluble black-coloured complex with ferric (Fe3+) ions. By incorporating esculin 

and ferric ions in the agar, a chromogenic agar for the detection of C. difficile can be 

manufactured.20 On this agar, C. difficile hydrolyses esculin, produces esculetin-ferric 

complex and appears as black colonies. Many enteric bacteria, such as members of the Family 

Enterobacteriaceae, can also hydrolyse esculin.22 Thus antimicrobials are added to the 

chromogenic agar to increase its selectivity for C. difficile.20 

 C. difficile can be present in two different forms: vegetative cells and spores. 

Vegetative cells are metabolically active; C. difficile grows, multiplies and performs all 

cellular functions in this form. Vegetative cells are also susceptible to changes in the external 

environment. When nutrient sources are scarce or the external environment is no longer 

suitable for its survival, C. difficile changes from vegetative cells into spores in a process 

called sporulation. C. difficile spores are metabolically inactive and resistant to changes in the 

external environment. Spores can survive in an unsuitable environment for centuries or longer. 

When the condition becomes suitable for growth, C. difficile spores can revert to vegetative 

cells in a process called germination.23 

 An example of the life cycle of C. difficile can be seen in the human digestive system. 

C. difficile spores are ingested orally, survive the harsh environment in the stomach and small 

intestine and pass into the colon. Although the conditions are more preferable to the gastric 

environment, the colonic mucosa is home to various species of commensal bacteria, 

collectively called the intestinal microbiota. These bacteria compete with C. difficile for food 

and thus the environment is still not suitable for growth if the intestinal microbiota is abundant. 
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One marker that represents the abundance of intestinal microbiota is a high concentration of 

secondary bile acid which is an important metabolite of bacteria in the colonic lumen.24 The 

presence of secondary bile acid inhibits germination of C. difficile spores (colonisation 

resistance). Conversely, a decrease in secondary bile acid and a concurrent increase in primary 

bile acid signals a depletion in the intestinal microbiota which makes the colonic environment 

favourable for C. difficile growth. The presence of primary bile acid thus stimulates 

germination. As the number of vegetative cells increases, food becomes scarce once again and 

some vegetative cells then sporulate and are excreted in the stool. 

 The ability to produce spores has been utilised in the laboratory for the isolation of 

C. difficile. Spores can survive exposure to high concentrations of ethanol.23 Stool specimens 

can be treated with absolute ethanol to kill contaminating bacteria (ethanol shock) while 

leaving C. difficile spores unharmed. This process improves both the selectivity and sensitivity 

of C. difficile isolation from stool and similar specimens. Also, the tolerant C. difficile spores 

can be stored in various conditions for a long period. 

2.1.2 C. difficile toxins 

 The major virulence factors of many clostridia, including C. difficile, are exotoxins. 

These exotoxins enable clostridia to utilise exogenous substances for their growth and 

reproduction.25 The different toxin types produced by Clostridium spp. are summarised in 

Figure 2.2. To date, three different major toxins have been characterised in C. difficile: toxin 

A (TcdA), toxin B (TcdB) and C. difficile transferase (CDT), the latter more commonly known 

as C. difficile binary toxin. The first C. difficile toxin was described in 1935 when Hall and 

O'Toole found that C. difficile (then newly discovered and named Bacillus difficilis) produced 

a heat-labile exotoxin.26 In 1982, this unknown exotoxin was shown to be two closely related 

toxins, TcdA and TcdB, rather than a single toxin.27 CDT was first described in 1988 by 

Poppoff et al.28 and was fully characterised in 1997.29 All three C. difficile toxins disrupt the 

actin cytoskeleton of mammalian cells through different mechanisms.  
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Figure 2.2 – Types of clostridial toxins. TcdA and TcdB belong to the large glycosylating 

toxins group and CDT belongs to the binary toxins group. All three toxins target the actin 

cytoskeleton of mammalian cells.25 

 

 TcdA and TcdB are large glycosylating clostridial toxins.25 They both enter the cell 

via receptor-mediated endocytosis and glycosylate the same targets: Rho, Rac and Cdc42 

proteins. This glycosylation leads to the loss of actin cytoskeleton integrity which results in 

rounding and detachment of cells.30 There is a variant of TcdB, named TcdB-F, which behaves 

as a functional hybrid of TcdB and Clostridium sordellii lethal toxin (TcsL). TcdB-F 

glycosylates Rac and Ras proteins, leading to a different cytopathic effect (CPE) to that caused 

by TcdB.31,32 In contrast to TcdB, CPE of TcdB-F is characterised by the aggregation of cells 

and absence of arborization (branch-like protrusion) (Figure 2.3). However, there is no 

evidence that the two forms of TcdB lead to any difference in disease characteristics. 
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Figure 2.3 – The cytopathic effect of TcdB and TcdB-F on VERO cells. The VERO cells 

were treated with the filtrated supernatant of 72 h cultures of C. difficile ATCC 43600 

(RT 014, TcdB-producing strain) and C. difficile ATCC 43598 (RT 017, TcdB-F-producing 

strain), with C. difficile ATCC 700057 as a negative control. After inoculation, the cells were 

incubated overnight at 37°C before inspection with a light microscope. 

 

 Lyerly et al. found that TcdA is needed to incite initial damage to the intestinal 

mucosa before TcdB can exert an effect in an animal study,33 leading to the belief that 

C. difficile requires both toxins to cause disease and, together with the fact that anti-TcdA 

antibodies were more easily manufactured than the anti-TcdB antibodies, early EIAs were 

developed to detect the presence of TcdA only.34 This resulted in the under detection of TcdA-

negative C. difficile, including C. difficile ribotype (RT) 017. A later study concluded that not 

only can TcdB exert a cytotoxic effect in the absence of TcdA, but that human intestinal 

mucosa is around 10 times more sensitive to TcdB than TcdA 35. Newer generation EIAs now 

detect both TcdA and TcdB.19 

 The tcdA and tcdB genes are located on a chromosomal element called the 

pathogenicity locus (PaLoc, ~19.6 kbp) along with three extra genes: tcdR, tcdE and tcdC.36 

The tcdR and tcdC genes are positive and negative regulators of toxin gene expression, 

respectively.37,38 The tcdE gene, located between tcdB and tcdA, encodes a holin-like protein 
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that is associated with pore formation and excretion of toxins.39 In large clostridial toxin-

negative strains (A-B- C. difficile), the PaLoc is replaced by a fixed 115 bp sequence.36 

 The role of CDT in disease remains controversial. Several C. difficile strains that 

produce only CDT (A-B-CDT+) have been identified, the most notable one being C. difficile 

RT 033 which shares the same multilocus sequence type (ST) as the epidemic C. difficile 

RT 078 (ST 11). These strains have been reported to cause infections.40 Also, the presence of 

CDT was initially believed to be associated with increased disease severity.41 However, 

subsequent studies revealed that disease characteristics were similar in strains producing and 

not producing CDT.42,43 The cdtA and cdtB genes, which encode the two subunits of binary 

toxin, are located on a separate element called the CDT locus (CdtLoc), which also includes 

cdtR, a positive regulator of the CDT gene expression, upstream of the two toxin genes.44 

2.1.3 Epidemiological typing of C. difficile 

 Currently, most C. difficile typing methods are based on genotypes. Genotypic 

methods are superior to phenotypic methods that have poor reproducibility, low typeability 

and lacked sufficient discriminatory power to be applied to epidemiologic studies.45 In the 

researches reported in this thesis, three typing methods were used: toxin gene detection, PCR 

ribotyping and multilocus sequence typing (MLST). The details of these methods, as well as 

their limitations, are discussed below. 

 Toxin gene detection, or profiling, is the simplest method of C. difficile genotyping 

and involves PCR for the detection of four toxin genes: tcdA, tcdB, cdtA and cdtB.46 The 

method can also be modified to further detect a deletion in tcdA which is found in some 

toxigenic strains.47,48 Toxin gene profiling is sufficient in differentiating non-toxigenic 

C. difficile (NTCD; A-B-CDT- C. difficile) from toxigenic strains, however, its discriminatory 

power is not adequate, and toxin gene profiling should be used in conjunction with other 

typing methods in epidemiologic studies. 
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 PCR ribotyping is currently the most widespread typing method for C. difficile. 

A PCR reaction amplifies the intergenic spacer region between the 16S and 23S rRNA 

genes.49 Since C. difficile carries multiple copies of both rRNA genes, one PCR reaction gives 

multiple products of different sizes that form specific banding patterns either on a slab agarose 

or a capillary gel. To assign a RT to a C. difficile strain, the banding pattern is compared 

against a library of known RTs.49 This method is reproducible and provides sufficient 

discriminatory power for epidemiologic purposes,50,51 however, there are three major 

drawbacks. First, this method relies on the existence of a library of known RTs, generally only 

held by a reference laboratory. To assign a new internationally recognised RT, the C. difficile 

strain must be sent to the reference laboratory to be registered in the RT library,49 or else the 

strain must be given a temporary internal nomenclature that may not be internationally 

recognised.51 Second, agarose gel banding patterns are generally not comparable/transportable 

between laboratories. Third, the method is based on banding patterns, not genome sequence, 

and may not predict the evolutionary relatedness of the strains. 

 MLST is a method that involves the sequencing of seven housekeeping genes listed 

in Table 2.1 with each unique sequence being given an allelic number. Each C. difficile strain 

has seven allelic numbers from the seven genes, the combination giving a specific ST. For 

example, C. difficile ST 37 has the following set of allelic numbers: adk_3, atpA_7, dxr_3, 

glyA_8, recA_6, sodA_9 and tpi_11.52 MLST provides high discriminatory power and 

overcomes the disadvantages of PCR ribotyping. It is sequence-based and can be used in 

evolutionary studies. Although it also requires comparison with a reference library, the library 

is stored in an online database (PubMLST, available at pubmlst.org/organisms/clostridioides-

difficile/), which requires only the submission of sequence data, not the bacterial strain, to 

contribute to the database. The drawback of this method is some degree of difficulty and the 

associated high cost, as it involves seven different PCR reactions to amplify the housekeeping 

genes, as well as sequencing of these genes. With the advent of next-generation sequencing 

https://pubmlst.org/organisms/clostridioides-difficile/
https://pubmlst.org/organisms/clostridioides-difficile/
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(NGS), whole-genome sequencing (WGS) is more accessible and MLST can be performed 

in silico on the WGS data.53 

 Table 2.2 below shows the correlation between three different typing methods in the 

common C. difficile strains. A single RT can contain multiple STs; e.g. RT 014 contains STs 

2, 13, 14, 49, 50 and 132. Conversely, a single ST can contain multiple RTs; e.g. ST 2 contains 

both RTs 014 and 020. There are also situations where one RT contains one ST such as the 

case with RT 017 and ST 37. Note that many RTs in Table 2.2  have the same toxin gene 

profiles, demonstrating the poor discriminatory power of the method.  

Table 2.1 – Genes involved in the C. difficile MLST scheme. 

Gene Size (bp) No. of alleles* Functional pathway 

adk 501 91 AMP biosynthesis 

atpA 555 92 ATP biosynthesis 

dxr 411 89 isopentenyl diphosphate biosynthesis 

glyA 516 128 glycine biosynthesis 

recA 564 78 DNA repair and maintenance 

sodA 449 - 450 104 protection against oxidative stress 

tpi 504 109 glycolysis and gluconeogenesis 

* Updated 30th June 2021 

Table 2.2 – Common C. difficile ribotypes with their corresponding STs and toxin profiles. 

Ribotype Sequence type Clade Toxin gene profile Reference 

010 15 1 A-B-CDT- 54 

012 54 1 A+B+CDT- 54 

014 2, 13, 14, 49, 50, 132 1 A+B+CDT- 54 

017 37 4 A-B+CDT- 54 

020 2, 13, 28, 68, 110 1 A+B+CDT- 54 

023 5 3 A+B+CDT+ 54 

027 1 2 A+B+CDT+ 54 

078 11 5 A+B+CDT+ 54 

 

2.1.4 Population structure of C. difficile 

Based on MLST and Bayesian evolutionary model analysis, the C. difficile population 

can be divided into five major clades and three smaller cryptic clades (Figure 2.4).55,56 The 

three cryptic clades are highly divergent and may belong to other species.56 A recent study 
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suggests that the five major clades diverged over a million years ago.56 Important C. difficile 

RTs and STs in each major clades are summarised in Table 2.2. 

 

 

Figure 2.4 – Population structure of C. difficile. Based on MLST and Bayesian analysis, 

C. difficile can be divided into five major clades and three cryptic clades. Note that the three 

cryptic clades are very divergent from the main C. difficile population and may belong to 

different species. 

  

 So far, extensive epidemiologic studies have been conducted in four global regions: 

Asia,13,15,57-68 Australia,69-71 Europe72-74 and North America,75-79 and the epidemiology of CDI 

is different in each of these regions. In Asia, there is a high prevalence of C. difficile RT 017 

(clade 4) as well as other strains with a similar toxin profile (see section 2.6.3.1).13,15,57-68 In 

Europe, there is a high prevalence and diversity of strains belonging to the evolutionary clade 

1.72-74 Clade 1 C. difficile can also be found in Australia but the strains are not as diverse as in 

Europe.69-71,80 North America is predominated by Clade 2 C. difficile.75-79 The difference in the 

distribution of C. difficile population in different regions (phylogeographical distribution) 

suggests that each clade separation and divergent evolution occurred after the split of the 

continents millions of years ago, although there has not been any study to confirm this 

hypothesis. 

2.1.5 C. difficile genome 

The C. difficile genome is roughly 4 Mbp in size and contains 28 – 30% GC content.81 

It is characterised as an open genome with a small core genome; the portion of the genome 
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that is present in more than 95% of the population, and a large repertoire of accessory genes, 

highlighting the ability of C. difficile to adapt to a wide range of habitats.56 As C. difficile 

resides in the colon, it shares the habitat and frequently exchanges mobile genetic elements 

(MGEs) with several commensals species, most notably the exchange of antimicrobial 

resistance (AMR) determinants.82 Some of these determinants even shape the evolution of 

certain C. difficile lineages.83 To date, several closed reference genomes have been available 

for genomic studies of the bacterium (see Table 3.13 in Chapter 3).81 Although they represent 

C. difficile from different clades (clades 1, 2, 4 and 5), all the reference genomes are from 

strains isolated in either Europe or North America.81 Thus, they may not be a good 

representation of C. difficile from other parts of the world.  

2.2 Historical background 

2.2.1 C. difficile taxonomy 

 C. difficile was first discovered in 1935 by Hall and O'Toole and was given the name 

Bacillus difficilis.26 It was later named Clostridium difficile in 1938 by Prévot in his attempt 

to redefine the genus Clostridium.84 Since then, the genus Clostridium has always been very 

diverse, comprising over three times as many species as the second most diverse genus in the 

same order (Table 2.3), probably because the genus became a dumping ground for any 

anaerobic Gram-positive bacillus. Although classified in the same genus, C. difficile is only 

distantly related to Clostridium butyricum, the type species of the genus,84 but there had been 

no available tool to better classify the species. 

 In 1994, with the advent of the 16S rRNA sequence analysis, C. difficile was found to 

be closely related to Peptostreptococcus anaerobius at the family level.85 Thus, it was 

reclassified into the family Peptostreptococcaceae in 2009.86 However, the name – 

Clostridium difficile – remained unchanged, creating confusion as C. difficile then belonged 

to a different family from the type species; C. butyricum.  
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Table 2.3 – Diversity of the genera in the Order Bacillales as described by Prévot (1938). 

Order Suborder Family Genus No. of species 

Bacillales 

Clostridiales 

Endosporaceae 
Paraplectrum 2 

Endosporus 11 

Clostridiaceae 

Inflabilis 10 

Welchia 7 

Clostridium 62 

Plectridiales 

Terminosporaceae 
Terminosporus 4 

Caduceus 6 

Plectridiaceae 
Plectridium 20 

Palmula 10 

 

 In an attempt to reduce the confusion surrounding the name of C. difficile, Yutin and 

Galperin proposed to change the name C. difficile to Peptoclostridium difficile, perhaps to 

reflect the family Peptostreptococcaceae.87 Unfortunately, the name was not well accepted by 

the C. difficile community and was never validly published. In 2016, Lawson et al. proposed 

another name; Clostridioides difficile.3 The authors rationalised that by retaining the "Clost-" 

part at the beginning of the genus, the name should be more easily accepted as the abbreviated 

version of the bacterium would not change. The name was later validly published as another 

name for the bacterium besides Clostridium difficile.4 

2.2.2 History of C. difficile infection 

2.2.2.1 Evidence of C. difficile pathogenicity 

 The pathogenicity of C. difficile was first described along with its discovery in 1935, 

as it was shown to be pathogenic in guinea pigs and rabbits.26 The potential virulence of 

C. difficile was recognised also by Prévot in 1938 as he categorised it into subgenus VIII – the 

nonproteolytic and low pathogenic subgroup of clostridia.84 However, there would not be 

confirmed evidence of disease in humans until over 40 years later.88-90 

2.2.2.2 Emergence of PMC 

 Pseudomembranous colitis (PMC) is a severe manifestation of CDI first documented 

in 1893 when it was described as 'diphtheritic colitis' in an autopsy report of a young female 
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patient who died 15 days after receiving surgery for a gastric ulcer.91 In 1948, a similar lesion 

was described by Dixon and Weismann in a series of 23 postoperative patients.92 In this report, 

the authors noted the increased prevalence after the introduction of sulphonamides as a 

preoperative prophylactic agent, but they did not attempt to further explore this association. 

The causative organism of PMC was not determined in this case series. The lesions were 

mostly located in the small intestine (pseudomembranous enteritis) and occasionally involved 

the proximal colon (pseudomembranous enterocolitis). This is different to typical PMC due 

to C. difficile which mainly involves the colon, especially the distal part (left side).93 

 In 1952, two studies provided additional information regarding PMC. The first 

reported that PMC was not exclusively a postoperative complication.94 The second proposed 

that PMC could be a complication of antimicrobial therapy.95 In 1953, an editorial proposed 

that PMC could be caused by Staphylococcus aureus, as S. aureus overgrows and produces 

exotoxins when the intestinal microbiota perishes as a consequence of antimicrobial use.96 

Two years later, the first report of the successful treatment of PMC was published, 

emphasising three important measures during the critical stage of the disease: restoration of 

normal blood pressure, restoration of fluid and electrolytes losses and the discontinuance of 

broad-spectrum antimicrobials.97 These three measures are still implemented in the current 

treatment guidelines for CDI.98,99 For two decades, S. aureus was reported as the major cause 

of PMC, with occasional reports of non-staphylococcal PMC,100 however, this would soon 

change as a new antimicrobial was introduced to the clinical practice. 

2.2.2.3 Clindamycin and clindamycin-associated colitis 

 Clindamycin was first introduced into the clinical environment in the late 1960s as 

the improved 7-chloro derivative of lincomycin.101 Pharmacologically, clindamycin has three 

striking properties: great effectiveness against many Gram-positive bacteria, favourable 

pharmacodynamics properties [high oral bioavailability and volume of distribution], and a 

long post-antibiotic effect.102 These properties made clindamycin the preferred choice for the 
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treatment of skin and soft tissue infections as well as prophylaxis for surgical site infections. 

Little did the medical staff know that clindamycin also suppresses various members of the 

intestinal microbiota, especially anaerobes.103 

 The first cases of clindamycin-induced colitis were reported in 1973, in three patients 

who developed signs and symptoms resembling those of the inflammatory bowel disease, 

which were more severe compared to the usual gastrointestinal side effects of the 

antimicrobial.104 Around the same time, the first case of clindamycin-associated PMC 

emerged.105,106 After that, there was an exponential increase in the number of PMC cases 

around the world. These cases were mostly related to clindamycin or lincomycin use, but other 

antimicrobials were also reported, such as ampicillin.107 Furthermore, these new cases were 

not associated with S. aureus,108 driving the search for another aetiologic agent of PMC. 

2.2.2.4 C. difficile as the major cause of PMC 

 In 1977, a report of ampicillin-induced PMC described an unknown heat-labile toxin 

as the cause.109 A subsequent study reported that the toxin could be neutralised by C. sordellii 

antitoxin but not by other known antitoxins.110 This was supported in a hamster model study 

showing that a species in the genus Clostridium was responsible for PMC.111 However, the 

causative species was not identified in this study. In 1978, C. difficile was finally identified as 

a causative agent of PMC as three separate groups published their findings around the same 

time.88-90 In the following decade, the prevalence of C. difficile-associated diarrhoea (as it was 

called then) increased. The most common antimicrobials associated with infection during this 

period were clindamycin, cephalosporins and penicillins.112 

 In the 1980s and 1990s, there was a development in the diagnostic methods for CDI, 

shifting from the culture-based method to toxin EIAs.19 Third-generation cephalosporins 

became a major risk factor for CDI, even outcompeting clindamycin.113 However, except for 

occasional PMC cases, most CDI cases were mild and self-limiting and thus did not receive 
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much attention from medical staff and scientists. This would soon change with the arrival of 

the 21st Century. 

2.2.2.5 Age of 'hypervirulent' C. difficile strains 

 In the early 2000s, there was a significant increase in the prevalence and severity of 

CDI in North America and, subsequently, Europe.114 C. difficile isolated from these patients 

was categorised as RT 027.114 Several hypotheses were proposed to explain the increased 

virulence of this C. difficile strain: a deletion in the negative regulatory tcdC gene, which 

results in the overproduction of toxins,114 the presence of the binary toxin (then a relatively 

newly characterised toxin)41 and, later, the ability of RT 027 to utilise trehalose as a food 

source,115 all of which were subsequently shown to be incorrect.42,43,116,117 The remaining 

possible explanation was the high prevalence of fluoroquinolone resistance (FQR) that 

provided a survival advantage to this strain.118 Indeed, the early 2000s was the time when there 

was an increase in fluoroquinolone use,119 as well as the introduction of moxifloxacin.120 A 

reduction in CDI burden in the US after implementation of a fluoroquinolone regulation policy 

further supports the role of FQR in the success of this C. difficile strain,5 but perhaps not 

virulence per se. 

 Regardless of the reasons behind its success, the emergence of this so-called 

'hypervirulent' C. difficile strain attracted more attention to this bacterium, confirming the 

important health threat it remains today. 

2.2.2.6 C. difficile as an organism of One Health significance 

 Initially, CDI was associated with antimicrobial use, often in hospitals, and was 

transmitted between patients through the faecal-oral route.2 However, more recent studies 

have revealed that a large proportion of CDI cases was acquired in the community 

(community-acquired CDI, CA-CDI), with no prior antimicrobial use and no evidence of 

patient-to-patient transmission.121 Also, C. difficile can be found in animals,122 as well as in 
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the environment,123 and these C. difficile strains were closely related to strains causing CDI in 

humans,123-125 suggesting that C. difficile can be transmitted from animals and the environment 

to humans. In light of this, antimicrobial stewardship in the public health sector is no longer 

sufficient for the control of C. difficile spread. Instead, the success of CDI control now depends 

on the collaboration between those involved in public health, animal health and agricultural 

health, i.e. One Health. 

2.3 C. difficile infection 

2.3.1 Terminology surrounding CDI 

 Three different terms have been used when referring to infection due to C. difficile: 

C. difficile infection (CDI), antibiotic-associated diarrhoea (AAD) and pseudomembranous 

colitis (PMC). These terms describe different aspects of the infection and are not entirely 

interchangeable. 

 CDI is a specific term for infection due to C. difficile. Infection can be asymptomatic 

or CDI can manifest as mild, self-limiting diarrhoea or severe bloody diarrhoea.2 CDI can also 

refer to infections by C. difficile outside of the gastrointestinal tract, i.e. extraintestinal CDI.126 

CDI usually occurs as a complication after antimicrobial therapy, but can also occur in patients 

without any history of antimicrobial use.127,128  

 AAD (as well as antibiotic-associated colitis; AAC) refers to a diarrhoeal episode that 

arises as a complication of antimicrobial use. It can be due to a direct side effect of an 

antimicrobial, such as clavulanate-induced diarrhoea.129 CDI is an example of AAD indirectly 

caused by antimicrobials. It occurs when the antimicrobial disrupts the intestinal microbiota, 

allowing C. difficile spores to germinate and cause disease. CDI is also a major cause of AAD 

worldwide.2 

 In severe CDI cases, the inflammation of the colon can be extensive. Such 

inflammation can result in the detachment of the colonic mucosa from the underlying 
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basement membrane. The detached mucosa is called the pseudomembrane and the condition 

is called PMC. The pseudomembrane can be seen as well-defined yellow or white patches 

covering oedematous and inflamed colonic mucosa during colonoscopy. Besides the 

detachment of mucosa, necrosis in the mucosa and aggregation of inflammatory cells in the 

submucosal tissue can be seen in histologic specimens.130 

2.3.2 Pathogenesis of CDI  

 Normally, the colonic mucosa is occupied by various commensal bacteria; the 

intestinal microbiota. These bacteria serve many essential functions for the human body such 

as helping metabolise important nutrients. Some of them also protect the human host from 

infections, such as CDI. Examples of protective bacteria against CDI include members of the 

phyla Bacteroidetes and Firmicutes.131 The most well-characterised mechanism by which 

these bacteria protect the host against CDI is the conversion of primary bile acid into 

secondary bile acid.24 

 When there is a disturbance in the microbiota, such as after exposure to antimicrobials, 

the number of protective bacteria decreases. Consequently, less primary bile acid is converted 

into secondary bile acid and an increase in primary bile acid then promotes the germination of 

C. difficile spores into vegetative cells.24 The vegetative cells of C. difficile multiply and, if 

toxigenic, start producing toxins. 

 As stated above, C. difficile toxins disrupt the actin cytoskeleton of the cells. The 

disruption results in the loss of normal cell shape and rounding of cells, as well as the 

disruption of intercellular junctions. The rounding of cells reduces the surface area and thus 

decreases the absorption of fluids. The disruption of intercellular junction results in leakage 

of interstitial fluids. As a result, the amount of fluid in the colonic lumen increases, resulting 

in watery diarrhoea. Also, C. difficile toxins induce inflammation of the colonic mucosa by 

recruiting inflammatory cells. Inflammation leads to tissue injury, resulting in mucous and 

bloody diarrhoea.132 If the inflammation is extensive, the colonic mucosa may detach from the 
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basal membrane, forming a pseudomembrane. The disease is then called PMC.130 In extremely 

severe cases, the inflammation can result in the loss of colonic muscle contraction and 

decreased colonic motility. The colon becomes functionally obstructed and dilated. This 

condition is called toxic megacolon.133 

 The disruption of colonic mucosa also creates raw surfaces where submucosal tissue 

is directly exposed to the luminal environment. This provides an opportunity for other 

pathogenic microbes to invade the bloodstream. An example is the occurrence of candidaemia 

after CDI,134 an important complication of CDI. In patients with compromised colonic 

integrity, such as patients with colonic cancer, C. difficile in the colon can also travel through 

the colonic wall and cause extraintestinal CDI, though this is rare.126 

 After a CDI episode, around 20% of patients develop recurrent CDI,135 which is 

defined as a subsequent CDI episode that occurs between 2 – 8 weeks after the first episode.136 

Some patients may develop antibodies against C. difficile toxins. Studies have suggested that 

these antibodies are protective against CDI and that patients who can produce them have a 

lower recurrence rate.137 However, why only some patients develop anti-toxin antibodies 

remains unclear and there is no way to predict which patient will. 

2.3.3 Diagnosis of CDI 

 The gold standard for the diagnosis of CDI is toxigenic culture of C. difficile from the 

clinical specimen, i.e. culturing a toxin-producing strain of C. difficile.138 However, this gold 

standard is neither cost- nor time-effective. Thus many alternative diagnostic schemes have 

been developed to aid with the diagnosis of CDI. Currently, there are two widely-used 

diagnostic methods: rapid antigen detection by EIA and direct PCR methods.19,139 

 According to the latest clinical practice guidelines from the Infectious Disease Society 

of America and the Society for Healthcare Epidemiology of America (IDSA/SHEA), it is 

recommended that CDI be diagnosed via a two-step approach incorporating both EIA and 

direct PCR rather than direct toxin gene PCR alone.98 The clinical practice guidelines by the 
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European Society of Clinical Microbiology and Infectious Diseases (ESCMID) also suggest 

the use of a combination of two, or even three, tests for the diagnosis of CDI.140 In cases where 

direct toxin gene PCR is used as a sole diagnostic test, it is recommended that the patient is 

screened for other possible causes of diarrhoea (such as the use of laxative agents or other 

gastrointestinal infections) before submitting a stool for the test.98 

 Besides C. difficile specific tests, a few methods can assist in the diagnosis of CDI, 

especially in severe cases. For instance, the presence of PMC can be seen and diagnosed by 

colonoscopy, but with a sensitivity of only 50%.130 Colitis in CDI can also be identified using 

a contrast-enhanced computed tomography (CECT), with a few specific signs to help 

differentiate CDI from other causes of colitis, such as the thickening and nodularity of the 

colonic mucosa.141 

2.3.4 Treatment and prevention of CDI 

2.3.4.1 Antimicrobial therapy for CDI 

 The main antimicrobials that have been recommended for the treatment of CDI 

include metronidazole, vancomycin and fidaxomicin.98,99,140,142 Recently, metronidazole has 

been removed from the IDSA/SHEA recommendations due to its inferiority,98,99 however, it 

remains in the ESCMID recommendations,140 as well as the updated guidelines by the 

Australian Society for Infectious Diseases (ASID).142 In addition to these antimicrobials, 

several agents have been developed for the treatment of CDI; some of them are currently 

undergoing clinical trials.143,144 In Thailand, only metronidazole and vancomycin are currently 

available for the treatment of CDI. 

 Metronidazole belongs to the nitroimidazole class of antimicrobials. It is activated by 

a reductive reaction within the cell, which results in the accumulation of free radicals. These 

free radicals destabilise DNA and kill bacteria.145  It is a broad-spectrum antimicrobial agent 

that is effective against various anaerobic bacteria, including C. difficile, as well as a wide 
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range of anaerobic protozoa.146 Compared to vancomycin and fidaxomicin, metronidazole is 

a cheap antimicrobial and a preferred choice for the treatment of CDI in developing countries, 

including Thailand. Its spectrum is a drawback, however, as it also inhibits various protective 

intestinal microbiota, preventing the re-establishment of a healthy intestinal microbiome.147 

Initially, metronidazole was reported to be inferior to vancomycin for the treatment of severe 

CDI,148 however, recent findings suggest metronidazole may be inferior in both mild and 

severe infection.149 

 Vancomycin is a glycopeptide antimicrobial. It targets the D-Ala-D-Ala dipeptide 

portion of the peptidoglycan subunit and inhibits cell wall synthesis.150 Vancomycin is highly 

effective against Gram-positive bacteria and an antimicrobial of choice for treating infections 

due to drug-resistant Gram-positive bacteria, such as methicillin-resistant Staphylococcus 

aureus (MRSA).151 Generally, vancomycin is given parenterally due to its low oral 

bioavailability.150 For CDI treatment, however, this low oral bioavailability becomes an 

advantage, as it can be given orally, retaining a high concentration in the colonic lumen, as 

high as 1,000 times above the susceptibility breakpoint concentration,152 killing C. difficile 

without significant systemic adverse effects. It also has limited activity against the protective 

microbiota in contrast to metronidazole. The major drawback of vancomycin treatment is the 

possible emergence of vancomycin-resistant Enterococcus spp. (VRE) following the 

treatment.153,154 

 Fidaxomicin is the first member of the macrocyclic group of antimicrobials. It was 

specifically designed for the treatment of CDI and thus has many preferable characteristics, 

such as low oral bioavailability and limited activity against intestinal microbiota.155,156 

Compared to vancomycin, fidaxomicin is associated with fewer recurrences after treatment157 

and is now recommended by the IDSA/SHEA as a first-line treatment for all CDI cases in 

adults.99 Fidaxomicin is currently unavailable in Thailand, perhaps due to its high cost and the 

low recurrence rate of CDI in the country.158 
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 Besides the three main antimicrobials, several other agents have been evaluated for 

the treatment of CDI. Rifaximin is a close relative to rifampicin, an antituberculous 

antimicrobial, that has been modified to have low oral bioavailability, limiting its systemic 

effects.159 However, rifaximin resistance occurs commonly and is prevalent among Thai 

C. difficile, thus the drug is unlikely to be effective for the treatment of CDI in the country.160 

Cadazolid is an agent specifically designed for CDI treatment. Though closely related to 

linezolid, there is no cross-resistance between the two antimicrobials,161 unlike rifaximin and 

rifampicin,162 however, in the latest phase three trial, cadazolid was inferior to vancomycin 

and its future in the treatment of CDI is now uncertain.143  

2.3.4.2 Monoclonal antibodies 

 Studies have suggested that individuals who can produce antibodies against 

C. difficile toxins after CDI are less likely to develop recurrence.137 This led to the 

development of monoclonal antibodies against C. difficile toxin as means to prevent recurrent 

CDI. Initially, monoclonal antibodies to both TcdA and TcdB were developed, but only the 

TcdB monoclonal antibody made it to the market with the name bezlotoxumab.163 As the 

antibody is specific to only TcdB, it exerts no effect on the intestinal microbiota, allowing the 

recovery of protective bacteria while inhibiting the toxin. 

2.3.4.3 Other medical treatments for CDI 

 As the use of antimicrobials has been associated with inciting CDI, it has been 

believed that non-antimicrobial approaches for the treatment of CDI may give better 

outcomes. Bezlotoxumab is an example of a successful attempt,163 although it is only used for 

the prevention of recurrence and not for the treatment of CDI.98,99 Tolevamer is a less 

successful story. Tolevamer is a large soluble polymer that binds and neutralises C. difficile 

toxin in the laboratory setting.164 The polymer itself does not have any antimicrobial properties 

and should not interfere with the recovery of healthy intestinal microbiota and was thus 

expected to be at least superior to metronidazole. However, in a large randomised clinical trial, 
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tolevamer was markedly inferior to both vancomycin and metronidazole (p < 0.01) and was 

not approved for the treatment of CDI.149  

2.3.4.4 Faecal microbiota transplantation 

 Alteration of healthy intestinal microbiota is a cornerstone of the pathogenesis of 

CDI,2 and faecal microbiota transplantation (FMT) is a method to restore the healthy gut 

environment in CDI patients.165 This approach is recommended in patients with multiple CDI 

recurrences.98,140,142 FMT has high efficacy and only a small portion of patients develop further 

recurrences and require a second FMT.166 FMT has risks though and one, in particular, is the 

possibility of transmitting pathogens from donors to recipients. The most recent concern has 

been the potential transmission of severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2).167 To minimise this risk, faeces screening protocols should be implemented in 

healthcare centres providing FMT.165,167 

2.3.4.5 Surgical intervention for CDI 

 Though most CDI cases can be managed medically by methods described above, some 

patients may develop severe complications that require surgical intervention.168 The current 

gold standard of surgical intervention is colectomy, which involves removal of the infected 

colonic tissue along with C. difficile residing in the colonic lumen.98,140,142 It is suggested that 

rapid identification of surgical patients and early intervention can drastically improve 

outcomes post-surgery.168 

2.3.4.6 Other treatment and prevention strategies 

 Several treatment and prevention strategies for CDI are currently under development. 

Preliminary studies suggested that NTCD can prevent the colonisation of toxigenic C. difficile 

(TCD), and it may be possible to use NTCD as a preventive measure against CDI.169 Instead 

of transferring the entire faecal content, as in FMT, some study groups are looking at the 

administration of specific protective bacterial species to bypass the risk of conventional 
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FMT.170 Currently, there are no vaccines against CDI, although researchers are looking for the 

best approach to develop a vaccine for clinical use.171,172 

2.3.5 AMR in C. difficile 

 As stated in Chapter 1, C. difficile has been considered an urgent AMR threat in the 

US since 2013.5,6 However, AMR in C. difficile is different from other drug-resistant bacteria 

included in the reports. In other bacteria, the major problem surrounding AMR is the challenge 

of treatment of the infection.5,6 For example, extended-spectrum cephalosporins are among 

the antimicrobials of choice for the treatment of infections due to bacteria in the family 

Enterobacteriaceae (e.g. Escherichia coli). The production of extended-spectrum beta-

lactamases (ESBLs), a family of enzymes that hydrolyses extended-spectrum cephalosporins, 

leads to treatment difficulty. As a result, ESBL-producing Enterobacteriaceae are considered 

a serious threat in AMR.5,6 Subsequently, the ability to resist carbapenems poses an additional 

level of treatment difficulty for these bacteria and carbapenem-resistant Enterobacteriaceae 

(CRE) are considered an urgent threat, one level higher than ESBL-producing 

Enterobacteriaceae.5,6 

 C. difficile is rarely resistant to antimicrobials used for the treatment of CDI.173 

However, AMR plays an important role in the pathogenesis of CDI. AMR allows C. difficile 

to survive antimicrobial exposure while the protective intestinal microbiota perishes.2 

C. difficile then produces toxins and causes disease. Many studies have described the 

association between AMR and CDI occurrence with most CDI outbreaks being caused by 

drug-resistant strains of C. difficile and the overuse of these antimicrobials.174-176 Often a 

decrease in cases was documented once the use of antimicrobials was controlled.177 AMR, 

specifically FQR, played a major role in the success of C. difficile RT 027 as described above. 

 Documented resistance mechanisms to several antimicrobial classes are summarised 

in Table 2.4. Also, resistance to selected important antimicrobial classes is discussed below. 
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2.3.5.1 Clindamycin 

 Clindamycin belongs to the macrolide-lincosamide-streptogramin B (MLSB) group of 

antimicrobial agents. These agents target the bacterial 50S ribosome and inhibit protein 

synthesis. The MLSB resistance phenotype is common in C. difficile; 65.9% – 90.9% of 

C. difficile strains in Asia160 and 49.6% – 56.6% in Europe are resistant to clindamycin.74,178-

180 Resistance is principally conferred by a 23S rRNA methyltransferase encoded by erm(B) 

(erythromycin ribosomal methylase B), as well as other erm-class genes.181 Methylation of the 

23S rRNA of the bacterial 50S ribosomal subunit reduces the binding affinity of MLSB class 

antimicrobials. This erm(B) is carried on several transposons, such as Tn6194, Tn6215, 

Tn6218 and Tn5398,182 the latter having two copies of the gene.183 

2.3.5.2 Fluoroquinolones 

 Fluoroquinolones are bactericidal antimicrobials that inhibit bacterial DNA synthesis 

by targeting DNA gyrase. Although older fluoroquinolones, such as ciprofloxacin, have 

limited activity against anaerobic bacteria, including C. difficile, third- and fourth-generation 

fluoroquinolones, such as moxifloxacin, have greater activity.179 However, exposure of 

C. difficile to these agents creates selective pressure that drives the rapid development of 

resistance.184 During 1991 – 1997, before the introduction of moxifloxacin,120 only 6.6 % 

(13/198) of C. difficile strains from Europe were resistant to moxifloxacin.185 The prevalence 

of moxifloxacin resistance among C. difficile increased to 37.5% (131/349) in 2005,73 and 

subsequently to 39.9% (366/ 918) in 2011 – 2012.186 In Asia, the prevalence of resistance was 

higher, 46.4% (26/56) in China in 2007 – 2008 and over 80% in some Korean studies.187,188 

 Resistance to fluoroquinolones in C. difficile is typically due to a missense mutation 

in the quinolone resistance determining region (QRDR) of the DNA gyrase subunit genes 

(gyr), either gyrA or gyrB (see Appendix I).177,189,190 The gyrA mutation is responsible for the 

majority of FQR with the most frequent amino acid substitution in GyrA being at T82I,189 

which is close to the S83Y and S83I substitutions found in E. coli.191 This substitution was 
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found in two epidemic lineages of C. difficile RT 027 and thought to be the main factor that 

drove outbreaks in North America and Europe.118 In 2003, a novel substitution in GyrB was 

discovered in C. difficile RT 017 (D426V), which was thought to have driven an outbreak in 

Ireland.12,177 

2.3.5.3 Carbapenems 

 Carbapenems are bactericidal antimicrobials that inhibit bacterial cell wall synthesis 

by targeting penicillin-binding proteins (PBPs). They are broad-spectrum and are generally 

used for the treatment of nosocomial infections caused by multidrug-resistant (MDR) 

pathogens. Historically, C. difficile has been susceptible to imipenem and other carbapenems, 

however, recent studies suggest that many strains are developing resistance. A recent study 

identified two substitutions; A555T and Y721S, near the active site of the PBPs; PBP1 and 

PBP3, respectively, that are associated with imipenem resistance,192 though there has been no 

evidence that these substitutions also confer resistance to other carbapenems. 

2.3.5.4.Linezolid  

 Linezolid is the first oxazolidinone antimicrobial agent that inhibits bacterial protein 

synthesis at an early stage.193 It is commonly used to treat infections caused by MDR Gram-

positive bacteria.194 In general, C. difficile is susceptible to linezolid and only a few C. difficile 

strains have been reported to be resistant. A study in Germany suggested an overall rate of 

resistance to linezolid in C. difficile of 5.7% (11/192),195 while in Spain only one of 44 

C. difficile strains (2.3%) was linezolid-resistant.196 In a follow-up study that included 891 

C. difficile strains, there were only nine linezolid-resistant strains (1.0%).197 Further study 

revealed that linezolid-resistant C. difficile harboured a cfr (chloramphenicol-florfenicol 

resistance) methyltransferase gene.197 The cfr gene is the only linezolid resistance determinant 

known to be transferred horizontally. Besides linezolid, methylation of 23S rRNA by Cfr 

methyltransferase also confers resistance to phenicols, lincosamides, pleuromutilins and 

streptogramin A.198 In addition to the acquisition of cfr, a point mutation in rplC, encoding 
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ribosomal protein L3, was also reported to be associated with linezolid resistance in 

C. difficile.161 

2.3.5.5 Tetracyclines 

 Tetracyclines inhibit bacterial growth by targeting the 30S ribosome. Resistance to 

these agents is common in C. difficile and mediated by efflux and ribosomal protective 

proteins encoded by an array of tet (tetracycline) genes such as tetM, tetW, tetA(P) and 

tetB(P).124 These genes encode proteins that mimic ribosomal elongation factors thus 

protecting against the anti-translational activity of tetracyclines. The tetM gene is the most 

common element associated with tetracycline resistance and can be found on Tn5397 and 

Tn916-like elements.199-202 These are among the most widespread transposons that can be 

transferred between different bacterial species in the colon.203 

2.3.5.6 Rifaximin 

 Rifaximin is a derivative of rifampicin, an antimicrobial that inhibits RNA synthesis. 

Initially, it was proposed as adjunctive therapy for CDI due to its potent in vitro activity against 

C. difficile and low systemic absorption.204 However, the prevalence of rifampicin and 

rifaximin resistance has gradually increased and resistance was associated with CDI outbreaks 

in the United States.205,206 Missense mutations in rpoB, which encodes a beta subunit of the 

RNA polymerase enzyme, reduce the affinity of the enzyme to both rifaximin and rifampicin 

and confer cross-resistance to the agents. Several amino acid substitutions in RpoB have been 

associated with rifaximin resistance in C. difficile (see Appendix I).181 

 



 

 

 

Table 2.4 – Summary of antimicrobial resistance mechanisms in C. difficile. 

Antimicrobial class Resistance mechanisms Genotypic determinants Ref 

Cell wall synthesis inhibitors 

Penicillins/cephalosporins Intrinsic resistance due to a class D beta-lactamases cdd1 and cdd2  207 

β-lactam/ β-lactamase inhibitor combinations Unknown/no evidence of resistance N/A N/A 

Carbapenems Alteration in penicillin-binding proteins 1 and 3 pbp1 and pbp3† 192 

Monobactams Intrinsic resistance  N/A N/A 

Glycopeptides [Possibility] Alteration in D-Ala-D-Ala dipeptide  vanB ‡ 208 

Protein synthesis inhibitors 

Aminoglycosides Intrinsic resistance N/A N/A 

MLSB Methylation of 23S rRNA 

Point mutation on 23S rRNA 

Truncation of ribosomal proteins L4 and L22 

erm class genes (erm(B))‡ 

23S rRNA† 

rplD and rplV‡ 

181 
181 
181 

Tetracyclines Production of protective proteins tet family genes (tetM, tetW)‡ 181 

Oxazolidinones Methylation of 23S rRNA 

Alteration of ribosomal protein L3 

cfr ‡ 

rplC† 

198 
161 

Phenicols Drug-modifying enzymes cat family genes (catD/catP)‡ 181 

Agents targeting nucleic acids 

Fluoroquinolones Alteration in gyrase enzyme gyrA and gyrB† 185 

Rifamycins Alteration in RNA polymerase enzyme rpoB† 181 

Nitroimidazoles Unknown pCD-METRO plasmid‡ 209 

Cell membrane targeting agents 

Daptomycin Unknown/no evidence of resistance N/A N/A 

Polymyxins Intrinsic resistance N/A N/A 

Note:  [Possibility], genotypic determinants have been found but there has been no evidence of associated resistance phenotype;  

 MLSB, macrolide-lincosamide-streptogramin B antimicrobials  

 † mutations on chromosomal genes, ‡ acquisition of accessory genes/mobile genetic elements.
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2.4 C. difficile and CDI in Thailand 

 Compared to North America and Europe, data on C. difficile and CDI in Asia are 

scarce. There was no study in Thailand until 1990,210 and data on molecular epidemiology of 

C. difficile in Thailand was not available until 2003. Even then, the 2003 study only reported 

the toxin gene profile, and it did not take into account the possibility of tcdA deletions.211 It 

was not until 2015 that an investigation proved a high prevalence of A-B+CDT- C. difficile in 

Thailand, all of which belonged to C. difficile RT 017.65 Subsequent studies in Thailand 

confirmed the high prevalence of A-B+CDT- C. difficile, as well as NTCD in several regions 

of the countries.15,212 This result questions the prevalence of C. difficile reported in the 

preceding decade, as these studies used the detection of toxin A or the tcdA gene as a marker 

for TCD.213,214 

 The clinical characteristics of CDI in Thailand are even less well-defined than the 

epidemiology, with only one clinical study available.158 Although the study was small, 

involving only 62 CDI cases, many interesting features were noted. First, the prevalence of 

CDI in hospitalised patients was low, with CDI accounting for only 12.3% of patients with 

nosocomial diarrhoea,158 as opposed to almost 50% in Europe.7 Second, the disease appeared 

to be associated with lower 30-day mortality (3.2%) and recurrence (3.2%) rates. This came 

as a surprise, as Thailand is known for its poor antimicrobial stewardship, as reflected by a 

serious AMR problem in the country.215,216  

 The apparent lack of impact of C. difficile in a country where antimicrobial use is 

inadequately regulated suggests there may be an unknown protective factor in the population. 

One possible factor is the high prevalence of NTCD colonisation in the population.15,212 

Several preclinical studies have demonstrated the protection of NTCD against the colonisation 

of TCD and subsequent development of CDI,169 however, no clinical studies have been 

conducted to confirm this hypothesis. Also, studies on host-related factors are still lacking. 
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2.5 C. difficile RT 017 

 C. difficile RT 017 ranks among the most successful C. difficile strains in the world. 

This strain has been causing outbreaks across the globe since 1995 (Figure 2.5), even before 

the notorious C. difficile RT 027 outbreaks in the early 2000s.9-14 Outside of these outbreaks, 

C. difficile RT 017 has also been reported in many countries, with a higher prevalence in Asian 

countries (Figure 2.5),15,57,59-61,63,65,66,68,127,217,218 however, little is known about this epidemic 

C. difficile strain compared to other epidemic lineages, such as C. difficile RTs 027 and 078. 

The following sections summarise what is known about C. difficile RT 017, including some 

unique characteristics, as well as identifying knowledge gaps in our understanding of this 

important C. difficile lineage. 

 

Figure 2.5 – Timeline of C. difficile RT 017 reports around the world.15,57,59-

61,63,65,66,68,127,217,218 Outbreaks refer to an increase in the regional prevalence of C. difficile RT 

017, which is confirmed either to be clonal or with evidence suggesting that isolates came 

from the same source. Endemic presence refers to prevalence reports that were not associated 

with outbreaks. 
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2.5.1 Toxin production in C. difficile RT 017 

 C. difficile RT 017 is a TCD strain, carrying a PaLoc but not the CdtLoc. Although it 

has the full PaLoc with both tcdB and tcdA, there is a 1.8 kb deletion at the repetitive region 

of tcdA.14 This corresponds to the absence of the recognition site of many TcdA EIAs, making 

the toxin undetectable by these EIAs.10 There is also a nonsense mutation around the 5' end of 

the gene which results in the loss of TcdA function.219 Thus, C. difficile RT 017 is classified 

as A-B+CDT-. This tcdA deletion has only been found in strains closely related to C. difficile 

RT 017 and is believed to be specific to this lineage.56 

 Despite lacking a functional TcdA, most of tcdA in C. difficile RT 017 remains intact 

and can be detected by PCR if primers specific to the non-repeating region of tcdA are used. 

In such cases, C. difficile RT 017 is detected as tcdA-positive and tcdB-positive C.  difficile.220 

While these primers are sufficient for the detection of toxigenic strains in clinical practice, the 

results may appear confusing in an epidemiologic study. An additional primer set is needed to 

identify the deletion in the repeating region of tcdA and differentiate C. difficile RT 017 from 

true A+B+ C. difficile strains.47 

 Besides the absence of a functional TcdA, C. difficile RT 017 also produces a TcdB-F 

variant instead of a normal TcdB. Thus, the toxin filtrate from C. difficile RT 017 produces a 

variant CPE as shown in Figure 2.3. Despite the difference in toxin profile, C. difficile RT 017 

causes a disease that is indistinguishable from other strains,221,222 including C. difficile RT 027 

that produces three types of toxins.223  

2.5.2 Evolution and transmission of C. difficile RT 017 

 C. difficile RT 017 (corresponding to ST 37) is a member of C. difficile clade 4 along 

with many NTCD and some similar TCD strains.56,224 Despite limited data, the ancestor of 

clade 4 C. difficile was likely a NTCD with many strains separately acquiring the PaLoc (A-

B+ variant) (Figure 2.6). A study by Dingle et al. analyzed time-scaled core-genome 
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phylogenies and suggested that the ancestor of C. difficile RT 017 acquired the PaLoc around 

500 years ago.224 

 To date, the genomes of two C. difficile RT 017 strains (CF5, isolated in Belgium in 

1995, and M68, isolated in Ireland in 2006) have been sequenced, providing important 

reference chromosomes for WGS studies of this lineage.225 Using WGS, Cairns et al. showed 

that 23 of 24 of C. difficile RT 017 strains from one hospital were closely related and formed 

a single cluster. The only unrelated C. difficile RT 017 strain was isolated from a patient with 

community-acquired CDI and this belonged to a cluster from outer London hospitals. These 

findings suggested that C. difficile RT 017 was mostly transmitted between patients in the 

same ward and between wards in the same hospital. The study further found that 

environmental contamination with clinical isolates occurred and that RT 017 could withstand 

decontamination with hydrogen peroxide vapour.11  

 A subsequent WGS study involving 277 different C. difficile RT 017 strains isolated 

from around the world, including 24 from animals (cattle, dogs and horses) suggested that 

C. difficile RT 017 could be transmitted between humans and animals, and also reported that 

deletions and insertions found in RT 017 genomes were distributed throughout all 

geographical areas.226 The finding of little genetic diversity implies that C. difficile RT 017 

originated in a single geographical area and that global spread occurred relatively recently, 

however, it remained unclear where that single geographical area was. Cairns et al. concluded 

that C. difficile RT 017 originated in North America and then spread to Europe, Asia and other 

parts of the world.226 This conclusion contradicts many epidemiologic studies (see section 

2.5.3.1) that, taken collectively, suggest that the origin of C. difficile RT 017 was in Asia. 

Indeed, the dataset in the Cairns et al. study was biased, as the strains isolated in North 

America were relatively older (median year of isolation = 2004, quartile range [QR] = 2003 – 

2005) than strains from Europe (median year of isolation = 2008, QR = 2004 – 2010) and Asia 

(median year of isolation = 2009, QR = 2005 – 2010).226 Such a bias could have affected the 

outcomes of the Bayesian analysis used in the study. 
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Figure 2.6 – Population structure of clade 4 C. difficile. A neighbour-joining tree provides 

a closer look at clade 4 with a representative from each major clade as an outgroup. As of 

December 2020, there were 98 STs in clade 4. In this tree, ST 487 was excluded as there is 

likely an error in its tpi allele. 

 

2.5.3 Global dissemination of C. difficile RT 017 

  Despite producing only one functional toxin, C. difficile RT 017 has successfully 

spread throughout the world with evidence of human infection in North America,9,10,75-79 

Europe,11,14,72,174,176,227-229 Asia,13,57-64,217,221,230 South America,175 Africa,231 and Australia69-71,232 

(Figure 2.5). 

Reports on C. difficile RT 017 infection started in the late 1990s with a series of 

outbreaks in Poland,174 Japan,13,230 the Netherlands,176 Canada,9 and Argentina.175 During the 

early 2000s, there were outbreaks of C. difficile RT 027 in Europe and North America,114 and 
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the number of RT 017 reports appeared to subside.72,75,76,186,227,233,234 Still, there were further 

outbreaks of C. difficile RT 017 infection in Ireland and Taiwan during 2003 and 2004,12,62,228 

and in Sweden in 2008.229 The most recent documented outbreak of RT 017 infection started 

in 2009 in England and persisted for at least 3 years.11 

Besides many outbreaks, there have also been non-outbreak reports of C. difficile 

RT 017 throughout the world. The majority of these reports with high prevalence figures were 

from Asia (Table 2.5), while reports from non-Asian countries mostly had low prevalence 

figures (Table 2.6). 

 

Table 2.5 – Prevalence of C. difficile RT 017 in non-outbreak settings in Asia. 

Country Year No. of Strains Prevalence Ref 

East Asia 

South Korea 

 

 

 

China 

 

 

 

Taiwan 

 

Southeast Asia 

Thailand 

 

Indonesia 

Malaysia 

Laos 

Singapore 

 

1980 – 2006 

2006 – 2008 

2009 – 2010 

2010 – 2013 

N/A 

2008 – 2009 

2009 – 2013 

2012 – 2015 

2002 – 2007 

2011 – 2013 

 

2006 – 2008 

2015 

2014 – 2015 

2015 – 2016 

2013 

2011 – 2012 

 

462 

408 

140 

510 

75 

110* 

405* 

411 

110* 

120* 

 

53* 

105 

74 

100 

5 

61 

 

21.4% 

25.7% 

15.7% 

27.3% 

33.3% 

37.3% 

13.6% 

16.5% 

36.4% 

43.3% 

 

41.5% 

11.4% 

24.3% 

20.0% 

20.0% 

4.9% 

 
217 
57 
58 

221 
59 
60 
64 
61 
62 
63 

 
65 
15 
66 
67 
68 

127 

Note:  * only toxigenic C. difficile strains were included in these studies. 
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Table 2.6 – Prevalence of C. difficile RT 017 in non-outbreak settings in non-Asian 

countries. 

Country Year No. of Strains Prevalence Ref 

North America 

Canada 

 

The United States 

 

 

Entire North America 

 

2004 – 2006 

2013 – 2015 

2010 – 2012 

2011 

2011 

2011 

 

1080 

1310 

33 

1364 

720 

350 

 

5.4% 

1.3% 

1.9% 

2.3% 

2.8% 

4.3% 

 
75 

233 
77 
78 
79 
76 

Europe 

France 

Germany 

Portugal 

 

1998 – 1999 

2008 – 2009 

2012 - 2015 

 

364 

41* 

191 

 

2.5% 

4.9% 

13.1% 

 
227 
234 
192 

Australia 

Australia 

 

2010 – 2012 

2012 

2013 – 2014 

 

657 

542 

151 

 

2.9% 

3.3% 

2.0% 

 
232 
69 
70 

Africa 

South Africa 

 

2012 – 2103 

2014 – 2015 

 

32 

269 

 

50.0% 

64.7% 

 
235 
236 

Note:  All studies only included toxigenic C. difficile strains;  

 * only toxigenic C. difficile strains from patients with severe CDI were included in 

 this study. 

 

2.5.3.1 C. difficile RT 017 in Asia 

 It is likely that C. difficile RT 017 is endemic in Asia and has been resident in this 

region for a long time, for three different reasons. First, in contrast to non-Asian countries, 

RT 017 appeared mainly in non-outbreak-related prevalence studies.15,57,59-61,63,65,66,68,127,217,218 

Second, there have been reports of A-B+CDT- C. difficile RTs in the region other than 

C. difficile RT 017 with similar deletions in tcdA, which is believed to be specific for clade 

4.217,237-240 Third, the earliest Asian isolates of RT 017 in humans can be dated back to 1993 in 

Indonesia, where five strains of RT 017 were isolated from healthy infants.230 The high 

prevalence and diversity of A-B+CDT- C. difficile in Asia and the evidence of old C. difficile 

RT 017 isolates suggest that the origin of this RT is Asia. While Asia is a very large continent, 

current information suggests that C. difficile RT 017 is endemic in at least two different 

regions of the continent: East Asia and Southeast Asia.241 
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2.5.3.1.1 East Asia 

 East Asia can be geographically divided into Japan and the mainland section which 

consists of China (including Hong Kong), North and South Korea, and the island of Taiwan. 

The prevalence of different C. difficile RTs in these two sections varies with RT 017 being a 

predominant strain only in the countries located in the mainland section and Taiwan.57-63,217,221 

Historically, RT 017 has been responsible for around 15 – 40% of patients with CDI in South 

Korea,57,58,217,221 China,59-61 and Taiwan.62,63 In Taiwan, there was an increase in the prevalence 

of C. difficile RT 017 that resembled an outbreak in 2004 (73.3%; 11/15), but the prevalence 

eventually decreased and reached an endemic rate of 23.9% (11/46) in 2007.62 

 In contrast to the reports above, Japan experienced C. difficile RT 017 infection as 

part of an outbreak in 199613,230 that occurred, perhaps coincidentally, around the same time 

as RT 017 outbreaks in Poland, the Netherlands, and Canada.9,174,176,227 However, there have 

been no major reports of C. difficile RT 017 infection in Japan following this outbreak. 

Interestingly, in 2001, there was an outbreak of CDI caused by an A-B+ strain of C. difficile 

with an RT pattern that resembled C. difficile RT 017.242 This strain was later identified as 

C. difficile RT 369, a strain that is closely related to C. difficile RT 017.243 To date, RT 369 

remains among the most common toxigenic strains isolated in Japan while only a small 

number of C. difficile RT 017 was detected.163 

2.5.3.1.2 Southeast Asia 

 Most epidemiological studies in Southeast Asia have been conducted in Thailand15,65 

with additional reports from Indonesia,66 Laos,68 Malaysia67,218 and Singapore.127 Although the 

information is limited, based on these publications, and some publications from Thailand that 

detected a high prevalence of A-B+ C. difficile,212,244,245 it is likely that RT 017 is endemic 

throughout this region. 
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 Despite isolating C. difficile RT 017 strains as early as 1993,230 there were no 

epidemiologic studies in the region until 2006.65 All studies thereafter reported similar results. 

In Thailand, two studies reported that C. difficile RT 017 ranks among the most common 

toxigenic strains present (around 30 – 40%).15,65 In Indonesia, C. difficile RT 017 was the most 

prevalent RT isolated from patients.66 In 2013, one C. difficile RT 017 strain was isolated in 

Laos,68 although only five patients were included in this report. The most recent report from 

Southeast Asia came from Malaysia where the prevalence of C. difficile RT 017 was 20.0% 

(20/100).67 In contrast to other Southeast Asian countries, a study in Singapore reported a low 

prevalence of RT 017 of 4.9 % (3/61), and an RT distribution more like European countries. 

The comment was made that this possibly reflected the international population of Singapore, 

both resident and passing through.127 

2.5.3.2 C. difficile RT 017 in Non-Asian Countries 

Outside Asia, C. difficile RT 017 is mostly associated with outbreaks. The first group 

of outbreaks reported occurred from 1995 to 1998 in Poland,174 the Netherlands176 and 

Canada.9 These outbreaks occurred during the same time frame as the Japanese outbreak.13,230 

Since 2000, there have been four outbreaks of C. difficile RT 017 infection outside 

Asia.11,12,175,228,229 Even though there have been non-outbreak reports of RT 017 in some parts 

of the world, the prevalence is low in most areas (≤ 10%).11,14,69-72,75,76,174,176,227,228,232 

2.5.3.2.1 North America 

 After 2002, C. difficile RT 017 was rapidly overshadowed by the emergence of 

C. difficile RT 027 in this region.114 The prevalence of C. difficile RT 017 in Canada decreased 

from 5.4% (58/1,080) during 2004 – 2006 75 to 1.3% (17/1,310) during 2013 – 2015.233 The 

prevalence of C. difficile RT 017 in the USA was around 2 – 3% during 2010 – 2012.77-79 In 

2011, the overall prevalence of C. difficile RT 017 in North America was reported at 4.3% 

(15/350) of toxigenic strains.76 
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2.5.3.2.2 Europe 

Apart from obvious outbreaks, reports of C. difficile RT 017 in Europe are scarce. 

During the late 1990s, the prevalence of C. difficile RT 017 was 2.5% (9/364) in France.227 

During 2008 – 2009, C. difficile RT 017 was responsible for 4.9% (2/41) of severe CDI cases 

in Germany.234 In 2012, only one out of 171 (0.6%) C. difficile isolates from Austria was 

classified as C. difficile RT 017.72 A pan-European study reported an overall prevalence of 

C. difficile RT 017 during 2011 – 2014 of 1.8% (16/866).186 Portugal was the only European 

country to report a prevalence of C. difficile RT 017 higher than 10%.192 

2.5.3.2.3 Australia 

Several epidemiological studies have been conducted in various regions of Australia. 

All of them suggest that C. difficile RT 017 can be found in Australia also but at a much lower 

prevalence compared to Asia. The prevalence of C. difficile RT 017 infection in Australia was 

around 3%69-71,232 suggesting that those cases that are detected are more likely to be imported 

rather than caused by endemic strains.   

2.5.3.2.4 Africa 

 The number of studies on CDI in Africa is very limited. To date, the only country with 

reported C. difficile RT 017 infection is South Africa, where a very high prevalence of RT 017 

among diarrhoeal patients in tuberculosis hospitals was seen.231,235,236 Historically, Cape Town 

in South Africa has been an important port city where ships coming from and going to Asia, 

Australia and Europe stopped during their voyages. The introduction of C. difficile RT 017 

may merely reflect travel between these regions, however, it appears that C. difficile RT 017 

has now become established within the hospital system in South Africa. Patients testing 

positive for C. difficile are at high risk of mortality. Tuberculosis is an additional risk factor 

for CDI, especially in populations with HIV.246 A recent study in Kenya reported a high 
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prevalence of A-B+ C. difficile, although PCR ribotyping was not performed and the strains 

were not confirmed as C. difficile RT 017.247 

2.5.4 C. difficile RT 017 in animals 

 Recently, many C. difficile strains associated with CDI in humans have also been 

isolated from animals or animal products suggesting that CDI may be transmitted from 

animals.1 Despite its high prevalence in the Asian human population,188 there have never been 

any reports of C. difficile RT 017 in animals in this region,248-250 and it has rarely been reported 

in animals elsewhere. C. difficile RT 017 has been isolated from calves in Canada251 and 

rabbits in Italy.252 The WGS study by Cairns et al. involving 277 C. difficile RT 017 strains 

only included 24 strains of animal origin.226 The reasons why C. difficile RT 017 is not 

prevalent in animals is yet to be elucidated. 

2.5.5 Role of AMR in the success of C. difficile RT 017 

 As stated earlier, AMR plays an important role in the spread of C. difficile. 

Clindamycin resistance was likely responsible for the increase in the incidence of PMC and 

the subsequent identification of C. difficile as a major pathogen in the late 1970s,89,90 and 

intrinsic cephalosporin resistance was critical in the rise of CDI as a hospital-acquired 

infection in the subsequent decade.113,207,253 Various acquired AMR phenotypes have also been 

associated with the success of many epidemic C. difficile strains. Outbreaks of C. difficile 

RT 027 in North America and Europe were associated with resistance to fluoroquinolones and 

rifampicin,118,206  and tetracycline resistance played an important role in the evolution of 

C. difficile RT 078 as an important zoonotic lineage of C. difficile.83,125 

 Compared to C. difficile RTs 027 and 078, studies on AMR in C. difficile RT 017 are 

still limited. However, many epidemiologic studies revealed that C. difficile RT 017 has a 

higher prevalence of resistance to many antimicrobial classes (Figure 2.7), as well as a higher 
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prevalence of MDR.160,179,254 Also, many past outbreaks of C. difficile RT 017 were associated 

with AMR.12,174-177 

2.5.5.1 MLSB resistance in C. difficile RT 017 

Clindamycin resistance was most likely the major factor driving the first few 

outbreaks of C. difficile RT 017 during the period 1995 to 2000.174-176 Evidence of clindamycin 

resistance is documented in at least three out of five outbreaks during this period. Studies of 

the outbreaks in Poland and Argentina reported a high prevalence of erm(B) positive 

strains.174,175 Despite lacking genetic information, an investigation of the Netherlands outbreak 

suggested an association between the use of clindamycin for antimicrobial prophylaxis and 

the development of C. difficile RT 017 infection.176 

In non-outbreak settings, the prevalence of clindamycin-resistant C. difficile RT 017 

is high throughout the world (Figure 2.7A). Almost all (92.9 - 100.0%) C. difficile RT 017 

strains from studies in China, Korea and Europe were resistant to clindamycin.178-180 In 

Thailand, the prevalence of resistance was lower (66.7% - 86.4%), and comparable to other 

C. difficile RTs in the same study, such as C. difficile RT 014/020 and non-toxigenic strains.160 

In Europe, C. difficile RT 017 was reported to have a higher average minimal inhibitory 

concentration (MIC) for clindamycin than other common RTs.74 

2.5.5.2 FQR in C. difficile RT 017 

 FQR was likely responsible for the outbreak of C. difficile RT 017 in Ireland in 2003 

when the novel D426V substitution in the GyrB subunit was first identified.12,177 C. difficile 

strain M68, which was isolated from Ireland in 2006, also has this GyrB substitution.225 
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Figure 2.7 – Resistance prevalence for C. difficile RT 017 (dark blue bars) and other RTs 

in studies (light blue bars) from Europe73 and Asia (South Korea,180 Thailand160 and two 

studies from China)178,179 against four major antimicrobial groups: (A) macrolide-

lincosamide-streptogramin B (MLSB) group (represented by clindamycin), (B) third- and 

fourth-generation fluoroquinolones (FQ; represented by moxifloxacin), (C) carbapenems and 

(D) tetracyclines. 

 

 The prevalence of FQR was high among C. difficile RT 017 (Figure 2.7B). More than 

half the C. difficile RT 017 isolates from China in 2012 – 2013 (58.8%; 20/34), Thailand in 

2015 (83.3%; 10/12), South Korea in 2000 – 2009 (85.3%; 29/34) and South Africa in 2014 – 

2015 (97.6%; 124/127) were resistant to moxifloxacin.160,178,180,236 The study in South Korea 

also reported an association between the introduction of moxifloxacin in 2003 and a shift in 

the molecular epidemiology of CDI in that country where the prevalence of C. difficile RT 001 

(9.6%; 5/52 moxifloxacin resistance) decreased and C. difficile RT 017 (85.3%; 29/34 
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moxifloxacin resistance) increased.180 Although the number of isolates was low (19 isolates), 

all European C. difficile RT 017 isolates in 2005 were resistant to moxifloxacin.73 In a later 

study focussing on the period 2011 – 2014, C. difficile RT 017 had the highest average MIC 

for moxifloxacin compared to other common RTs in Europe.74  

2.5.5.3 MDR in C. difficile RT 017 

 MDR C. difficile refers to C. difficile isolates that have acquired resistance to at least 

three antimicrobial agents.160 MDR C. difficile RT 017 has been a growing problem for more 

than a decade. A study in European countries in 2005 revealed that C. difficile RT 017 was 

the second most common RT associated with MDR (18.3%; 15/82) with seven isolates (8.5%) 

being resistant to the MLSB group of antimicrobials (represented by clindamycin and 

erythromycin) and moxifloxacin, while eight isolates (9.8%) were also resistant to 

rifampicin.255 In 2015, two-thirds (8/12) of C. difficile RT 017 isolates in Thailand were 

MDR.160 This number was higher than other TCD in the same study. Furthermore, three 

clinical studies of C. difficile RT 017 infection concluded that resistance to many 

antimicrobial agents, such as clindamycin, rifampin, co-trimoxazole, first-generation 

cephalosporins and fluoroquinolones, had a stronger association with C. difficile RT 017 

compared to other C. difficile strains.221,223,256 This suggests that the rate of resistance to these 

antimicrobial agents is higher in C. difficile RT 017 than in other RTs in the same region. 

2.6 Summary 

 C. difficile is a significant pathogen in humans and C. difficile RT 017 ranks among 

the most successful C. difficile strains, most likely associated with high AMR prevalence. 

C. difficile RT 017, as well as other related strains, is prevalent in Southeast Asia, including 

Thailand, and is believed to originate from this region, although one WGS study did not 

support this hypothesis. 
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 Compared to other epidemic strains, investigations of C. difficile RT 017 are limited. 

A previous molecular epidemiologic study in Thailand was conducted in a single tertiary 

hospital within a year (2015).15 Though it has been reported to have caused severe diseases 

elsewhere,234 clinical characteristics of CDI due to C. difficile RT 017 in Thailand remain 

unknown. Finally, while it has been suspected that AMR drove the global spread of C. difficile 

RT 017, which specific antimicrobials were responsible for this spread, as well as when and 

from where the spread occurred, is unclear.
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3.1 Materials 

3.1.1 Culture media 

 All culture media and their roles in this project are listed in Table 3.1. The icons 

representing all culture media that will be used in Figures throughout this chapter are displayed 

in Figure 3.1. ChromID C. difficile agar (ChromID) was manufactured by bioMérieux, Marcy 

I'Etoile, France. Semisolid media for motility assay were prepared in-house by dissolving 

0.175% w/v agar powder (Oxoid, Basingstoke, Hampshire, UK) in brain heart infusion broth 

(BHIB). Other culture media were manufactured by PathWest Media, Mt Claremont, WA, 

Australia. 

Table 3.1 – List of culture media. 

Media Simplified name Role in this study 

Solid media 

ChromID C. difficile agar ChromID agar Primary plate for C. difficile isolation 

Horse blood agar Blood agar Culture of pure C. difficile colonies 

Identification of C. difficile  

Brucella agar supplemented with 

5 mg/l hemin, 1 mg/l vitamin K, 

5% laked sheep blood and varying 

concentration of antimicrobials 

Brucella agar Antimicrobial susceptibility testing 

Liquid media 

Brain heart infusion broth BHIB Preparation of stool specimens for 

direct culture 

Brain heart infusion broth with 

15% glycerol 

BHIB cryovial Long-term storage of bacterial isolates 

Robertson's cooked meat broth 

supplemented with 1g/l 

taurocholate, 5 mg/l gentamicin, 

250 mg/l cycloserine and 8 mg/l 

cefoxitin 

CMB Enrichment broth for stool specimens 

Long-term storage of stool specimens 

Dehydrated media   

Agar powder - Motility assay 

 

 All culture media were stored at 4 °C before use. On the day of the experiment, the 

media were brought to 35°C at least 1 h before the experiment. Blood agar plates were pre-

reduced in an A35 anaerobic chamber (Don Whitley Scientific Ltd, Shipley, West Yorkshire, 

UK) at least 1 h before the experiment. 
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Figure 3.1 – Icons representing each culture medium in this study. The icons on the left 

represent fresh media and the icons on the right represent culture-positive media. 

3.1.2 Buffers and solutions 

 All buffers and solutions used in this study, excluding PCR reagents, are listed in 

Table 3.2. Chelex-100 was supplied as resin and the suspension was prepared in the 

laboratory. One hundred grams of Chelex-100 resin was suspended in 1 litre of ultra-pure (UP) 

H2O, resulting in 10% Chelex-100 suspension, and was left at room temperature. After 2 days, 

UP-H2O was removed from the suspension as much as possible without removing the resin 

and new UP-H2O was added to match the volume of 1 litre. This process was repeated twice 

on the 4th and 7th days to remove soluble inhibitors from the resin. On the 7th day, the 10% 

Chelex-100 suspension in the newly changed UP-H2O was dispensed in 25 ml aliquots into 

50 ml containers and stored at 4 °C. Before use, 25 ml of UP-H2O was added to the suspension, 
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resulting in the final 5% Chelex suspension. One hundred microlitres of the suspension was 

then aliquoted into a DNAse-free 1.5 ml Eppendorf® tube using a magnetic stirrer and stirrer 

bar to keep the resin suspended evenly. The 100 µl aliquots were stored at 4 °C. Other buffers 

and solutions were supplied ready-to-use and did not require further preparation. 

Table 3.2 – List of buffers and solutions. 

Buffers/solutions Manufacturer 
0.85% NaCl solution PathWest Media, Mt Claremont, WA, Australia 

AMPure XP for PCR Purification Beckman Coulter Life Sciences,  Lane Cove, NSW, Australia 

Chelex-100 resin Sigma-Aldrich, Castle Hill, NSW, Australia 

Ultra-pure (UP) H2O Fisher Biotec, Perth, WA, Australia 

 

 Antimicrobials used in this study are listed in Table 3.3. All antimicrobials were 

incorporated into Brucella agar by PathWest Media, Mt Claremont, WA, Australia. 

Table 3.3 – List of antimicrobials. 

Antimicrobial Manufacturer 
Clindamycin Sigma-Aldrich, Castle Hill, NSW, Australia 

Erythromycin Sigma-Aldrich, Castle Hill, NSW, Australia 

Moxifloxacin Sigma-Aldrich, Castle Hill, NSW, Australia 

Meropenem Sigma-Aldrich, Castle Hill, NSW, Australia 

Rifaximin Sigma-Aldrich, Castle Hill, NSW, Australia 

Metronidazole Sigma-Aldrich, Castle Hill, NSW, Australia 

Vancomycin Sigma-Aldrich, Castle Hill, NSW, Australia 

Fidaxomicin Optimer Pharmaceuticals, San Diego, CA, USA 
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3.1.3 PCR reagents and primers 

 All PCR primers and reagents used in this study are listed in Tables 3.4 and 3.5, 

respectively. All reagents were supplied ready-to-use and did not require further preparation. 

All primers were supplied by GeneWorks, Thebarton, SA, Australia. Upon arrival, the freeze-

dried primer was dissolved in UP-H2O to make a 100 µM primer solution. The primer 

solutions were stored at -20°C. 

Table 3.4 - List of PCR primers. 

Primer Sequence (5' to 3') Product size* Reference 
PaLoc substitute 

lok1 AAAATATACTGCACATCTGTATAC 
767 36 

lok3 TTTACCAGAAAAAGTAGCTTTAA 

tcdA (non-repeating region) 

NK2 CCCAATAGAAGATTCAATATTAAGCTT 
252 47 

NK3 GGAAGAAAAGAACTTCTGGCTCACTCAGGT 

tcdA (repeating region) 

tcdA1 CAGTCACTGGATGGAGAATT 
193 250 

tcdA2 AAGGCAATAGCGGTATCAG 

tcdB 

NK104 GTGTAGCAATGAAAGTCCAAGTTTACGC 
203 46 

NK105 CACTTAGCTCTTTGATTGCTGCACCT 

cdtA 

cdtApos TGAACCTGGAAAAGGTGATG 
375 257 

cdtArev AGGATTATTTACTGGACCATTTG 

cdtB 

cdtBpos CTTAATGCAAGTAAATACTGAG 
510 257 

cdtBrev AACGGATCTCTTGCTTCAGTC 

Intergenic spacer region between 16S and 23S rRNA 

CD16S CTGGGGTGAAGTCGTAACAAGG 
variable 49 

CD23S GCGCCCTTTGTAGCTTGACC 

* Product size for the PaLoc substitute was calculated from the DNA sequence of 

 C. difficile DSM 29688 (GenBank accession no. CP019858). Product sizes for tcdA 

 (both regions) and tcdB were calculated from the DNA sequence of C. difficile VPI 

 10463 (GenBank accession no. X92982). Product sizes for cdtA and cdtB were  

 calculated from the DNA sequence of C. difficile CD196 (GenBank accession no. 

 L76081).
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Table 3.5 – List of PCR reagents. 

Name Manufacturer 

AmpliTaq Gold DNA polymerase Applied Biosystems, Foster City, CA, USA 

2% Bovine serum albumin (BSA) Sigma-Aldrich, Castle Hill, NSW, Australia 

dNTPs Fisher Biotec, Perth, WA, Australia 

GeneAmp 10× PCR Buffer II Applied Biosystems, Foster City, CA, USA 

25 mM MgCl2 solution Applied Biosystems, Foster City, CA, USA 

 

3.1.4 Commercial kits 

 All commercial kits used in this study are listed in Table 3.6. Oxford Nanopore 

Technologies (ONT) kits were stored at -20°C. All other commercial kits were stored at 4°C. 

Table 3.6 – List of commercial tests/kits. 

Name Manufacturer 

C. Diff Quik Chek Complete Alere, North America, Inc., Orlando, FL, USA 

ETEST® antimicrobial strip bioMérieux, Marcy I'Etoile, France 

Flow cell priming kit (EXP-FLP002) Oxford Nanopore Technologies, Oxford, UK 

Flow cell wash kit (EXP-WSH004) Oxford Nanopore Technologies, Oxford, UK 

Ligation sequencing kit (SQK-LSK109) Oxford Nanopore Technologies, Oxford, UK 

MinElute PCR purification kit QIAGEN, Venlo, The Netherlands 

NEBNext® companion module for ONT New England Biolabs, Notting Hill, VIC, Australia 

Proline aminopeptidase DIATABS™ kit Rosco Diagnostica, Tasstrup, Denmark 

Qubit dsDNA and ssDNA HS Kits Life Technologies, Carlsbad, CA, USA 

QuickGene DNA tissue kit Fujifilm, Minato-ku, Tokyo, Japan 
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3.2 Methods 

3.2.1 Settings 

3.2.1.1 Siriraj Hospital 

3.2.1.1.1 Overall 

 Siriraj Hospital is the largest tertiary care teaching hospital in Thailand. Based on the 

2016 statistics, it has a total of 2,061 inpatient beds, including 122 and 100 beds in the 

intensive care and intensive coronary care units (ICU and ICCU), respectively, with more than 

80,000 inpatient admissions and almost 2,500,000 outpatient visits annually. The majority of 

patients live in Bangkok, but Siriraj hospital also receives patients from several secondary 

hospitals around the country. 

3.2.1.1.2 Assadang Building 

 In Siriraj Hospital, several wards from the same department are located in the same 

building. Though the wards are on different floors of the building, they commonly share the 

same team of medical professionals, especially residents. At the time of the study, Assadang 

Building is the main building for the Department of Internal Medicine, with 8 general wards, 

4 ICUs and 1 ICCU. This building is the main study site for this research. 

3.2.1.2 Department of Medical Sciences 

 The Department of Medical Sciences is a department in the Ministry of Public Health, 

Thailand. It is the central laboratory facility for all regional hospitals in Thailand. The work 

in Chapter 4 of this thesis was conducted in the collaboration with the Anaerobes Laboratory 

at the Department of Medical Sciences. 
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3.2.2 Method summary 

 

Figure 3.2 – Summary of the workflow of this study. 

 

 The workflow of this study is summarised in Figure 3.2 above. The study is divided 

into three parts: the processing of specimens, the clinical study and the genomic study. After 

arrival at the laboratory, all stool specimens were processed in the same manner. C. difficile 

isolates were then characterised phenotypically (antimicrobial susceptibility testing; AST) and 

genotypically (toxin gene detection and PCR ribotyping) and, after characterisation, stored. 

Patient clinical data were retrieved from the database in Thailand and analysed in Perth. The 

clinical data analysis was added to the genotype and phenotype results and a list of C. difficile 

isolates of interest generated. These isolates then underwent genomic DNA extraction and 

whole-genome sequencing, and the resulting sequences analysed. 
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3.2.3 Culture conditions 

 Unless specified otherwise, all anaerobic culture was performed in an A35 anaerobic 

chamber (Don Whitley Scientific Ltd, Shipley, West Yorkshire, UK) at 35°C and 75% 

humidity, in the atmosphere containing 80% nitrogen, 10% carbon dioxide and 10% hydrogen. 

3.2.4 C. difficile morphology on culture media 

 There are two forms of C. difficile: vegetative cells and spores. The two forms are 

present at the different stages of bacterial culture (Figure 3.3). Vegetative cells of C. difficile 

are most abundant during the first few days of incubation. As the food source on the agar is 

depleted, the vegetative cells sporulate (i.e. turn into spores, a metabolically inactive form). 

 The vegetative cells are metabolically active, expressing typical characteristics of 

C. difficile. Thus, species identification is best done during the early days of incubation as the 

vegetative cells are abundant on the agar. Also, the DNA extraction process is performed on 

vegetative cells as the cells are easily inactivated and lysed, yielding relatively high DNA 

concentrations. The best time to work on vegetative cells is on the second day after inoculation 

(second column in Figure 3.3) as the vegetative cells are abundant and the colonies on blood 

agar are fully mature, showing typical characteristics of C. difficile colonies. 

 The spores are resistant to heat and alcohol. Thus, they are suitable for long-term 

storage. The best time to recover spores is at least 4-5 days after inoculation (fourth and fifth 

column in Figure 3.3) as most vegetative cells should have already sporulated. As they are 

not metabolically active, the colonies on blood agar do not fluoresce as clearly as 2-day-old 

colonies. Selective enrichment culture is also performed for at least 5 days and spores are 

selected using absolute ethanol (ethanol shock). Thus, it is required that spores are abundant 

in the broth. 
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Figure 3.3 – Microscopic and macroscopic morphology of C. difficile on the first 5 days 

of incubation. C. difficile ATCC 43598 (A-B+CDT-, ribotype 017) was inoculated on two 

blood agar plates and a ChromeID agar plate and inoculated anaerobically. All the plates were 

taken out of the anaerobic chamber daily for inspection. A colony from blood agar #1 was put 

on a glass slide and was stained by a standard Gram stain method. (Top row) Microscopic 

pictures show that vegetative cells of C. difficile are most abundant during the first 2 days of 

incubation and spores are most abundant after 4 days of incubation. (Second row) Clear 

C. difficile colonies can be seen on ChromID agar within the first day of incubation. (Third 

row) Mature C. difficile colonies can be seen on blood agar after 2 days of incubation. (Fourth 

row) Under ultraviolet light, C. difficile colonies on blood agar fluoresce the clearest on the 

second day and the fluorescence diminishes over time. 

3.2.5 Laboratory identification of C. difficile 

 The identification of C. difficile in this study was based mainly on macroscopic 

characteristics shown in Figure 3.3. C. difficile appears as irregular, flat, grey to black 

colonies on ChromID agar. Two-day-old colonies on blood agar are grey and fluoresce clearly 

under ultraviolet light, and produce a characteristic horse-manure odour. The bacterial isolate 

was classified as C. difficile if its colonies expressed all characteristics described above. 
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 However, not all C. difficile strains have all the characteristics above. For instance, 

some C. difficile strains are unable to hydrolyse esculin and do not produce typical black 

colonies on ChromID agar.258 As there has been an increasing number of C. difficile isolates 

producing white colonies on ChromID agar, an inspection of ChromID agar was done with 

caution to detect these atypical strains. Indeed, one C. difficile isolate in this study did produce 

white colonies on ChromID agar but otherwise expressed all typical C. difficile characteristics. 

Additional tests were performed to confirm that this isolate was C. difficile. 

 First, the query isolate was tested for the presence of glutamate dehydrogenase and 

the production of toxins using the C.DIFF Quik Chek Complete® kit (TechLab, VA, USA) 

according to the manufacturer’s protocol using the filtrate of the 2-day-old supplemented 

BHIB as a substrate.19 

 Second, the isolate was tested for the production of proline aminopeptidase.259 A 4 

McFarland suspension was prepared from a 2-day-old culture of the isolate. A proline 

aminopeptidase DIATABS™ (Rosco Diagnostica, Tasstrup, Denmark) tablet was added to 

the suspension which was then incubated for 4 h. A drop of aminopeptidase reagent was then 

added to the suspension and the reaction was observed for 5 min. C. difficile ATCC 700057 

and a randomly selected typical C. difficile isolate from this study were used as positive 

controls. B. fragilis ATCC 25285 and 0.85% NaCl solution were used as negative controls. 

 Finally, the isolate was tested with Matrix-Assisted Laser Desorption Ionization-Time 

of Flight Mass Spectrometry (MALDI-TOF MS) using 2-day-old colonies on blood agar. 

Spectral analysis was performed using a Microflex LT Mass Spectrometer (Bruker Daltonics 

GmbH, Bremen, Germany) according to the manufacturer's protocol. A score value of ≥ 2.000 

was considered an accurate identification. 

 All three tests supported the identification of this strain as C. difficile (duplicated 

MALDI-TOF score values 2.211 and 2.306). This isolate later went through the 
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characterisation of C. difficile described below. It was positive for both tcdA and tcdB 

(A+B+CDT-) and was categorised into ribotype (RT) 020. 

3.2.6 Specimen processing and culture 

 This study involved processing the remaining stool specimens after routine 

investigation. All specimens were sent directly for processing in Perth (Figure 3.4). Upon 

arrival, each specimen was inspected for consistency and volume and stored at -20 °C. One 

day before the processing, the stool specimens were brought to 4 °C to defrost overnight. One 

millilitre of BHIB was added to all formed and semi-formed stool specimens, as well as liquid 

stool samples with a volume of less than 500 µl to assist with the processing. 

 On the day of the processing, each stool specimen was mixed thoroughly. Ten 

microlitres of each stool specimen was inoculated onto ChromID agar and incubated for 2 

days. The rest of each specimen was inoculated into CMB and incubated for at least 5 days. 

 After 2 days, the ChromID agar was assessed for growth of putative C. difficile 

colonies (direct culture – left side of Figure 3.4). Putative C. difficile colonies were then 

inoculated onto blood agar and incubated for 2 days. The 2-day-old colonies on blood agar 

were assessed using the identification criteria described above. All C. difficile isolates 

underwent DNA extraction and long-term storage as described below. 
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Figure 3.4 – Steps of clinical specimen processing. 

 

 If there was no C. difficile identified from direct culture (direct culture-negative), the 

specimen would undergo a selective enrichment process (right side of Figure 3.4). After 5 

days of incubation, a 1 ml aliquot of CMB was mixed with 1 ml of absolute ethanol and the 

mixture was left in a room environment for at least 1 h (ethanol shock process). Ten microlitres 

of the ethanol-shocked CMB was then inoculated on ChromID agar and incubated for 2 days. 

Putative C. difficile colonies were processed as the direct culture method above. 
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3.2.7 Long-term storage of specimens and C. difficile isolates 

 All C. difficile isolates were inoculated onto blood agar and incubated for 2 days. Each 

blood agar plate was then examined for the purity of C. difficile growth (as seen in Figure 3.3) 

and then incubated for another 3 days. On the fifth day, all the bacterial growth on each blood 

agar plate was collected using a cotton swab and heavily inoculated into a BHIB cryovial 

which was stored at  -80 °C. After 5 days of incubation, the CMB containing stool specimens 

were stored at room temperature.  

3.2.8 DNA extraction and PCR reactions 

 Once C. difficile was isolated from a specimen, it underwent two processes for 

genotypic characterisation: toxin gene detection and PCR ribotyping. The DNA extraction 

process is visualised in Figure 3.5, starting with 2-day-old C. difficile colonies on blood agar. 

After confirming the identification of C. difficile as stated above, one-microlitre loop-full of 

C. difficile colonies was inoculated into a 5% Chelex-100 suspension. The Chelex-100 

suspension was then heated to 100°C for 15 min on a dry block heater and centrifuged at 

14,000 relative centrifugal force (rcf) for 15 min to allow pellet sedimentation. Sixty-five 

microlitres of the supernatant was then aliquot into a DNAse-free 1.5 ml Eppendorf® tube and 

stored at -20°C before use.  

 For all PCR reactions, master mixes were prepared according to the formulae in 

Table 3.7 and aliquoted into 12-tube PCR strips with the following volumes: 16 and 18 µl of 

duplex and monoplex toxin mixes, respectively, 40 µl of ribotype mix and 45 µl of Lok mix. 

All PCR strips were stored at -20°C before use. 
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Figure 3.5 – Steps in DNA extraction and PCR.  

 

 Toxin gene detection consisted of three separate PCR reactions: tcdA duplex PCR, 

tcdB monoplex PCR and binary toxin duplex PCR. Two and four microliters of DNA solutions 

were aliquoted into 18 µl and 16 µl of monoplex and duplex master mixes, respectively, 

resulting in the final volume of 20 µl. The PCR strips were then put into a 2720 Thermo Cycler 

(Applied Biosystems, Foster City, CA, USA) and cycled with the toxin gene detection PCR 

condition in Table 3.8. C. difficile NCTC 13366 (A+B+CDT+, RT 027) was included as a 

positive control. 
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Table 3.7 – Formulae for PCR master mixes. 

Reagent 

Final concentration 

Ribotype * 
Toxins ** 

Lok *** 
Monoplex Duplex 

Buffer II 1 × 1 × 1.25 × 1 × 

MgCl2 4 mM 2 mM 1.875 mM 3 mM 

BSA 0.024% (w/v) 0.01% (w/v) 0.01 % (w/v) 0.01 % (w/v) 

Taq polymerase 3.75 U/rxn 0.75 U/rxn 1.25 U/rxn 1.5 U/rxn 

dNTP (each) 400 µM 200 µM 250 µM 200 µM  

Primer (each) 0.4 µM 0.2 µM 0.25 µM 0.3 µM 

Master mix volume 40 µl 18 µl 16 µl 45 µl 

DNA substrate volume 10 µl 2 µl 4 µl 5 µl 

Final volume 50 µl 20 µl 20 µl 50 µl 

*  Ribotype mix includes CD16S and CD23S primer pair. 

**  Monoplex toxin mixes include tcdB (NK104 and NK105 primers), cdtA (cdtApos  

 and cdtArev primers) and cdtB (cdtBpos and cdtBrev primers) PCR mixes.  

 Duplex toxin mixes include tcdA (NK2, NK3, tcdA1 and tcdA2 primers) and 

 combined cdt (cdtApos, cdtArev, cdtBpos and cdtBrev primers) PCR mixes. 

***  Lok mix includes lok1 and lok3 primer pair. 

 

Table 3.8 – PCR conditions. 

 Ribotyping Toxin gene detection Lok PCR 

Initial Denaturation 95 °C × 10 min 95 °C × 10 min 95 °C × 10 min 

     Denaturation 94 °C × 1 min ×
 2

5
 

94 °C × 30 sec ×
 3

5
 

95 °C × 30 sec ×
 3

0
      Annealing 55 °C × 1 min 55 °C × 30 sec 52 °C × 30 sec 

     Elongation 72 °C × 2 min 72 °C × 1.5 min 72 °C × 70 sec 

Final elongation 72 °C × 7 min 72 °C × 7 min 72 °C × 7 min 

 

 The PCR product was visualised on a QIAxcel Advanced System capillary gel 

electrophoresis platform (QIAGEN, VIC, Australia). For tcdA, the C. difficile isolate was 

considered tcdA-positive only if both tcdA bands were present, as a missing band indicates a 

partial deletion in the tcdA gene (see section 2.5.1). For binary toxin, some C. difficile isolates 

can have a faint or absent cdtA band from the binary toxin Duplex PCR reaction. In such cases 

when only the cdtB band was present, the PCR was repeated with separate cdtA and cdtB 

monoplex PCR mixes. A C. difficile isolate was considered to be CDT+ only if it was positive 

for both cdtA and cdtB. 

 If the C. difficile isolate was PCR negative for the two large clostridial toxin genes 

(A-B-), it would undergo a confirmatory PCR for the absence of the PaLoc using Lok PCR. 

For this reaction, 5 µl of DNA solution was aliquoted into the Lok PCR mix, resulting in the 
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final volume of 50 µl. The PCR strips were then put into the 2720 Thermo Cycler and cycled 

with the Lok PCR conditions in Table 3.8. C. difficile ATCC 700057 (A-B-CDT-, RT 038) 

was included as a positive control. 

 For PCR ribotyping, 10 µl of DNA solution was aliquoted into the ribotyping PCR 

master mix, resulting in a final volume of 50 µl. The PCR strips were then put into the 2720 

Thermo Cycler and cycled with the Ribotyping PCR conditions in Table 3.8. 

 Before the visualisation, all ribotyping PCR products underwent PCR clean-up. This 

process was designed to remove contaminants from the PCR product and concentrate the 

product. Figure 3.6 demonstrates the difference between the PCR product of the same reaction 

with and without the clean-up process.  

 PCR clean-up was performed using the MinElute PCR purification kit and is 

visualised in Figure 3.7. Fifty microlitres of the ribotyping PCR product was mixed with 

250 µl of Buffer PB solution in a MinElute spin column (purple tube in Figure 3.7). The spin 

column was centrifuged at 17,900 rcf for 1 min. According to the manufacturer's protocol, all 

DNA fragments ranging from 70 bp to 4 kbp will bind with the silica membrane at the bottom 

of the spin column while all the impurities (e.g. excess primers, enzymes) passed through the 

membrane into the collection tube during this process. To remove further impurities, 750 µl 

of Buffer PE was added to the spin column and the column centrifuged at 17,900 rcf for 1 min. 

Afterwards, the old collection tube was discarded and the spin column was placed in a new 

collection tube. The column was then centrifuged at 17,900 rcf for another 2 min to make sure 

that all liquid was removed from the membrane. In the final step, the spin column was placed 

in a new collection tube and 15 µl of Buffer EB was aliquoted onto the membrane. The column 

was left for 2 min to make sure that Buffer EB diffused adequately into the membrane. In this 

step, the Buffer EB unbinds all DNA fragments from the silica membrane. The spin column 

was then centrifuged at 17,900 rcf for 1 min and 15 µl of Buffer EB, now containing the 

concentrated PCR product, was collected and stored at -20°C before visualisation. 
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 The cleaned and concentrated PCR products were visualised on a QIAxcel capillary 

gel electrophoresis platform and the results exported into the BioNumerics software package, 

v.6.5 (Applied Maths, Saint-Martens-Latem, Belgium) for analysis. The PCR banding patterns 

were compared using an unweighted pair-group method with arithmetic mean (UPGMA) and 

Dice coefficient to assess diversity in the population. Each C. difficile isolate was compared 

with the reference library consisting of 80 reference C. difficile strains from the European 

Centre for Disease Prevention and Control (ECDC) and the most prevalent C. difficile strains 

circulating in Australia and Southeast Asia (Riley TV, unpublished data). All isolates that 

matched with the reference strains were given RT numbers: a three-digit number if the isolate 

matched with the reference strain from the ECDC (e.g. 017, 027, 078), or a prefix 'QX' 

followed by a three-digit number if the isolate matched with the internal reference library (e.g. 

QX 002, QX 011, QX 026). Isolates that did not match an existing reference were given 

temporary nomenclature with the prefix 'KI' followed by a three-digit number (e.g. KI 001, 

KI 002, KI 003). These strains were later given new unique 'QX' numbers by Dr Papanin 

Putsathit. Strains with unclear banding patterns and unique singletons (i.e. a single isolate with 

a unique RT pattern) retained the temporary 'KI' nomenclature. 

 

 

Figure 3.6 – Effect of PCR clean-up step. (A) The PCR banding pattern after PCR clean up 

step was denser and more easily compared with the database than the uncleaned PCR product 

(B). 
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Figure 3.7 – PCR clean-up process. 

3.2.9 Screening for co-colonisation of TCD and NTCD 

 As the colonisation of non-toxigenic C. difficile (NTCD) is a possible protective factor 

against CDI,169 this colonisation must be detected to fully understand its impact on the clinical 

characteristics of CDI. However, NTCD and toxigenic C. difficile (TCD) usually have similar 

morphology and cannot be visually differentiated. The culture protocol above (Figure 3.4) 

could effectively identify one C. difficile isolate from a specimen and would potentially miss 

the co-colonising isolates. Thus, an additional protocol was developed to detect a second 

C. difficile isolate from the specimen, provided that the second isolate had a different toxin 

profile. 
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 One millilitre of the previously culture-positive CMB from storage was treated with 

1 ml of absolute ethanol for at least 1 h to select for spores in the broth. Twenty microlitres of 

the ethanol-shocked CMB was then inoculated onto blood agar and incubated anaerobically 

for 2 days. After incubation, the total growth on the blood agar was inoculated into 5% Chelex-

100 suspension and the DNA was extracted as described above. 

 The DNA solution then underwent screening PCR based on the toxin profile of 

C. difficile isolate previously acquired from the specimen during the culture process. If the 

first isolate was TCD, the DNA solution would undergo screening by Lok PCR. If the first 

isolate was NTCD, the DNA solution would undergo screening by tcdB monoplex PCR. The 

PCR process and the visualisation step were as described above. 

 If the DNA solution was positive for the screening test above, 20 µl of the ethanol-

shocked CMB of the same specimen would be inoculated into ChromeID agar which was 

incubated anaerobically for 2 days. Up to 30 different colonies on ChromID agar would then 

be sub-cultured onto blood agar and incubated anaerobically for 2 days. DNA from growth on 

each blood agar was then prepared as described above and tested with the tcdB monoplex 

PCR. Any isolate with an appropriate tcdB PCR result; indicating a strain with a different 

toxin profile to the original strain from the same specimen, was subcultured again onto a blood 

agar plate and then characterised as described above. 

3.2.10 Antimicrobial susceptibility testing 

 AST was performed by the agar dilution method as recommended by the Clinical and 

Laboratory Standards Institute (CLSI).260 The list of antimicrobials tested in this study, the 

test ranges and the minimal inhibitory concentration (MIC) breakpoints are listed in Table 3.9. 

The MIC breakpoints for most antimicrobials were based on the CLSI guidelines.260 For 

metronidazole and vancomycin, the MIC breakpoints were based on recommendations by the 

European Committee on Antimicrobial Susceptibility Testing (EUCAST)261 as these 

breakpoints were specific for C. difficile while the MIC breakpoints in the CLSI guidelines 
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were for anaerobic bacteria in general.260 The MIC breakpoints for erythromycin, rifaximin 

and fidaxomicin were based on a previous publication as there were no standard 

breakpoints.155,160,162  

Table 3.9 – List of antimicrobials, test ranges and susceptibility breakpoints. 

Antimicrobial 
Test range 

(mg/l) 

Breakpoint  (mg/l) 
Reference 

S I R 

Clindamycin 0.008 – 256 ≤ 2 4 ≥ 8 260 

Erythromycin 0.06 – 256 - - > 8 160 

Moxifloxacin 0.06 – 64 ≤ 2 4 ≥ 8 260 

Meropenem 0.12 – 16 ≤ 4 8 ≥ 16 260 

Rifaximin 0.008 – 64 - - > 32 162 

Metronidazole 0.008 – 4 ≤ 2 - > 2 261 

Vancomycin 0.03 – 4 ≤ 2 - > 2 261 

Fidaxomicin 0.002 – 2 - - > 1 155 

 

 For the agar dilution method, a 0.5 McFarland suspension was prepared by suspending 

2-day-old colonies of C. difficile on blood agar into 3 ml of 0.85% NaCl solution. Two hundred 

microlitres of each suspension was then aliquoted into a sterile 52-well target and then 

inoculated onto the Brucella agar containing the antimicrobials using an AQS A400 

Multipoint Inoculator (Akribis Scientific, UK). For each batch of agar dilution, C. difficile 

ATCC 700057, Bacteroides fragilis ATCC 25285, Eubacterium lentum ATCC 43055 and 

Bacteroides thetaiotaomicron ATCC 29741 were included as controls. The acceptable MIC 

ranges for these controls are listed in Table 3.10.260 All Brucella agar plates were incubated 

for 2 days.  

 After 2 days, each Brucella plate was examined under visible light. The MIC for the 

antimicrobial refers to the concentration of antimicrobial when there was a significant 

decrease in bacterial growth.260 In cases where contamination was suspected, most commonly 

in spots adjacent to B. fragilis ATCC 25285 and E. lentum ATCC 43055  (the second and third 

control strains), the plate was inspected under ultraviolet light to discriminate growth of 

C. difficile from contaminants.  
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Table 3.10 – Acceptable MIC ranges for control isolates. 

Antimicrobials 
Acceptable MIC values (mg/l) 

C. difficile 

(ATCC 700057) 

B. fragilis 

(ATCC 25285) 

E. lentum 

(ATCC 43055) 

B. thetaiotamicron 

(ATCC 29741) 

Clindamycin 2 - 8 0.5 - 2 0.063 - 0.25 2 - 8 

Erythromycin - - - - 

Moxifloxacin 1 - 4 0.125 - 0.5 0.125 - 0.5 1 - 4 

Meropenem 0.5 - 4 0.031 - 0.25 0.125 - 1 0.125 - 0.5 

Rifaximin < 0.016 - - - 

Metronidazole 0.125 - 0.5 0.25 - 1 - 0.5 - 2 

Vancomycin 0.5 - 4 - - - 

Fidaxomicin 0.063 - 0.25 - - - 

 

 For selected strains of C. difficile in this study, antimicrobial susceptibility testing was 

performed by a gradient diffusion method using ETEST® strips. A 2 McFarland suspension 

was prepared by suspending 2-day-old colonies of C. difficile on blood agar in 0.85% NaCl. 

Then, 100 µl of the suspension was inoculated onto blood agar and spread evenly. The E-Test 

strip was placed onto the centre of the blood agar and the agar was incubated anaerobically 

for 2 days. The MIC value is the concentration of antimicrobial where the bacterial growth 

intersected with the strip. If the growth intersected between two values, the higher value was 

used.  

3.2.11 Assessment of motility and cell aggregation 

 For selected strains of C. difficile in this study, motility and cell aggregation assays 

were performed. For motility, a 0.5 McFarland suspension was prepared as described above 

and inoculated into a BHIB with 0.175% agar using a sterile disposable needle.262 The BHIB 

was incubated for 48 h before the growth diameter was measured. For the cell aggregation 

assay, 10 µl of the 0.5 McFarland suspension was inoculated into 190 µl of BHIB in a well of 

a 96-well plate and incubated for 48 h. The optical density at 600 nm wavelength (OD600) was 

measured on the undisturbed growth using xMark™ Microplate Absorbance 

Spectrophotometer (Bio-Rad Laboratories, CA, USA). The growth was then disturbed by 

repeat pipetting and the OD600 was re-measured. The two OD600 values were compared to 
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evaluate the level of cell aggregation.263 For these assays, C. difficile strain IS58 (RT 033, non-

motile) was included as a negative control.264 

3.2.12 Clinical data collection and analysis 

 The clinical part of this study was approved by the Human Research Ethics Committee 

of The University of Western Australia (reference file RA/4/20/4704) and the Siriraj 

Institutional Review Board (protocol number 061/2558 [EC1]). This study included a total of 

469 patients visiting the Faculty of Medicine Siriraj Hospital, Mahidol University, Thailand 

(Siriraj Hospital), during 2015 – 2018 who fitted all the following inclusion criteria. 

1. The patient had at least one episode of diarrhoea during the study period. 

2. The patient had at least one of their stool specimens sent for the detection of TCD by 

direct PCR using the BD Max Cdiff assay (Becton Dickinson, US) as a part of the 

routine investigation at Siriraj Hospital. 

3. There was a sufficient amount of leftover stool specimen to be sent to Perth, Western 

Australia, for further testing. 

4. There was a complete medical record of the patient's diarrhoeal episode. 

5. The patient was at least 15 years old at the onset of the diarrhoea (i.e. adult patients). 

 A request was sent to the Department of Medical Records at Siriraj Hospital to retrieve 

patient medical records from the hospital archive. Once retrieved, patient data were recorded 

onto a case record form. Each patient was de-identified and given an internal identification 

number. 

3.2.12.1 Patient grouping 

 The patients were classified into two groups: the CDI group and the control group. 

Based on the latest recommendation by the Infectious Diseases Society of America and 

Society for Healthcare Epidemiology of America (IDSA/SHEA), patients were classified into 

the CDI group if their stool specimens were tested positive for TCD by both the direct tcdB 
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PCR method at Siriraj Hospital and the culture method described above. The patients were 

classified into the control group if their stool specimens tested negative by either test.98  

 Within the CDI group, the patients were further classified for subgroup analyses, 

1. To compare the disease characteristics of CDI by A-B+ and A+B+ C. difficile, the 

patients were classified into subgroups infected with A-B+ and A+B+ C. difficile 

based on the toxin gene detection result of the isolated C. difficile strain.  

2. To assess the effect of co-colonising NTCD, the patients were classified into 

subgroups with and without co-colonising NTCD based on the co-colonisation 

screening result. 

3. To compare metronidazole and vancomycin – the two most commonly used treatment 

options in this study, the patients were classified into subgroups treated with 

metronidazole and vancomycin. The patients were classified into the metronidazole 

group if they were treated with oral metronidazole and did not receive vancomycin. 

The patients were classified into the vancomycin group if they were treated with oral 

vancomycin; some also initially received oral metronidazole. This approach was 

similar to an earlier study in South Korea.221 Patients who did not receive any proper 

treatment for CDI were excluded from this part of the analysis. 

3.2.12.2 Assessment of patients' status and outcomes 

 Three different tools were used to assess patient status. To assess the severity of 

comorbid disease, i.e. a chronic host factor, a modified Charlson comorbidity index was used. 

The Charlson comorbidity index is a tool for the prediction of 1-year mortality of a patient 

based on his/her comorbidities listed in Table 3.11.265 Points are given based on both the 

presence and severity of disease. For example, a patient is given 2 points if he/she is diagnosed 

with liver disease and there would be an additional 2 points if the disease was at least of 

moderate severity. Charlson scores were treated as ordinal data in this study and were 

compared between groups using the Mann-Whitney U test. 
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Table 3.11 – Summary of Charlson comorbidity index. 

Comorbidity Charlson score 

Congestive heart failure 2 

Dementia 2 

Chronic pulmonary disease 1 

Rheumatologic disease 1 

Liver disease 

     (if moderate or severe) 

2 

+2 

Diabetes mellitus with chronic complication 1 

Hemiplegia or paraplegia 2 

Renal disease 1 

Malignancy [solid or haematologic] 

     (if solid tumour with metastasis) 

2 

+4 

HIV infection/AIDS 4 

Total 24 

 

 To assess the condition of patients at the onset of diarrhoea, two different tools were 

used and compared: Zar criteria148 and the severity criteria recommended by the 

IDSA/SHEA.98 

 The Zar criteria were developed to assess the severity of a CDI episode.148 

Accordingly, a patient is given 1 point for each of the following characteristics: age above 60 

years, body temperature above 38.3°C, white blood cell count over 15,000 cells/mm3 and 

serum albumin level below 2.5 mg/dl, and 2 points for each of these characteristics: 

hospitalisation in an ICU and presence of pseudomembranous colitis. The patient is 

considered to have severe CDI if he/she receives at least 2 points. For the IDSA/SHEA 

recommended criteria, a patient is considered to have severe CDI if he/she either has a white 

blood cell count over 15,000 cells/mm3 or at least a 1.5-fold increase in plasma creatinine 

level.98 Notably, most of the parameters are not specific to CDI. Thus, the Zar criteria were 

also applied to assess the patient’s status at the onset of the diarrhoeal episode. The results of 

these severity assessments were treated as categorical variables where 0 represented a non-

severe condition and 1 represented a severe condition.  

 As this study was a retrospective clinical study, records of patient outcomes could 

sometimes be unreliable. For instance, the resolution of diarrhoea was not documented in the 

majority of patients. Stool characteristics (watery, mucous or bloody) were also poorly 
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recorded. Thus, only objective outcomes were recorded and analysed. Important disease 

characteristics and clinical outcomes used in this study are listed in Table 3.12. 

 

Table 3.12 – Important disease characteristics and clinical outcomes. 

Characteristic/Outcome Definition 
Bloody diarrhoea Microscopic bloody diarrhoea – the presence of red blood 

cells in the stool specimen 

Pseudomembranous colitis A colonoscopic report of a pseudomembrane lesion in the 

colon 

Recurrence CDI A subsequent episode of CDI during 2-8 weeks after the 

initial CDI episode136 

Length of stay in the hospital The number of days the patient stayed at the hospital after the 

onset of diarrhoea 

Death (cause of death) The record of death in the patient's medical summary 

 

 The length of stay (LOS) in the hospital was recorded as the number of days and 

treated as a scale variable. All other outcomes were treated as categorical variables where 0 

represented the absence of the outcome and 1 represented the presence of the outcome. 

3.2.13 Whole-genome sequencing 

3.2.13.1 Selection of C. difficile strains for whole-genome sequencing 

 The selection of C. difficile strains in this study for whole-genome sequencing (WGS) 

was based on phenotypic characteristics, as well as the associated patient data. Most TCD 

strains belonged to C. difficile RT 017, the main focus of this thesis, with two exceptions: 

C. difficile strain MAR213 is a binary toxin-producing strain with a unique RT banding pattern 

that does not match any strains in the database (unique singleton, RT KI 008, see Chapter 5) 

and C. difficile strain MAR214, a strain which produces white colonies on ChromID agar and 

grows more slowly than other C. difficile strains. 

 C. difficile RT 017 strains were selected based mainly on patient data. Selection 

focused on strains isolated from patients who were admitted in the same building (Assadang 

Building, see section 3.2.1.1.2) around the same time (to provide intra-hospital 

epidemiological link) or patients who resided within the Bangkok metropolitan area. A few 
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C. difficile RT 017 strains isolated from the same patient were also included to validate the 

performance of the core-genome single nucleotide polymorphism (cgSNPs) analysis pipeline. 

 Besides TCD, a few NTCD strains were also selected for WGS, mainly to determine 

the relatedness between these NTCD and C. difficile RT 017. Representative NTCD strains 

were randomly selected from a list of the most common C. difficile RTs from previous 

studies.15,66-68,127 All strains were isolated from various sources (human, livestock and 

environment) in different countries in Southeast Asia. 

3.2.13.2 Genomic DNA extraction 

 Genomic DNA extraction was performed using the QuickGene DNA tissue kit 

(Fujifilm, Japan) according to the manufacturer's protocol. Before the extraction process, 

Quickprep lysis buffer was made by mixing 20 µl of proteinase K and 300 µl of lysis buffer 

(both parts of QuickGene DNA tissue kit) with 380 µl of 0.85% NaCl. This buffer was then 

aliquoted into a tube containing Lysing matrix B.  

 For the extraction process, a single colony of each C. difficile strain was inoculated 

onto two blood agar plates and incubated anaerobically for 2 days. The total growth on the 

two plates was then added to a tube containing Lysing matrix B and Quickprep lysis buffer. 

The buffer tube was then processed on MPBio FastPrep machine (MP Biomedicals, CA, USA) 

with the following settings: SPEED, 6.0 m/s; ADAPTER, QuickPrep; TIME 40 s. The buffer 

tube was rested on ice for 5 min then reprocessed on the MPBio FastPrep machine with the 

same settings. The twice-processed buffer was heated at 70°C on a dry block heater for 10 

min and was centrifuged at 18,000 rcf for 10 min to allow pellet precipitation. 

 Four hundred and fifty microlitres of the supernatant was transferred to a clean 1.5 ml 

Eppendorf® tube containing 240 µl of absolute ethanol and the mixture was transferred to a 

cartridge set up on the QuickGene mini80 platform (Fujifilm, Japan). On the QuickGene 

mini80 platform, the mixture was pressurised through a silica membrane. Similar to the clean-

up process described above, the DNA binds to the silica membrane while impurities in the 
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supernatant pass into the waste tube. This silica membrane was then washed with 700 µl of 

wash solution (part of QuickGene DNA tissue kit) three times. After the washing process, 

150 µl of elution buffer was aliquoted to the cartridge. The cartridge was then pressurised and 

the 150 µl of elution buffer containing the genomic DNA passed into a clean 1.5 ml 

Eppendorf® tube which was stored at -20°C for WGS. 

3.2.13.3 Quantification of genomic DNA 

 To ensure that a sufficient amount of DNA was submitted for WGS, all extracted 

genomic DNA was quantified with a Qubit Flex Fluorometer (ThermoFisher Scientific, WA, 

Australia). For each Qubit reaction, 199 µl of Qubit dsDNA HS buffer was mixed with 1 µl 

of Qubit dsDNA HS reagent, making 200 µl of working solution. 

 The quantification process started with the creation of a standard graph. Ten 

microlitres of standard solutions #1 and #2 were aliquoted into Qubit tubes containing 190 µl 

of working solution (final volume 200 µl), then loaded into the Qubit Flex Fluorometer and 

processed. For the quantification of genomic DNA, 1 – 10 µl of genomic DNA solution from 

the previous step was aliquoted into Qubit tubes containing working solution to make a final 

volume of 200 µl. The tube was then loaded into the fluorometer and subsequently analysed. 

The DNA concentration was recorded in ng/µl. The acceptable range for DNA concentration 

was > 7.0 ng/µl for Illumina sequencing and > 20.4 ng/µl for Nanopore sequencing (this 

equates to 1µg of DNA in 49 µl solution, per manufacturer's protocol).  

3.2.13.4 WGS using short- and long-read technologies 

 In the research reported in this thesis, WGS was performed using three platforms at 

three different institutions. First, WGS of NTCD strains (Chapters 4 and 5) was performed 

using the Illumina MiSeq platform (Illumina, Inc. San Diego, CA) at the Institute for 

Immunology and Infectious Diseases (iiiD), Murdoch University, Murdoch, WA, Australia. 

Second, WGS of TCD strains (Chapters 5 and 7) was performed using the Illumina HiSeq 
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platform (Illumina, Inc. San Diego, CA) at the Australian Genome Research Facility (AGRF), 

Melbourne, VIC, Australia. These two platforms utilise sequencing-by-synthesis (SBS) 

technology. Briefly, the genomic DNA is digested into short fragments of single-strand DNA 

(ssDNA), attached to an adapter sequence and anchored to the flow cell. The DNA synthesis 

occurs on the surface of the flow cell, with each nucleotide base labelled with different 

fluorescent colours. When the labelled nucleotide is added to the ssDNA strand, it emits a 

photon with a specific wavelength to each base which is then detected and translated into 

nucleotide sequence. This process results in a paired-end (PE) read with a length between 150 

– 250 bp, depending on the platform used.  

 The genome of one C. difficile RT 017 strain (MAR286) also underwent sequencing 

by ONT performed in-house, to enable hybrid assembly of a closed genome (see section 

3.2.14.3.3). The preparation of the DNA library for ONT sequencing was performed using the 

Ligation Sequencing Kit (SQK-LSK109) according to the manufacturer's protocol. The DNA 

library was then loaded into a FLO-MIN106 (R9.4.1) flow cell and run on the MinION Mk1C 

machine (Nanopore, Oxford, UK) for 24 h. In contrast to Illumina sequencing, the ONT does 

not synthesise the DNA. Instead, the DNA fragment (of various lengths ranging from 100 – 

10,000 bp) passes through the nanopores located on the flow cell. As each base passes through, 

it creates a unique signal which is then detected and recorded in a FAST5 format file. The raw 

FASTQ sequence is then generated from the FAST5 file using the accurate base-calling 

software accompanying the Mk1C machine (Guppy basecaller, v4.0.11). 

3.2.13.5 Retrieval of publicly available genomes 

 Apart from sequenced genomes, this research also utilised publicly available genomes 

in the NCBI Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra/). All read files 

under taxonomic ID (taxid) 1496 (corresponding to C. difficile) were downloaded using 

Prefetch and Fastq-dump; parts of the SRA toolkit v2.9.6 (https://github.com/ncbi/sra-tools). 

After download, all read files were screen for the read types and only Illumina PE reads were 

https://www.ncbi.nlm.nih.gov/sra/
https://github.com/ncbi/sra-tools
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included in this study. These read files would undergo the same trimming, quality assessment, 

and in silico typing, as the newly-sequenced Illumina read files. The short read analysis 

process is described below.  

3.2.14 Analysis of C. difficile genomes 

 The process for genome analysis is summarised in Figure 3.8. For PE reads obtained 

from Illumina sequencing, initial analyses were performed directly on the raw read files, 

providing rapid results. Concurrently, the raw PE reads were trimmed to remove low-quality 

and adapter sequences. The quality of the trimmed PE reads was then assessed. Those that 

passed were then analysed in downstream pipelines: de novo assembly and genome analysis, 

as well as cgSNP analysis. Strains that did not pass the initial quality assessment were re-

extracted and re-sequenced. The long reads obtained from ONT were mainly used for the 

hybrid assembly of local reference genomes. 

3.2.14.1 Characterisation of genomes using short-read sequence typing 

 SRST2 is software that was created for in silico multilocus sequence typing (MLST) 

and detection of genes based on short-read sequences. This software utilises Bowtie2 to align 

short-read sequences to a multi-FASTA database and SAMtools to process the alignments and 

call for the most likely allele from the database.266 In this study, SRST2 v0.2.0 was used for 

in silico MLST, antimicrobial resistance (AMR) genotyping and the identification of mobile 

genetic elements (MGEs), the latter being an extension of software function that has not been 

previously evaluated. The evaluation of the MGE detection scheme is described later in this 

chapter. 
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Figure 3.8 – Workflow for the analysis of C. difficile WGS data. 

3.2.14.1.1 In silico multilocus sequence typing 

 The first step of in silico MLST is the creation of an allele database. All known alleles 

for the seven housekeeping genes as published by Griffith et al52 and the MLST definition text 

file were downloaded from the PubMLST database (https://pubmlst.org/cdifficile/). All gene 

alleles were concatenated into a single FASTA file without formatting the header. All PE 

sequence reads were then interrogated against the FASTA database using a default setting on 

SRST2 with a "report_new_consensus" flag. This flag creates a FASTA file containing an 

allele sequence if there are no matching alleles in the database which would then be submitted 

to the PubMLST database to acquire a new allele number. Genome sequences with unknown 

allele combinations or with newly defined alleles would also be submitted to the PubMLST 

https://pubmlst.org/cdifficile/
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database to acquire a new sequence type (ST). At the time of thesis submission (July 2021), 

there are 880 C. difficile STs in the PubMLST database. 

3.2.14.1.2 AMR genotyping 

 AMR genotyping was performed on raw PE sequence reads using SRST2 software 

with two separate databases: the database for common accessory resistance genes and the 

database for point mutations in gyrA, gyrB, pbp1, pbp3 and rpoB. The annotated accessory 

resistance gene ARGannot database v3.0 was supplied within the SRST2 software package 

(https://github.com/katholt/srst2/blob/master/data/ARGannot_r3.fasta) and was downloaded 

without alteration.267 

 To create a database for point mutations in gyrA, gyrB and rpoB, the list of known 

alleles of these genes was downloaded from the PubMLST database, concatenated into a 

single FASTA file and formatted for compatibility with the SRST2 software using the 

csv_to_gene_db.py script which accompanies the software.266 This formatting script turns a 

FASTA file into a database with a specific header pattern which allows the program to 

recognise alleles of the same gene and report only the best match for each gene instead of 

reporting the similarity results of all alleles. All alleles were screened for substitutions known 

to be associated with resistance phenotypes. The lists of alleles and substitutions are provided 

in Appendix I. There is no existing database of known pbp1 and pbp3 publicly available. 

Thus, a concatenated FASTA file was created from the gene alleles of the reference genomes 

(Table 3.13), formatted as described above, and added to the point mutation database. 

  

https://github.com/katholt/srst2/blob/master/data/ARGannot_r3.fasta
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Table 3.13 – List of reference C. difficile genomes. 

Reference strain ST RT Clade GenBank accession 

630 54 12 1 AM180355.1 

R20291 1 27 2 FN545816.1 

M68 37 17 4 FN668375.1 

M120 11 78 5 FN665653.1 

 

 To detect the presence of accessory genes, the PE sequence reads were interrogated 

against the ARGannot database using SRST2 with default settings. To detect the presence of 

point substitution, the PE sequence reads were interrogated against the customised database 

using SRST2 with default settings and the "report_new_consensus" flag. All the matched 

alleles were compared with the lists of substitutions (Appendix I). The new consensus 

FASTA files were visualised on SeaView v4.6.4, translated and the presence of substitution 

identified manually.268 

3.2.14.1.3 Identification of MGEs 

 The conventional method for the detection of MGEs includes the assembling and 

annotation of the draft genome, visualisation of the genetic structure of the element and 

matching the element to known elements on a database.269 This method is time-consuming 

and requires manual manipulations (see section 3.2.14.3). Thus, it is not suitable for screening 

a large population. By utilising SRST2, which does not rely on draft genomes, an MGE-

screening method was developed and evaluated. 

 First, a database of MGEs previously described in C. difficile was created (Table 

3.14).183,209,224,270-273 This database was then used by the SRST2 software to interrogate PE 

sequence reads of genomes previously identified to be positive for specific accessory AMR 

genes. To evaluate the accuracy of the method, 11 erm(B)-positive strains and 18 tetM-positive 

strains were interrogated for MGEs with this method, as well as the conventional method 

described above. Briefly, the SRST2-based screening method was able to identify erm(B)-

positive transposons in all 11 strains and tetM-positive transposons in 14 strains. Among these 

strains, the coverage values were not different between the two methods (p = 0.136) and the 
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SRST2-based method slightly overestimated the nucleotide identity (NI) values by 0.46% (p 

= 0.049). No tetM-positive transposons were found in four strains by both SRST2 and 

conventional methods. Thus, the SRST2-based method had 100% accuracy compared to the 

conventional method. A table summarising the results of this evaluation can be seen in 

Appendix II. 

Table 3.14 – MGEs found in C. difficile. 

Name Accession Ref Name Accession Ref 

erm(B)-positive transposons tetM-positive transposons 

Tn5398 AF109075.2 183 Tn916 U09422.1 271 

Tn6189 MK895712.1 N/A* Tn5397 AF333235.1 272 

Tn6194 HG475346.1 270 Tn6190 FN665653.1 270 

Tn6215 KC166248.1 273 Tn6944 BK013348.1 This thesis 

Tn6218 HG002387.1 224    

Other MGEs tet44-positive transposons 

pCD-METRO CAADHH010000057.1 209 Tn6164 FN665653.1 270 

Note: * The sequence of this transposon was found in the GenBank database and a pilot  

 study on a few non-toxigenic C. difficile found this transposon to be the best match  

 for the erm(B)-containing element. There was no previous publication regarding this  

 transposon. 

 

 Among 27 strains with identified transposons, 26 (96.3%) had coverage values above 

80%. The remaining strain had a coverage of only 57.1% and was thus disregarded. 

Accordingly, 80% coverage was implemented as a cut-off value for screening. The maximum 

divergence was set at 10% for this screening method (corresponding with 90% NI). 

3.2.14.1.4 Prediction of clonal strains based on the short-read sequence files 

 As this study includes C. difficile genomes from the public database, many genomes 

may come from outbreak studies and likely be clonal. The inclusion of clonal strains may 

skew the AMR prevalence. Thus, the clonal strains should be screened and excluded from the 

analysis. Generally, the identification of clonal strains can be done by cgSNP analysis (see 

section 3.2.14.5.1) with strains having fewer than 2 cgSNPs considered to be clonal.274 

However, due to the large number of genomes included in this analysis, it was impractical to 

perform cgSNP analysis. Instead, pairwise average nucleotide identity (ANI) was performed 

to infer the clonality of strains.  
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 To perform the pairwise ANI analysis, short-read sequence files were compared using 

the Sketch algorithm in the BBtools package (https://sourceforge.net/projects/bbmap/). Based 

on the analysis of 240 C. difficile genomes, the pairwise ANI value of 99.98% or higher was 

chosen as the cut-off point for clonality (see Appendix III). This cut-off point had a sensitivity 

of 70.1% and a specificity of 76.8%. 

3.2.14.2 Trimming and quality assessment of the short-read sequences 

 The trimming and the qualification step was performed alongside the initial 

genotyping by SRST2 described above. This process consists of two consecutive steps: 

trimming and quality assessment. 

 Trimming of the remaining adapter sequences and low-quality reads was performed 

using TrimGalore v0.6.0 (https://github.com/FelixKrueger/TrimGalore). All trimmed PE 

sequence reads then underwent quality assessment by FastQC v0.11.5 (https://github.com/s-

andrews/FastQC) and MultiQC v1.7.275 The trimmed sequence reads were considered to pass 

the quality assessment if they had all the following properties: at least 95% of reads having a 

Phred score ≥ 30, theoretical coverage ≥ 20, GC content between 27 – 31% and appropriate 

read length. The trimmed sequence reads that did not pass were excluded from the analysis 

and repeated. Sequence reads with abnormal GC content were screened for possible 

contamination using Kraken v1.1.1 against the Mini Kraken2 database v1.276 

3.2.14.3 Genome assembly 

3.2.14.3.1 Genome assembly and annotation 

 The workflow for genome assembly and annotation is summarised in Figure 3.9. In 

the first step, long contiguous sequence reads (contigs) were assembled using SPAdes v3.13.1 

with default settings.277 The draft contigs (as a single FASTA file) were aligned against an 

appropriate reference C. difficile genome listed in Table 3.14 using Abacas v1.3.1.278 In this 

step, the direction of each contig was aligned to match the direction on the reference genome. 

https://sourceforge.net/projects/bbmap/
https://github.com/FelixKrueger/TrimGalore
https://github.com/s-andrews/FastQC
https://github.com/s-andrews/FastQC
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In the final assembly step, trimmed short-read sequences were used to close the gaps in the 

aligned contigs using GMcloser v1.5,279 after which contigs shorter than 300 bp were removed, 

resulting in a FASTA file containing refined contigs of a C. difficile genome. After assembly, 

each C. difficile draft genome was annotated using Prokka v1.14.0.280 A few selected genomes 

were submitted to GenBank and annotated using the NCBI Prokaryotic Genomes Annotation 

Pipeline (PGAP).281 

 
Figure 3.9 – Summary of the de novo genome assembly pipeline. 

 

3.2.14.3.2 Quality assessment of draft annotated genomes 

 Before further analyses, all draft genomes were assessed for quality and 

contamination. Quality assessment was performed using Quast v5.0.2.282 To assess for 
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contamination, all draft genomes were interrogated with Kraken v1.1.1 with mini_kraken 

database v1.276 Finally, the ST and genotypic AMR profiles of each genome were 

characterised and compared with the SRST2 approach described above.266 The ST, gyrA, gyrB 

and rpoB profiles were acquired by uploading the draft genomes to the PubMLST database. 

Other AMR profiles were acquired by interrogating the draft genomes using Abricate v1.0.0 

(https://github.com/tseemann/abricate) against the same databases as the SRST2 method 

above. 

3.2.14.3.3 Hybrid genome assembly 

 To create a complete genome of a local strain, a C. difficile strain, MAR286, was 

selected for ONT long-read sequencing in addition to Illumina short-read sequencing, to 

enable hybrid assembly of a closed genome. Hybrid genome assembly was performed using 

Unicycler v0.4.8 with a conservative approach.283 First, Unicycler uses SPAdes v3.13.1 to 

assemble a draft genome from short-read sequences, as described above.277 Then, utilising 

Miniasm v0.3284 and Racon v1.4.13 (https://github.com/lbcb-sci/racon), Unicycler uses long-

read sequences to bridge contigs together, resulting in longer contigs. Finally, Pilon v1.23 is 

used for short-read polishing of the assembled genome.285 The final graph obtained from 

Unicycler was visualised with Bandage v0.8.1 where the genome was manually polished, 

resulting in a complete circular genome.283 The genome was annotated with Prokka v1.14.0,280 

as well as submitted for the NCBI PGAP.281 

3.2.14.4 cgSNP analysis 

 Currently, cgSNP analysis is considered a gold standard to determine strain 

relatedness.286 To achieve the best accuracy of the cgSNP analysis, sequence reads should be 

mapped to the closest available reference genome. Fortunately, C. difficile ST 37 is an 

epidemic strain and there is a publicly available reference genome: C. difficile M68 [GenBank 

accession FN668375.1].225 The strain was isolated in 2005 in Ireland and the genome of a local 

strain may be a better reference genome for cgSNP analysis. Thus, a local reference genome 

https://github.com/tseemann/abricate
https://github.com/lbcb-sci/racon
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was assembled (C. difficile MAR286) and the analyses based on these two reference genomes 

were compared and are discussed in Chapter 7.  

 Mapping of trimmed PE sequence reads to the reference and variant calling were 

performed using Snippy v4.4.5 (https://github.com/tseemann/snippy). The resulting VCF file 

was then screened to exclude variants occurring in the repetitive region using SnpSift v4.3t,287 

and exclude indels using VCF-annotate v0.1.15.288 Concatenated consensus FASTA file was 

created from the screened VCF file and interrogated using Gubbins v2.4.1 to look for 

recombination sites.289 The variants occurring in the predicted recombination sites were 

excluded from the analysis. The number of pairwise high-quality cgSNPs for each strain was 

determined using SNP-dists v0.7.0 (https://github.com/tseemann/snp-dists). The clonality 

threshold of ≤ 2 cgSNPs difference was used.274 The final maximum likelihood (ML) 

phylogenetic tree was created based on the concatenated cgSNP sites generated by SNP-

sites,290 using PhyML extension of Seaview v4.6.4 with the following settings: generalised 

time-reversible (GTR) evolutionary model with 1000 bootstrap replicates.268,291 The tree was 

visualised and annotated using the interactive tree of life (iTOL).292 

3.2.14.5 Bayesian evolutionary analysis of C. difficile ST 37 

 To understand the evolution and spread of C. difficile ST 37, which corresponds to 

C. difficile RT 017,224 a Bayesian evolutionary analysis was performed. Bayesian evolutionary 

analysis is the estimation of a dated phylogenetic tree (a phylogenetic tree with the branch 

length in a unit of time) based on a set of known or assumed parameters (called priors).293 

Priors for Bayesian evolutionary analysis can include the population structure (as shown by 

genome alignment or ML phylogenetic tree), the evolutionary clock, the estimated 

evolutionary model, etc.  

 As Bayesian evolutionary analysis involves many parameters, it is computationally 

intensive. Thus, the Markov Chain Monte Carlo (MCMC) algorithm is commonly used to 

make the inference possible. Simply put, the MCMC algorithm allows adequate sampling 

https://github.com/tseemann/snippy
https://github.com/tseemann/snp-dists
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from a probability distribution rather than calculating the probability of each state.294 After 

sampling, the probability of the sampled state is compared to the probability of the previous 

state. If the probability of the new state is higher, the state is kept for further comparison. If 

not, the state is rejected. The MCMC is then continued for a designated number of times. The 

MCMC algorithm should be run until it reaches convergence, i.e. each estimated parameter is 

at its equilibrium state (Figure 3.10). Another consideration when performing the MCMC 

algorithm is that each sampling point may not be independent of one another. Thus, the 

effective sample size (ESS), the sample size where each state is independent, is estimated. In 

general, the ESS should be more than 100 for each estimated parameter. 

 For this part of the analysis, publicly available C. difficile ST 37 genomes, for which 

data on the collection date/year and the country of origin was available, were also included to 

get a better picture of the global C. difficile ST 37 population. Additional C. difficile ST 37 

genomes available in the local database were also included in the analysis. These genomes 

included three historic C. difficile ST 37 strains isolated in the early 1980s (JV50, JV56 and 

JV58). In total, there were 933 C. difficile ST 37 genomes isolated during 1981 – 2019 from 

six global regions (Africa, Asia, Europe, North America, Oceania and South America) 

included at the beginning of the analysis. 

3.2.14.5.1 Screening for clonal C. difficile genomes 

 In a Bayesian evolutionary analysis, the inclusion of clonal genomes is redundant and 

will require additional computational power. Thus, they should be removed from the dataset 

before analysis. To identify clonal genomes, cgSNP analysis was performed on 933 C. difficile 

genomes as described above. Based on a molecular clock published by Didelot et al,274 clonal 

genomes were identified based on the 2 cgSNPs threshold. For each clonal group, only one 

genome was included in the final dataset. After the exclusion of clonal genomes, 282 genomes 

(including C. difficile M68, the reference genome) remained for the final analysis. 
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Figure 3.10 – Inspection of traces for the convergence of a Bayesian evolutionary 

analysis. After each analysis by BactDating, traces can be visualised using the plot 

(<analysis_name>, 'trace') command in R. The plots on the right (MCMC chains of 108 

iterations) are more stable than the plots on the left (default setting, MCMC chains of 104 

iterations). The stability of the plots indicates that the parameters had reached their 

equilibrium. Note that the clock rate was not estimated (bottom left plot, ESS = 0) as it was a 

strict clock model. 

3.2.14.5.2 Bayesian evolutionary analysis on C. difficile ST 37 

 A Bayesian analysis was performed twice with BactDating v1.0.1,295 first, on the 45 

Thai C. difficile ST 37 genomes (details in Chapter 5) and, second, on the final 282 global 

C. difficile ST 37 genomes, using a recombination-adjusted phylogenetic tree from Gubbins 

v2.4.1 as an input.289 This software uses a pre-generated ML tree, which had already 

incorporated the evolutionary model as an input, together with the collection time for each 

sample and the estimated evolutionary clock. As the ML tree was already generated, it 

required less computational power and could be performed on a large dataset.295 The collection 

dates were supplied as intervals. If only the collection year was available, the interval covered 

the whole year (e.g. a strain collected in 2018 will have a collection interval [2018,2019]). If 

the collection date was available, the interval covered approximately the whole day using a 

three-digit decimal format (e.g. 2018.003 represents 1st January 2018 and 2018.006 represents 

2nd January 2018). A strain collected on 1st January 2018 would have a collection interval 
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[2018.003,2018.006]. BactDating was run using the following settings: MCMC chains of 

5×107 iterations sampled every 5×104 for the first analysis and 108 iterations sampled every 

105 iterations for the second analysis, with a 50% burn-in and a strict model with a rate of 1.4 

mutations per genome per year as published by Didelot et al.274 Traces were inspected to 

ensure convergence and the ESS for all estimated continuous variables were above 200 (see 

Figure 3.10). The final dated trees were visualised and annotated using iTOL.292 

 To evaluate the significance of the temporal signal, two smaller Bayesian analyses 

were performed on the 282 global C. difficile ST 37 genome dataset with MCMC chains of 

105 iterations, one with the actual collection time and one with a fixed tip date in the year 2011 

(the median collection year of the dataset). These two analyses were compared for their 

deviance information criterion (DIC) using the "modelcompare" command in the BactDating 

package.295 According to this comparison, the model with the collection date was better (DIC 

3,373.43 vs 4,008.93), suggesting that the temporal signal was significant.  

3.2.14.6 Pangenome analysis and pan-GWAS 

 This research involves the exploration of genetic loci that may be associated with 

some specific phenotypes or lineages. To identify the potential genetic loci, a two-step analysis 

was performed: a pangenome analysis and a pangenome-wide association study (pan-GWAS). 

In the pangenome analysis, all coding sequences (CDS) were identified from the annotated 

genomes (from Prokka) in a dataset. These genomes were then compared to identify CDS that 

were present across the database and the ones that were present only in some genomes. The 

CDS that were found in more than 95% of strains were considered core genes and the CDS 

that were found in less than 95% of strains were considered accessory genes. The combined 

number of core and accessory genes is the size of the pangenome. For this research, 

pangenome analysis was performed using Panaroo v1.1.0 with default settings.296 

 Pan-GWAS is an analysis that compares genomes from two groups of strains and 

looks for loci that are significantly associated with one group. For this study, pan-GWAS was 
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performed by Scoary v1.6.16 using the output from Panaroo and a text file that provides 

information on the grouping of the strains (by the presence or absence of specific traits) as 

inputs.297 The results from Scoary were then interrogated manually to select for CDS with 

p values ≤ 0.05 (empirical, naïve and Benjamin-Hochberg-corrected) and did not encode 

hypothetical proteins. Potentially significant loci were interrogated against two protein 

databases: NCBI and Uniprot,298,299 to predict possible functions. 

3.2.14.7 Sequence data availability 

 All new sequence data generated in this thesis have been submitted to public 

databases: all sequence reads (in FASTQ format) were submitted to the European Nucleotide 

Archive (ENA, https://www.ebi.ac.uk/ena/browser/home) and the FASTA sequences were 

submitted to the NCBI GenBank database.300 Details of the sequence data are in Appendix IV. 

3.2.15 Statistical analyses 

 All statistical analyses in this study were performed using tools by Social Science 

Statistics package available at https://www.socscistatistics.com/ [T, Mann-Whitney U, χ2, 

Fisher's exact and Cohen Kappa tests], IBM SPSS Statistics for Windows, v26.0 (IBM, NY) 

[regression analyses] and the statistical packages available in R [regression analyses].301 For 

χ2 tests involving two groups (calculated based on 2×2 tables), Yate's correction was applied. 

A p-value ≤ 0.05 was considered significant throughout the thesis.

https://www.ebi.ac.uk/ena/browser/home
https://www.socscistatistics.com/
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4.1 Introduction 

 To date, epidemiologic studies of C. difficile have been conducted in seven countries 

in Southeast Asia: Indonesia, Laos, Malaysia, the Philippines, Singapore, Thailand and 

Vietnam,15,66-68,127,241,302 with detailed PCR ribotyping results available in all countries, apart 

from the Philippines and Vietnam. The most common C. difficile ribotypes (RTs) in these 

countries thus far are summarised in Table 4.1. A single study in Laos reported on only 5 

strains of C. difficile (RTs 014, 017, 020, QX 107 and QX 574) and is not included in this 

Table. 

Table 4.1 – Molecular epidemiology of C. difficile in Southeast Asia. 

Country 

 

Toxin profiles Reference 

 A+B+CDT- (%) A-B+CDT- (%) A-B-CDT- (%) 

Indonesia  

(n = 74) 

Overall  

053 

QX 215 

014/020 

23.0 

4.1 

4.1 

2.7 

Overall 

017 

QX 134 

28.4 

24.3 

4.1 

Overall 

QX 224 

QX 238 

QX 108 

48.6 

9.5 

8.1 

8.1 

66 

Malaysia  

(n = 100) 

Overall 

043 

053 

014/020 

25.0 

10.0 

3.0 

3.0 

Overall 

017 

20.0 

20.0 

Overall 

QX 002 

QX 021 

009 

55.0 

8.0 

5.0 

4.0 

67 

Thailand  

(n = 105) 

Overall 

014/020 

QX 001 

25.7 

15.2 

1.9 

Overall 

017 

11.4 

11.4 

Overall 

010 

039 

009 

62.9 

11.4 

8.6 

5.7 

15 

Singapore  

(n = 61)* 

Overall 

053 

012 

014/020 

95.1 

21.3 

18.0 

18.0 

Overall 

017 

4.9 

4.9 

N/A N/A 

127 

Note:  Up to three most common RTs are displayed in the Table.  

 * The study in Singapore only reported toxigenic C. difficile. 

 The molecular epidemiology of C. difficile in Indonesia and Malaysia were similar, 

with around half the strains being non-toxigenic C. difficile (NTCD) and the toxigenic strains 

being equally divided between A+B+CDT- and A-B+CDT- C. difficile.66,67 Thailand had a 
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slightly higher prevalence of NTCD, and A+B+CDT- C. difficile was around twice as 

prevalent as A-B+CDT- C. difficile.15 The population of C. difficile in Singapore was different 

from the other countries, with 95.1% of toxigenic C. difficile (TCD) being A+B+CDT-.127 

Notably, the most common C. difficile RTs were similar throughout the region: C. difficile 

RT 014/020 was among the most common A+B+CDT- RTs in all four countries, RT 053 was 

among the most common A+B+CDT- RTs in three countries except Thailand and RT 017 was 

the most common A-B+CDT- RT in every country. 

 The difference in the strains of C. difficile found in Singapore may have arisen from 

differences in the socioeconomic structure of the country which more resembles that of 

Western countries rather than other Southeast Asian countries. Singapore has been an 

important port city for trade with European countries, as well as a major gateway for tourists 

from all over the world travelling to Southeast Asia. The three most common RTs in Singapore 

(RTs 053, 012 and 014/020) most of which were confirmed to belong to the evolutionary clade 

1 (see Table 2.2 in Chapter 2),127 which is believed to have originated in Europe, reflecting 

the close relationship between Singapore and Europe. 

 The higher prevalence of C. difficile RT 014/020 in Thailand compared to Indonesia 

and Malaysia may have also arisen because of its closer relationship with the Western 

countries. However, the study was conducted in a large tertiary hospital in Bangkok, the 

capital city of Thailand.15 Although this hospital also receives patients referred from regional 

hospitals, the majority of patients come from Bangkok and adjacent provinces, collectively 

called the Bangkok metropolitan area (see more details in Chapter 6), the population of which 

is different from other parts of Thailand. Thus, the molecular epidemiology of C. difficile in 

this study may not reflect the true epidemiology of C. difficile in the whole country. 

 To understand the true epidemiology of C. difficile in Thailand, it is necessary to 

include C. difficile strains from other regions of the country. Fortunately, there is a central 

laboratory to which stool samples from regional hospitals around Thailand are submitted in 

case C. difficile culture was needed to confirm the diagnosis: the Anaerobes Laboratory at the 
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Department of Medical Sciences, the Ministry of Public Health, Thailand. This laboratory 

holds the largest collection of clinical C. difficile strains from around Thailand. Dr Piyada 

Wangroongsarb, the director of the Anaerobes Laboratory at the time this study took place, 

agreed to collaborate on this study. 

 According to regulations of the Ministry of Public Health, Thailand, the bacterial 

strains could not be exported from the Ministry. Instead, all culture work was performed in 

Thailand under the supervision of Dr Wangroongsarb. DNA from the C. difficile isolates was 

then extracted and sent to Perth, Western Australia, for molecular testing. In addition to DNA, 

Dr Wangroongsarb also provided antimicrobial susceptibility testing (AST) results 

determined by the agar dilution method recommended by the CLSI on a subset of 100 

C. difficile strains.260 These C. difficile strains came from regional hospitals, where 

antimicrobial usage may have been different to the tertiary hospital in the previous report.15 

4.2 Aims 

• To investigate the molecular epidemiology of C. difficile from various regions of 

Thailand. 

• To compare the AST results for regional C. difficile strains with previously 

published results for C. difficile strains from Bangkok. 

• To characterise the population of NTCD in Southeast Asia. 

4.3 Results 

4.3.1 Bacterial isolates and their distribution 

 A total of 145 clinical C. difficile strains, from 13 different provinces in 6 regions of 

Thailand (Figure 4.1), was included. The toxin gene profiles and RTs of these C. difficile 

strains are summarised in Table 4.2; nearly half were NTCD (71 strains, 49.0%). Among the 

74 toxigenic strains, 46 (62.2%) were A-B+CDT- C. difficile while 28 (37.8%) were 
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A+B+CDT- C. difficile. There were no binary toxin-positive C. difficile. All A-B+CDT- 

C. difficile were positive for the non-repeating region but negative for the repeating region of 

tcdA, which implies a partial tcdA deletion.  

 The distribution of C. difficile strains in different parts of Thailand is summarised in 

Table 4.3. The prevalence of A+B+CDT- C. difficile in Northern Thailand was more than 

three times as high as the other regions (58.3% vs 15.8%, p = 0.002), with the majority 

belonging to RT 014/020. The prevalence of A-B+CDT- C. difficile was highest in 

Northeastern Thailand, although the difference was not statistically significant (60.0% vs 

29.6%, p = 0.074). The prevalence of NTCD was high in Western, Central and Southern 

Thailand (collectively 54.1% vs 21.7%, p = 0.006). 

 

 

Figure 4.1 – Origin of C. difficile strains in the collection. Strains from Bangkok came 

from 7 different healthcare facilities (number of strains: 11, 4, 2, 2, 1, 1, 1). Strains from 

other provinces came from a single healthcare facility in each province. 
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Table 4.2 – Ribotypes and toxin gene profiles of C. difficile in this collection. 

Ribotypes and toxin gene profiles Number of strains Proportion % 

A+B+CDT- 

014/020 

QX 070 

001, KI 001 

046, KI 002, KI 003, KI 004, KI 007,  

KI 009, KI 010, KI 011, KI 012, KI 013 

28 

10 

4 

2 (each) 

1 (each) 

19 

7 

3 

1 

1 

A-B+CDT- 

017 

KI 017, KI 005 

KI 015, KI 020 

KI 014, KI 016, KI 018, KI 019, KI 021,  

KI 022, QX 021*,QX 578* 

46 

28 

3 (each) 

2 (each) 

1 (each) 

32 

19 

2 

1 

1 

 

A-B-CDT- (non-toxigenic) 

QX 578 

QX 500 

QX 021 

KI 026 

KI 025 

KI 005**, KI 023, KI 027, KI 028, QX 238 

010, KI 024, KI 029, KI 030, QX 011,  

QX 511 

71 

19 

13 

11 

7 

5 

2 (each) 

1 (each) 

49 

13 

9 

8 

5 

3 

1 

1 

Note: * One strain each of ribotypes QX 021 and QX 578 was A-B+CDT- C. difficile. 

 ** Three strains of ribotype KI 005 were A-B+CDT- while two were non-toxigenic. 

 

Table 4.3 – Distribution of common C. difficile ribotypes and toxin gene profiles in Thailand. 

Ribotypes/ 

toxin gene 

profile 

Distribution (%) 

Overall North Northeast West Centre East South 

        

A+B+CDT- 

014/020 

Others 

28 (19) 

10 (7) 

18 (12) 

7 (58) 

5 (41) 

2 (17) 

2 (20) 

1 (10) 

1 (10) 

6 (24) 

- 

6 (24) 

5 (10) 

2 (4) 

3 (6) 

8 (18) 

2 (5) 

6 (13) 

0 (0) 

- 

- 

        

A-B+CDT- 

017 

Others 

46 (32) 

28 (19) 

18 (12) 

3 (25) 

3 (25) 

- 

6 (60) 

1 (10) 

5 (50) 

3 (12) 

- 

3 (12) 

20 (38) 

16 (31) 

4 (7) 

14 (31) 

8 (18) 

6 (13) 

0 (0) 

- 

- 

        

A-B-CDT- 

QX 578 

QX 500 

QX 021 

Others 

71 (49) 

19 (13) 

13 (9) 

11 (8) 

28 (19) 

2 (17) 

- 

- 

- 

2 (17) 

2 (20) 

- 

1 (10) 

- 

1 (10) 

16 (64) 

6 (24) 

2 (8) 

4 (16) 

4 (16) 

27 (52) 

7 (13) 

5 (10) 

5 (10) 

10 (29) 

23 (51) 

5 (11) 

5 (11) 

2 (5) 

11 (24) 

1 (100) 

1 (100) 

- 

- 

- 

        

Total 145 12 10 25 52 45 1 
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4.3.2 Effect of partial DNA degradation on the RT banding patterns 

 As DNA was extracted in Thailand and later sent to Perth, Western Australia, some 

level of DNA degradation was expected. DNA degradation did not have any effects on toxin 

gene detection; however, partial DNA degradation had a small effect on PCR ribotyping. For 

instance, C. difficile RTs 014 and 020 have similar banding patterns, the only difference being 

in the distance between the last two bands (Figure 4.2). Due to DNA degradation, the two 

largest bands of some strains were unclear, and the two RTs could not be distinguished. Thus, 

they were collectively reported as RT 014/020. Besides C. difficile RT 014/020, partial DNA 

degradation also affected some other closely related strains as displayed in Figure 4.3. 

 

 

Figure 4.2 – Effect of partial DNA degradation on banding patterns of C. difficile 

RT 014/020. 
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Figure 4.3 – Effect of partial DNA degradation on C. difficile strains with similar 

ribotyping patterns. (A) C. difficile RT QX 578 (A-B-CDT-, NTCD) has eight distinct bands 

with a mirror-image arrangement. (B) An A-B+CDT- C. difficile strain was classified as RT 

QX 578. (C) One A+B+CDT- C. difficile strain had a similar banding pattern to RT QX 578 

(RT KI 003). (D) and (E) Two A-B+CDT- C. difficile strains and (F) one NTCD strain had 

similar ribotyping patterns and were classified into the same ribotype (RT KI 005). 

4.3.3 Antimicrobial susceptibility of Thai C. difficile strains 

 The minimal inhibitory concentrations (MICs) of eight antimicrobials 

(chloramphenicol, clindamycin, erythromycin, levofloxacin, moxifloxacin, tetracycline, 

metronidazole and vancomycin) were available for 100 C. difficile strains (69.0%) isolated 

between 2006 and 2015, summarised in Table 4.4. and the comparison of MIC between two 

periods is summarised in Table 4.5. These ASTs were performed at the Ministry of Public 

Health, Thailand. The list of antimicrobials and the test ranges were different from the ones 

described in Chapter 3; however, the testing methodology and the MIC breakpoints were 

derived from the same references.160,260,261 
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Table 4.4 – Antimicrobial susceptibility for 100 C. difficile strains isolated in Thailand 

between 2006 and 2015. 

Antimicrobial 
MIC Range 

mg/l 

MIC50/90 

mg/l 

MIC breakpoint 

mg/l 
Susceptibility (%) 

S I R S I R 

Vancomycin † 0.25 – 1 0.5/0.5 ≤ 2 - > 2 100 - 0 

Metronidazole † ≤0.125 – 2 0.25/2 ≤ 2 - > 2 100 - 0 

Clindamycin ‡ 0.5 – > 256 32/>256 ≤ 2 4 ≥ 8 4 5 91 

Moxifloxacin ‡ 1 – 32 2/32 ≤ 2 4 ≥ 8 61 8 31 

Levofloxacin 1 – >128 4/128 - - - - - - 

Tetracycline ‡ ≤0.125 – 8 2/8 ≤ 4 8 ≥ 16 82 18 0 

Erythromycin § ≤0.5 – >128 2/>128 - - > 8 - - 35 

Chloramphenicol ‡ ≤0.5 – 64 4/16 ≤ 8 16 ≥ 32 88 4 8 

Note: † MIC breakpoints based on EUCAST recommendation261 
 ‡ MIC breakpoints based on CLSI recommendation260 

 § MIC breakpoint based on a previous publication160 

 

Table 4.5 – Comparison of MIC50/90 between C. difficile from 2006 – 10 and 2011 – 15. 

Antimicrobials 
TCD NTCD 

2006 – 2010 2011 – 2015 2006 – 2010 2011 – 2015 

Vancomycin 0.5/1 0.5/0.5 0.5/0.5 0.5/0.5 

Metronidazole ≤ 0.13/0.25 0.5/2 0.5/2 1/2 

Clindamycin 128/>256 128/>256 64/>256 32/>256 

Moxifloxacin 16/32 2/32 2/32 2/32 

Levofloxacin 128/128 8/128 128/128 4/128 

Tetracycline 4/8 4/8 4/8 0.125/4 

Erythromycin 4/>128 8/>128 2/>128 2/>128 

Chloramphenicol 4/32 4/8 4/32 4/8 

Note: All MICs are displayed in mg/l. 

 The MIC distributions for eight antimicrobials are shown in Figure 4.4. The MIC 

distribution for vancomycin was similar across all three different toxin profiles; A-B+CDT- 

C. difficile strains had a slightly higher MIC for clindamycin (MIC50/90 256/>256 vs 32/>256), 

erythromycin (MIC50/90 16/>128 vs 2/>128), levofloxacin (MIC50/90 128/128 vs 4/128), 

moxifloxacin (MIC50/90 16/32 vs 2/16) and tetracycline (MIC50/90 4/8 vs 1/4), and a slightly 
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lower MIC for chloramphenicol (MIC50/90 4/16 vs 4/32) and metronidazole (MIC50/90 0.25/1 

vs 1/2), compared to the other toxin profiles.  

 

Figure 4.4 – MIC distributions for eight antimicrobials against 100 strains of C. difficile 

in Thailand. The different colour bars represent different toxin profiles; A+B+CDT-, red; A-

B+CDT- yellow; A-B-CDT- (NTCD), green. For seven antimicrobials with published 

resistance breakpoint values, the breakpoints for intermediate resistance (I) and resistance (R) 

are shown by broken and solid lines, respectively. The X-axes show the MIC for the 

antimicrobials. 

 

 A-B+CDT- C. difficile strains had a higher prevalence of resistance to erythromycin 

(51.6% vs 27.5%, p = 0.035) and moxifloxacin (58.1% vs 18.8%, p < 0.001) than the other 

toxin profiles, while prevalence of resistance to clindamycin (87.1% vs 92.8%, p = 0.453) and 

chloramphenicol (6.5% vs 8.7%, p = 1) were not significantly different despite the difference 

in the MIC distribution. Although no C. difficile strains were resistant to tetracycline, 
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A-B+CDT- C. difficile had a higher prevalence of intermediate resistance than other toxin 

profiles (41.9% vs 7.3%, p < 0.001). 

4.3.4 Molecular epidemiology of NTCD in Southeast Asia 

 To provide additional information on the population structure of NTCD in Thailand 

and the Southeast Asia region, genomic DNA from 28 NTCD strains belonging to 12 different 

RTs from five countries in previous studies was extracted, sequenced and characterised by 

multilocus sequence typing (MLST).15,66-68,127,303 These strains included QX 021, the third 

most prevalent NTCD in the Thai C. difficile collection and Table 4.6 summarises the 

findings. The population comprised 13 different sequence types (STs): 6 and 7 STs belonged 

to evolutionary clades 1 and 4, respectively. Five new STs were identified: STs 556 (clade 4), 

557 (clade 4), 559 (clade 4), 560 (clade 4) and 561 (clade 1). Each RT belonged to one 

evolutionary clade, either clade 1 or clade 4, except for four C. difficile RT 038 strains, three 

of which belonged to clade 1 while the remaining strain belonged to clade 4. 

Table 4.6 – MLST characterisation of NTCD in Southeast Asia. 

Ribotype Number Corresponding sequence type (clade) 

009 3 ST 3 (1) 

010 2 ST 15 (1) 

038 4 ST 48 (1), ST 561 (1), ST 243 (4) 

039 2 ST 26 (1) 

QX 002 3 ST 302 (1) 

QX 011, QX 021, QX 238, QX 595 7 ST 39 (4) 

QX 107 4 ST 23 (4), ST 556 (4) 

QX 108 1 ST 559 (4) 

QX 510 2 ST 557 (4) ST 560 (4) 

Note:  The prefix 'QX' denotes an internal nomenclature for RTs that do not match any of  

 the reference RTs in the database. 

4.4 Discussion 

 C. difficile diverged into different clades millions of years ago and before the 

acquisition of the pathogenicity locus (PaLoc), a region of the genome that contains the genes 
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for toxins A and B. Following clade divergence, the acquisition of the PaLoc has subsequently 

occurred at different times in different geographical areas of the world.224 Thus, the PaLoc 

region is different in different C. difficile clades. The PaLoc in clade 4 has a characteristic 

deletion at the repetitive region of tcdA which can be detected by PCR.47,224,237-240 

 Besides the high prevalence of C. difficile RT 017 in Thailand, there were also 13 

novel A-B+CDT- C. difficile RTs found in this study. All A-B+CDT- C. difficile had a deletion 

at the repetitive region of tcdA, suggesting that these strains belonged to clade 4, although 

MLST is needed to confirm strain relatedness. The high prevalence of A-B+CDT- C. difficile 

in this study was consistent with previous reports from Southeast Asia,15,65-67,218 as well as 

China60 and South Korea.221 The consistent findings of C. difficile RT 017 in Southeast Asia 

and the significant diversity of clade 4 strains found implies that the origin of this clade is in 

this region as opposed to a report by Cairns et al., which suggested that these strains came 

from North America.226 

 In contrast to A-B+CDT- C. difficile, NTCD strains were not exclusive to clade 4, as 

many of the clade 1 C. difficile strains were also reported to be non-toxigenic,54 including 

C. difficile RT 010 (ST 15), the most common NTCD in the previous study.15 Many TCD 

(A+B+CDT-) found in this strain collection were also members of clade 1 C. difficile, most 

notably C. difficile RT 014/020 (primarily ST 2), the most common A+B+CDT- C. difficile in 

the country. This strain is highly prevalent in Europe and Australia,69,74 as opposed to 

C. difficile RT 017, which is mainly reported from Asia. Other significant C. difficile strains 

in clade 1, such as RTs 001 and 002, are also prevalent in Europe,54,74 suggesting that clade 1 

originated in Europe and was later transported to Asia and Australia through trade and 

colonialism. A high prevalence of C. difficile RT 014/020 alongside the high prevalence of 

C. difficile RT 017 suggests that the current TCD population in Asia is a mixture of the two 

clades.15,65-67,218 To further characterise the NTCD population in this region, MLST was 

performed on 28 NTCD strains belonging to 12 common RTs. The population of NTCD was 
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indeed equally divided between clades 1 and 4, similar to the epidemiology of TCD in the 

region.  

 Interestingly, most of the clade 4 NTCD strains belonged to novel RTs that did not 

match the library of reference strains, while most of clade 1 NTCD strains matched the 

existing known RTs (Table 4.6). Considering that this reference library is largely based on 

European strains, this result further supports the notion that clade 1 originated from Europe. 

Based on this observation, the differences in the epidemiology of NTCD between this study 

and the previous study can be seen.15 As stated earlier, the previous study was conducted in a 

single hospital in Bangkok and likely reflected the population of the metropolitan area, an area 

with frequent communication/contact with Western countries. The common NTCD in the 

previous study belonged to RTs 010 (11.4%; 12/105), 039 (8.6%; 9/105) and 009 (5.7%; 

6/105), all of which belong to clade 1.15 In this study, which included more samples from rural 

and less connected regions of Thailand, only one RT 010 strain was identified and the most 

common RTs were QX 578, QX 500 and QX 021, the latter being confirmed as a member of 

clade 4 in this study. This suggests that the population of C. difficile in a particular area is 

influenced by contact with people from different regions. 

 Differences in the C. difficile population could also be observed among TCD strains 

in different regions. For example, there was a higher prevalence of A+B+CDT- C. difficile, 

primarily RT 014/020, and a lower prevalence of NTCD, in the Northern region. Strains from 

this region came from Chiang Rai province, which is a province that ranks among the top 

tourist destinations in Thailand, attracting significant numbers of tourists from Europe 

(https://www.mots.go.th/mots_en57/more_news.php?cid=332&filename=index). This may 

have impacted the prevalence of C. difficile RT 014/020 in the community. Alternatively, this 

could also be due to an outbreak of C. difficile RT 014/020 in the hospital, as all the strains 

came from a single hospital. 

 PCR ribotyping has been used globally in prevalence studies to determine strain 

relatedness due to its simplicity.55 It is also used in Europe for C. difficile infection (CDI) 

https://www.mots.go.th/mots_en57/more_news.php?cid=332&filename=index
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surveillance,304 however, it is not without limitations.45,76 This present study found several 

novel C. difficile RTs with similar ribotyping patterns that were difficult to distinguish, as 

demonstrated in Figure 4.3. Some banding patterns were almost indistinguishable from one 

another, highlighting the limits in discriminatory power of this method, especially when there 

was DNA degradation during the transportation process. Also, similar banding patterns do not 

guarantee strain relatedness as the banding pattern relies mainly on differences in PCR 

amplicon size, not the actual nucleotide sequence. The use of toxin gene profiles can help 

further classify these strains, however, other methods, such as MLST and/or whole-genome 

sequencing (WGS), are needed to confirm the true extent strain relatedness. 

 The NTCD isolated in this study had a low prevalence of AMR in contrast to previous 

reports.160 This could be due to the difference in the time when C. difficile strains were 

isolated. The AST data in this study was from C. difficile strains isolated from 2006 – 2015, 

while a previous study reported AST data on C. difficile isolated during 2015.160 This 

difference in time-frames may have contributed to the apparent differences in susceptibility 

pattern, however, except for metronidazole, the strains of C. difficile isolated from 2011 – 

2015 in this study were not less susceptible than strains from 2006 – 2010 as shown by a 

comparison of MIC50 and MIC90 data in Table 4.5. Another possible explanation is the 

difference in the study sites. C. difficile strains in this study came from different levels of 

healthcare facilities where patients may have been exposed to fewer antimicrobial agents. The 

previous study was conducted in a large tertiary hospital in Bangkok where there was a higher 

rate of antimicrobial use.160 

 While all C. difficile in this study remained susceptible to metronidazole and 

vancomycin, similar to the earlier study,160 there appeared to be some creep in metronidazole 

MICs similar to that described by Baines et al.305 How this increase in metronidazole MIC 

may affect the outcome of CDI treatment in Thailand remains unknown. Despite updates in 

the international guideline for the treatment of CDI,98 metronidazole and vancomycin remain 

the treatments of choice in Thailand. The most recent clinical study of CDI in Thailand was 
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conducted in 2008 and most patients responded well to either metronidazole or vancomycin 

with low mortality and recurrence.158 It should also be noted that metronidazole MICs 

remained low in the previous study, while there was a slight increase in vancomycin MICs, 

suggesting that different treatment regimens may have been used in different hospitals.160 

MICs of fidaxomicin were not determined as the drug is not available in Thailand, however, 

since fidaxomicin has not been used previously, C. difficile in Thailand likely remain 

susceptible to this agent. This was shown in the previous study which reported low MIC (0.004 

– 0.25 mg/l) of fidaxomicin in C. difficile strains from Bangkok in 2015.160 

 The prevalence of resistance to clindamycin, erythromycin and moxifloxacin in this 

study was similar to the previous study in Thailand.160 Most fluoroquinolone-resistant strains 

belonged to C. difficile RT 017, which is also consistent with earlier reports in several 

countries.160,178,180,236 For many years, antimicrobial use in Thailand has been poorly 

regulated,306 and the misuse of antimicrobials, especially fluoroquinolones in diarrhoeal 

patients, is common.307 Fluoroquinolone resistance (FQR) provides RT 017 with a survival 

advantage and this was likely a factor that led to an outbreak of CDI caused by RT 017 in 

Ireland.12,177 This could happen in Thailand as no antimicrobial stewardship was poor.308 

 A limitation of this study was that all C. difficile strains were sourced from an existing 

collection. The source of the DNA samples was a reference laboratory that does not have 

records of patient information or other diagnostic tests which may have been done in the 

referring hospital. Thus, it was impossible to tell whether the strains were from patients with 

CDI or asymptomatic carriers. However, this study aimed to describe the diversity of 

C. difficile strains in Thailand, not the prevalence of CDI in the country nor the characteristics 

of patients. Since the Department of Medical Sciences, the Ministry of Public Health had the 

largest collection of C. difficile from various locations, it was suitable for this purpose. 

 Another limitation was that this study was conducted on transported DNA samples 

with no bacteria available due to Thai regulations. The degradation of DNA samples had some 

impact on the interpretation of the ribotyping results as discussed. Furthermore, the low quality 
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of the degraded DNA made it impossible to perform a high-quality MLST on these strains. 

Thus, MLST was not performed on any novel RTs, as well as RTs QX 578 and QX 500 which 

were the most prevalent NTCD strains. Instead, MLST was performed on a few NTCD strains 

from previous studies to make up for the missing genomic data.15,66-68,127,303 

4.5 Conclusions 

 Overall, C. difficile population in Thailand comprised a mixture of clade 4 

(predominantly C. difficile RT 017) and clade 1 strains (predominantly C. difficile 

RT 014/020) with some variations between different regions of the country. Clade 4 

C. difficile likely originated in the region while clade 1 C. difficile was likely imported from 

Europe. The high prevalence of AMR was consistent with the previous studies. A-B+CDT- 

C. difficile had a higher prevalence of resistance to many antimicrobials, most notably 

clindamycin and moxifloxacin, than other toxin profiles, which poses a significant risk of 

future outbreaks of these particular strains. 
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5.1 Introduction 

 In Chapter 4, C. difficile strains from various regions of Thailand were characterised. 

The population of clinical C. difficile strains was a mixture of clade 1 and 4 strains, with 

C. difficile ribotype (RT) 014/020 being the most common clade 1 strain and C. difficile 

RT 017 being the most common clade 4 strain. This overall epidemiology was similar to what 

was previously described in Siriraj Hospital,15,65 the primary study site for the research 

reported in this thesis. The next step in the study was to see whether the unique epidemiology 

of C. difficile in Thailand, with the high prevalence of A-B+CDT- C. difficile and non-

toxigenic C. difficile (NTCD), had any effect on disease characteristics and outcomes of 

C. difficile infection (CDI) in the country. Unfortunately, only 50 toxigenic C. difficile (TCD) 

from the previous study in 2015 could be linked back to CDI patients, with only 10 cases of 

C. difficile RT 017 infection.15 This warranted recruitment of more CDI cases. 

 To do this, 326 stool specimens that tested positive for tcdB by a real-time PCR 

method were transported to Perth, Western Australia, where they underwent anaerobic culture 

for C. difficile using both direct and selective enrichment methods. As a high prevalence of 

NTCD was expected, all stool specimens also underwent screening for co-colonisation of 

NTCD. This chapter reports the molecular epidemiology and the antimicrobial susceptibility 

results of the newly identified clinical C. difficile strains. To provide more context for 

antimicrobial resistance (AMR) among these C. difficile strains, a subset of 37 C. difficile 

RT 017 strains were selected for whole-genome sequencing (WGS) and AMR genotyping to 

evaluate the correlation between AMR genotype and phenotype, to identify mobile genetic 

elements (MGEs) and predict horizontal gene transfer events, as well as to look for 

uncharacterised genotypic AMR determinants. 

 The final part of this chapter involved the detailed AMR genotyping of 28 NTCD 

genomes described in Chapter 4 to explore the diversity of genotypic AMR determinants and 

the associated MGEs.  
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5.2 Aims 

• To provide a culture result for the diagnosis of CDI for patients in Chapter 6. 

• To characterise new clinical C. difficile strains. 

• To identify a change, if any, in the epidemiology and AMR prevalence of clinical 

C. difficile isolates from the previous study in 2015. 

• To characterise AMR genotypes in a subset of clinical C. difficile strains. 

• To characterise AMR-associated MGEs in C. difficile. 

5.3 Results 

5.3.1 Isolation of C. difficile from clinical specimens 

 Figure 5.1 summarises the workflow for the isolation of C. difficile from stool 

specimens. A total of 296 specimens was positive for C. difficile (90.8%), with 25 specimens 

having 2 C. difficile isolates with different toxin profiles (7.7%), yielding 321 non-repeat 

C. difficile strains. Of these, 221 (68.9%) were positive for tcdA and tcdB (A+B+CDT-), 58 

(18.1%) were positive for tcdB and had a deletion in tcdA (A-B+CDT-), three (0.9%) were 

positive for all toxin genes (A+B+CDT+) and 39 strains (12.2%) were negative for all toxin 

genes (A-B-CDT-, NTCD). 

 The 321 C. difficile strains belonged to 63 RTs, only 19 of which were internationally 

recognised. The remaining RTs were given internal nomenclature. The prevalence of the 

common RTs is summarised in Table 5.1. The most common TCD was C. difficile RT 017 

(A- B+CDT ), followed by RTs 014 and 020 (both A+B+CDT-). The most common NTCD 

was C. difficile RT 010. 
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Figure 5.1 – Isolation of C. difficile from clinical specimens. All stool specimens underwent 

the general specimen processing protocol (purple colour in the workflow). Stool specimens 

that were positive for C. difficile then underwent co-colonisation detection protocol (brown 

colour in the workflow) to detect the second C. difficile isolate in the specimens. If the first 

C. difficile isolate was toxigenic, the specimen was screened with Lok PCR to detect non-

toxigenic isolate. Conversely, if the first C. difficile isolate was non-toxigenic, the specimen 

was then screened with tcdB monoplex PCR to detect toxigenic strain. The table section of 

Figure 5.1 summarises the number of specimens that were positive for C. difficile by culture. 
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Table 5.1 – Ribotypes of 321 C. difficile strains from Thailand, by toxin profile. 

Toxin Profile Ribotype Number % of toxigenic strains % of all 

A+B+CDT- Total 

014 

020 

046 

QX 517 

297 

QX 026 

043 

Others 

221 

40 

24 

18 

17 

13 

11 

10 

88 

78% 

14% 

9% 

6% 

6% 

5% 

4% 

4% 

31% 

69% 

12% 

7% 

6% 

5% 

4% 

3% 

3% 

27% 

A-B+CDT- Total 

017 

58 

58 

21% 

21% 

18% 

18% 

A+B+CDT+ Total 

078 

QX 273 

KI 008 

3 

1 

1 

1 

1% 

<1% 

<1% 

<1% 

1% 

<1% 

<1% 

<1% 

A-B-CDT- Total 

010 

QX 002 

009 

QX 011 

Others 

39 

7 

5 

4 

4 

19 

- 

- 

- 

- 

- 

- 

12% 

2% 

2% 

1% 

1% 

6% 

 

5.3.2 Characterisation of a novel binary toxin-positive C. difficile strain 

 An A+B+CDT+ C. difficile strain (KI 008) had a unique PCR ribotyping pattern. 

According to the multilocus sequence typing (MLST) scheme, this isolate was characterised 

as the novel sequence type (ST) 692 within evolutionary clade 1. However, whole genome 

average nucleotide identity (ANI) analysis showed that this strain was more closely related to 

C. difficile R20291 (clade 2, ANI = 99.2%) than C. difficile 630 (clade 1, ANI = 98.9%). 

5.3.3 Antimicrobial susceptibility of Thai clinical C. difficile strains 

 AST results are shown in Table 5.2 and the minimal inhibitory concentration (MIC) 

distribution of the selected six antimicrobial classes is displayed in Figure 5.2. Based on the 

MIC value, clindamycin-resistant C. difficile strains could be divided into two groups: those 

with MIC ≥ 32 mg/l (n = 97) and those with MIC < 32 mg/l (n = 166). There was a strong 

correlation between high-level clindamycin resistance and erythromycin resistance: 95 strains 
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(97.9%) that had a clindamycin MIC ≥ 32 mg/l were also resistant to erythromycin while only 

16 strains (9.6%) in the other group were resistant to erythromycin (Cohen's kappa = 0.857).  

 When classified by toxin gene profiles, resistance to clindamycin, erythromycin, 

moxifloxacin and rifaximin were more prevalent among A-B+CDT- C. difficile, all belonging 

to RT 017, than A+B+CDT- and NTCD (Figure 5.2). Twenty-nine (9.0%) C. difficile strains 

were MDR, 26 (89.7%) of which were C. difficile RT 017. The remaining strains were NTCD 

(n=2) and A+B+CDT- C. difficile (n=1). All MDR strains were resistant to MLSB (both 

clindamycin and erythromycin), moxifloxacin and rifaximin. One MDR strain was also 

resistant to meropenem (C. difficile RT 017, MIC = 16 mg/l). 

Table 5.2 – Antimicrobial susceptibility of 321 C. difficile strains from Thailand. 

Antimicrobial 
MIC range  

(mg/l) 

MIC50  

(mg/l) 

MIC90  

(mg/l) 

Susceptibility (%) 

S I R 

Clindamycin 0.5 – >256 8 >256 26 (8%) 32 (10%) 263 (82%) 

Erythromycin 0.5 – >256 2 >256 - - 109 (34%) 

Moxifloxacin 0.5 – >64 2 32 242 (75%) 3 (1%) 76 (24%) 

Amoxicillin/clav 0.25 – 8 0.5 1 320 (>99%) 1 (<1%) 0 

Meropenem 1 – 16 4 8 280 (87%) 39 (12%) 2 (1%) 

Rifaximin ≤0.008 – >64 0.03 2 - - 31 (10%) 

Metronidazole 0.06 – 1 0.25 0.25 321 (100%) - 0 

Vancomycin 0.5 – 2 1 2 321 (100%) - 0 

Fidaxomicin 0.03 – 0.25 0.125 0.25 - - 0 

Note:  Amoxicillin/clav, amoxicillin-clavulanate combination 

5.3.4 AMR genotypes in Thai clinical C. difficile strains 

 A summary of MIC values and AMR genotypes of 37 whole-genome sequenced 

C. difficile strains is shown in Table 5.3. Thirty-one C. difficile strains had high-level 

resistance to clindamycin: 23 strains carried erm(B), five carried erm(G) and three carried a 

gene encoding an rRNA adenine N(6)-methyltransferase protein. This gene was given the 

name erm(52). Of the 23 erm(B)-positive strains, 19 carried the gene on transposon Tn6194 

(82.6%), while the other four (17.4%) carried the gene on Tn6189. No erm-class genes were 

identified among strains with low-level clindamycin resistance. The concordance between the 
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presence of erm-class genes and high-level clindamycin resistance was 100%. A gene 

encoding a macrolide efflux protein was identified in two strains with high-level erythromycin 

resistance (MIC > 256 mg/l) and only low-level clindamycin resistance that was named 

mef(H). No significant genotypic resistance determinants were identified in strains with low-

level clindamycin resistance. 

 

 

Figure 5.2 – MIC distributions for six antimicrobials against 321 strains of C. difficile in 

Thailand. C. difficile strains were classified according to their toxin gene profiles: 

A+B+CDT-, red; A-B+CDT-, yellow; A-B-CDT-, green. The number of A+B+CDT+ 

C. difficile was low (n = 3) and was excluded. Breakpoints for intermediate resistance (I) and 

resistance (R) are shown by broken and solid lines, respectively. The X-axes show the MIC 

for the antimicrobials. 



 

 

 

Table 5.3 – AMR phenotypes and genotypes among clinical C. difficile strains from Thailand. 

Strain ID 

MLSB MOX RIF MER 

MIC 

(CLI) 

MIC 

(ERY) 
Genotype MIC Genotype† MIC Genotype‡ MIC Genotype§ 

MAR006 >256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR014 >256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR024 256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 8 - 

MAR027 256 >256 erm(B) 2 - 0.03 - 4 - 

MAR037 >256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR040 256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 8 - 

MAR063 8 1 - 2 - 0.015 - 4 - 

MAR064 128 >256 erm(B) 8 - >64 H502N, R505K 4 - 

MAR065 >256 >256 erm(B) 16 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR076 16 2 - 2 - 0.008 - 4 - 

MAR081 >256 >256 erm(B) 2 - 0.008 - 4 - 

MAR084 >256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 - 

MAR099 256 >256 erm(G), msr(D) 2 - 0.008 - 4 - 

MAR138 >256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR140 >256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR153 >256 >256 erm(G), msr(D) 32 T82I(A) >64 H502N, R505K 8 Y721S(3) 

MAR169 >256 >256 erm(G), msr(D) 32 T82I(A) >64 H502N, R505K 8 Y721S(3) 

MAR178 >256 >256 erm(G), msr(D) 32 T82I(A) >64 H502N, R505K 8 Y721S(3) 

Note:  † point substitutions on either GyrA (A) or GyrB (B) subunit; ‡ point substitutions on RpoB; § point substitutions on either PBP1 (1) or PBP3 (3); 

 MLSB, macrolide-lincosamide-streptogramin B; CLI, clindamycin; ERY, erythromycin; MOX, moxifloxacin; MER, meropenem.   



 

 

 

Table 5.3 (continued) – AMR phenotypes and genotypes among clinical C. difficile strains from Thailand. 

Strain ID 

MLSB MOX RIF MER 

MIC 

(CLI) 

MIC 

(ERY) 
Genotype MIC Genotype† MIC Genotype‡ MIC Genotype§ 

MAR191 256 >256 erm(B) 2 - 0.03 - 4 - 

MAR196 >256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR199 >256 >256 erm(G), msr(D) 32 T82I(A) >64 H502N, R505K 8 Y721S(3) 

MAR213 8 2 - 2 - 0.03 - 4 - 

MAR214 >256 0.5 erm(B) 16 D426N(B) 0.03 - 2 - 

MAR217 >256 >256 erm(B) 2 - 0.03 - 8 - 

MAR218 >256 >256 erm(B) 2 - 0.03 - 8 - 

MAR225 >256 >256 erm(52) 32 T82I(A) >64 H502N, R505K 8 Y721S(3) 

MAR235 >256 64 erm(52) 32 T82I(A) >64 H502N, R505K 8 Y721S(3) 

MAR245 256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR251 256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR272 8 >256 mef(H) 2 - 0.015 - 4 - 

MAR273 8 1 - 2 - 0.015 - 4 - 

MAR286 >256 >256 erm(B) 2 - 0.03 - 4 - 

MAR297 256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR300 >256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR302 >256 64 erm(52) 32 T82I(A) >64 H502N, R505K 16 Y721S(3) 

MAR306 >256 >256 erm(B) 32 T82I(A) >64 H502N, R505K 4 A555T(1) 

MAR310 16 >256 mef(H) 2 - 0.03 - 4 - 

Note:  † point substitutions on either GyrA (A) or GyrB (B) subunit; ‡ point substitutions on RpoB; § point substitutions on either PBP1 (1) or PBP3 (3);  

 MLSB, macrolide-lincosamide-streptogramin B; CLI, clindamycin; ERY, erythromycin; MOX, moxifloxacin; MER, meropenem. 
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 Twenty-five sequenced strains were resistant to moxifloxacin (MIC 8 – 32 mg/l). Of 

these, the T82I substitution in GyrA and the D426V substitution in GyrB were found in 23 

strains and one strain, respectively. No known point substitutions were found in one strain 

with low-level moxifloxacin resistance (MIC 8 mg/l), as well as all moxifloxacin-susceptible 

strains [97.4% concordance]. There were H502N and R505K substitutions in RpoB in all 23 

rifaximin-resistant strains and none of the susceptible strains [100% concordance]. 

 Twelve strains had an A555T substitution in PBP1 and another seven had a Y721S 

substitution in PBP3. Multiple linear regression analysis suggested that the Y721S substitution 

in PBP3 was associated with a 4.4-fold increase in meropenem MIC (95% confidence interval: 

2.8 – 6.0, adjusted R2 = 0.516, t = 5.521, p < 0.001), while the A555T substitution in PBP1 

was not associated with a change in meropenem MIC (t = -1.127, p = 0.268). 

5.3.5 AMR genotypes in Southeast Asian NTCD 

 To further explore the diversity of AMR determinants among Southeast Asian 

C. difficile strains, AMR genotyping were performed on 28 Southeast Asian NTCD 

characterised in Chapter 4 and the results are summarised in Table 5.4. Of the 28 C. difficile 

strains, 19 (67.9%) had at least one accessory AMR gene, and 11 (39.3%) had more than one 

accessory gene. The most common accessory gene was tetM, found in 13 strains (46.4%), 

followed by erm(B) in eight strains (28.6%). Other accessory genes included tetO (n=2) and 

tetB(P) (n=2), both conferring tetracycline resistance, an ant(6)-Ia–aph(3')-III–sat4A cluster 

(n=3) and aac(6′)-Ie-aph(2")-Ia (n=2), conferring aminoglycoside resistance, catP (n=2), 

conferring chloramphenicol resistance and a newly characterised erm(52) (n=1). No known 

elements conferring resistance to metronidazole or vancomycin were found.



   

 

 

Table 5.4 – Genotypic AMR determinants in NTCD from Southeast Asia. 

Strain ID Origin Country Ribotype ST (clade) Accessory resistance genes GyrA GyrB RpoB 

I0005 Human Indonesia QX 108 559 (4) catP, tetM - - - 

I0014 Human Indonesia QX 595 39 (4) ant(6)-I–aph-III–sat4 cluster, catP, erm(52) T82I - R505K 

I0015 Human Indonesia QX 238 39 (4) ant(6)-I–aph-III–sat4 cluster, tetM - - R505K 

I0024 Human Indonesia QX 011 39 (4) tetM - - - 

I0050 Human Indonesia QX 510 560 (4) - - - - 

I0058 Human Indonesia QX 107 556 (4) - T82I - - 

LAOS005 Human Laos QX 107 23 (4) - - - - 

MA001 Human Malaysia 038 243 (4) - - - - 

MA002 Human Malaysia QX 002 302 (1) tetB(P) - - - 

MA029 Human Malaysia 039 26 (1) erm(B), tetM, tetO - - - 

MA042 Human Malaysia 009 3 (1) tetM - - - 

MA043 Human Malaysia QX 238 39 (4) aac6-aph2, erm(B), tetM - - - 

MA059 Human Malaysia 010 15 (1) erm(B), tetM - - H502Y 

MA105 Human Malaysia QX 011 39 (4) tetM - - - 

MA108 Human Malaysia QX 021 39 (4) - - - - 

MP001 Animal Malaysia 038 561 (1) - T82A - - 

 

  



   

 

 

Table 5.2 (continued) – Genotypic AMR determinants in NTCD from Southeast Asia. 

Strain ID Origin Country Ribotype ST (clade) Accessory resistance genes GyrA GyrB RpoB 

SI0025 Human Singapore QX 002 302 (1) tetB(P) - - - 

SI0035 Human Singapore 009 3 (1) erm(B), tetM T82I - - 

TAP005 Animal Thailand 038 48 (1) tetM T82I - - 

TEP009 Environment Thailand QX 107 23 (4) - - - - 

THP018 Human Thailand 039 26 (1) tetM, tetO T82I - - 

THP030 Human Thailand QX 107 23 (4) - - - - 

THP046 Human Thailand QX 002 302 (1) erm(B) T82I - H502N, R505K 

THP093 Human Thailand 010 15 (1) aac6-aph2, erm(B), tetM - D426N R505K 

THP143 Human Thailand 009 3 (1) erm(B) T82I - - 

THP147 Human Thailand QX 510 557 (4) - - - - 

THP192 Human Thailand QX 011 39 (4) erm(B), tetM - - - 

THP196 Human Thailand 038 48 (1) ant(6)-I–aph-III–sat4 cluster T82I - - 
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5.3.6 Geno-phenotype concordance of AMR in NTCD 

 Table 5.5 summarises the MICs and genotypic AMR determinants in all NTCD 

strains. There was 90.0% (9/10) and 100% (5/5) concordance between fluoroquinolone and 

rifaximin resistance, respectively, and the known mutations in gyrA, gyrB and rpoB. One 

fluoroquinolone-resistant strain (THP147) had an S366A substitution in GyrB without any 

accompanying substitution in GyrA. Among 21 strains resistant to either clindamycin or 

erythromycin, only nine were positive for erm(B) (42.9%) and one positive for the newly-

identified erm(52) (4.8%), all of which had high-level resistance to both agents. The erm(B) 

and erm(52) genes were not found in any MLSB-susceptible strains. The remaining 11 erm-

negative MLSB-resistant strains were interrogated for other known MLSB-resistance 

genotypes.181 All strains had normal rplD (653 bp) and rplV (335 bp), as well as other genes 

in the rpl cluster. All resistant strains carried at least one copy of the 23S rRNA gene with 

C656T mutation, however, this mutation could also be detected in MLSB-susceptible strains. 

No other genotypic determinants were found. 

5.3.7 Identification of MGEs in NTCD 

 Out of eight accessory AMR gene clusters identified in NTCD strains, four were not 

matched with any known C. difficile MGEs (Table 5.6). Based on the BLAST database, the 

closest element for tetO was Campylobacter jejuni plasmid pGMI16-002 (99.9% nucleotide 

identity). The closest elements for the ant(6)-Ia–aph(3')-III–sat4A cluster were Enterococcus 

faecium plasmid pHVH-V2937-2 (100% nucleotide identity) and Erysipelothrix 

rhusiopathiae element ICEEr0106 (99.9% nucleotide identity). The closest MGEs for aac6-

aph2 were segments of Staphylococcus aureus plasmid pSA01-tet (100% nucleotide identity, 

17% of the element), the Enterococcus faecalis plasmid pR712_01 (100% nucleotide identity, 

7% of the element) and the E. faecium plasmid pVVEswe-R1 (99.8% nucleotide identity, 2% 

of the element. 
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Table 5.5 – AMR phenotypes and genotypes in NTCD strains from Southeast Asia. 

Strain ID 

Antimicrobials 

MLSB RIF MOX 

MIC (mg/l) Genotype MICs 

(mg/l) 

Genotype† MIC 

(mg/l) 

Genotype‡ 

CLI ERY 

I0005 8 >256 - 0.06 - 2 - 

I0014 >32 64 erm(52) >64 R505K 32 T82I(A) 

I0015 2 2 - >64 R505K 2 - 

I0024 2 1 - 0.03 - 2 - 

I0050 8 256 - 0.03 - 4 - 

I0058 4 2 - 0.03 - 32 T82I(A) 

LAOS005 8 2 - 0.03 - 2 - 

MA001 4 1 - 0.015 - 2 - 

MA002 8 1 - 0.03 - 2 - 

MA029 >32 >256 erm(B) 0.03 - 2 - 

MA042 2 1 - 0.015 - 2 - 

MA043 >32 >256 erm(B) 0.03 - 2 - 

MA059 >32 >256 erm(B) >64 H502Y 0.5 - 

MA105 8 >256 - 0.03 - 2 - 

MA108 8 2 - 0.03 - 2 - 

MP001 4 1 - 0.015 - 4 - 

SI0025 8 2 - 0.03 - 2 - 

SI0035 16 >256 erm(B) 0.015 - 32 T82I(A) 

TAP005 8 >256 - 0.002 - 32 T82I(A) 

TEP009 8 2 - 0.004 - 2 - 

THP018 >32 >256 erm(B) 0.015 - >32 T82I(A) 

THP030 32 2 - 0.015 - 2 - 

THP046 >32 >256 erm(B) >64 H502N, 

R505K 

32 T82I(A) 

THP093 >32 >256 erm(B) >64 R505K 16 D426N(B) 

THP143 >32 >256 erm(B) 0.002 - 16 T82I(A) 

THP147 2 0.25 - 0.004 - 16 - 

THP192 8 >256 erm(B) 0.004 - 2 - 

THP196 8 >256 - 0.002 - 32 T82I(A) 

Note: MLSB, macrolide lincosamide streptogramin B; CLI, clindamycin;  

  ERY, erythromycin; RIF, rifaximin; MOX, moxifloxacin;  

 † Known point-substitution in RpoB;  

 ‡ Known point-substitution in GyrA (A) and GyrB (B). 



  

 

 

Table 5.6 – Accessory AMR genes and their associated bacterial species. 

Accessory gene(s) Strains (n) Associated bacteria (MGEs [accession]) 

MLSB resistance 

erm(B) 

 

 

 

 

8 

 

 

 

 

Clostridium difficile (Tn6189 [MK895712.1], Tn6215 [KC166248.1], Tn6218 [HG002387.1]) 

Akkermansia muciniphila (unknown [CP025833.1]) 

Enterococcus faecalis (unknown [CP045045.1]) 

Enterococcus faecium (unnamed plasmid [CP040238.1]) 

Streptococcus suis (ICESsuYS66 [MK211814.1]) 

erm(52) 1 Clostridium difficile (unknown, this study) 

Tetracycline resistance 

tetM 

 

 

 

 

 

13 Clostridium difficile (Tn5397 [AF333235.1], Tn916 [U09422.1]) 

Enterococcus durans (unknown [CP042597.1]) 

Enterococcus faecium (unknown [CP041261.3]) 

Lactobacillus salivarius (pCTN1046 [CP007650.1]) 

Staphylococcus aureus (unknown [CP033114.1]) 

Streptococcus suis (unknown [FM252032.1]) 

tetO 

 

2 

 

Clostridium difficile (unknown, this study) 

Campylobacter jejuni (pGMI16-002 [CP028186.1]) 

tetB(P) 

 

2 

 

Clostridium difficile (unknown [CP012323.1]) 

Paeniclostridium sordellii (unknown [BK010701.1]) 

Aminoglycoside resistance 

ant(6)-I, aph-III and sat4 cluster 3 

 

 

Clostridium difficile (unknown, this study) 

Enterococcus faecium (pHVH-V2937-2 [CP044276.1]) 

Erysipelothrix rhusiopathiae (ICEEr0106 [MG812141.1]) 

aac6-aph2 

 

 

 

2 Clostridium difficile (unknown, this study) 

Enterococcus faecalis (pR712_01 [CP036247.1]) 

Enterococcus faecium (pVVEswe-R1 [CP041262.3]) 

Staphylococcus aureus (pSA01-tet [CP053076.1]) 

Chloramphenicol resistance 

catP 

 

2 Clostridium difficile (Tn4453a [AF226276.1]) 

Clostridium perfringens (Tn4451 [U15027.1]) 

Note:  MLSB, macrolide lincosamide streptogramin B; MGE, mobile genetic element; ICE, integrative conjugative element; p, plasmid; Tn, transposon;  

  unknown, no significant match in GenBank database.
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5.3.8 Identification of C. difficile class D β-lactamases in NTCD 

 Previously, two C. difficile class D β-lactamases (CDD-1 and CDD-2) had been 

identified.207 Upon inspection of NTCD genomes, three CDD variants were identified: all 15 

clade 4 strains carried CDD-1, five clade 1 strains carried CDD-2 and the remaining eight 

clade 1 strains carried an uncharacterised CDD variant (Figure 5.3). These three proteins are 

very similar, but share only 30 – 32% amino acid identity with OXA-156 and BPU-1, the two 

most closely related β-lactamases. No MGE-related genes were found in the vicinity of the 

genes encoding these β-lactamases. 

 

Figure 5.3 – Amino acid alignment of CDDs. The alignment was produced using Clustal 

Omega.309 All CDDs have four conserved sequence motifs found in class D β-lactamases 

(highlighted in yellow).  
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5.4 Discussion 

 This chapter provides an update on the molecular epidemiology and antimicrobial 

susceptibility of C. difficile strains circulating in Thailand. It also explores the genomic basis 

of important AMR in these strains. The overall epidemiology of C. difficile was similar to the 

previous studies.15,65 The majority of A+B+CDT- strains belonged to C. difficile RTs 014 and 

020, all A-B+CDT- strains belonged to C. difficile RT 017 and most NTCD belonged to 

C. difficile RTs 009, 010 and 039. Three binary toxin-positive strains were found in this study, 

one of which was C. difficile RT 078. The epidemic C. difficile RT 027 strain was not found 

in Thailand despite its successful spread in some regions outside Asia.310 

 Why C. difficile RT 027 has failed to establish and spread in Thailand remains 

unknown. One possible reason is that the successful spread of this RT was mainly due to its 

resistance to fluoroquinolones which provided a selective advantage over other less resistant 

RTs.118 Although there is high consumption of fluoroquinolones, such as levofloxacin, in the 

country,311 Thailand already harbours C. difficile RT 017, another epidemic RT many of which 

are resistant to fluoroquinolones, as well as other antimicrobials. Thus, it may have been 

difficult for C. difficile RT 027 to compete with this local RT compared to other regions. Also, 

there has not been any report of an environmental reservoir of C. difficile RT 027 in Asia,303 

in contrast to North America,312 though the environmental studies are still limited in Asia.303 

 Even though C. difficile RT 027 was not identified, a possible relative of this 

hypervirulent strain, ST 692, was isolated. However, the MLST result was unusual, as it was 

classified into clade 1 despite carrying a complete CDT locus, a common feature in C. difficile 

clades 2 and 5 but rare in clade 1.56 Thus, an ANI analysis was performed. In a previous study, 

C. difficile strains from the same clade generally shared > 99% ANI.56 Thus the ANI results 

suggested that this newly characterised strain was a member of clade 2, rather than clade 1, as 

expected from the toxin gene profile. The average ANI between clades 1 and 2 in a previous 

study was around 98%, which further supports the results.56 Clades 1 and 2 C. difficile are 
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closely related and share a large proportion of housekeeping gene alleles used in the MLST 

scheme. As a result, it may be difficult to properly discriminate these two clades by MLST. 

The use of ANI analysis, which involves the whole genome rather than a specific set of 

housekeeping genes, can help in the correct classification of some borderline strains as shown 

in a previous study.56 According to the ANI analysis, it is more likely that C. difficile ST 692 

belongs to clade 2 and is related to C. difficile RT 027. 

 A discordance between C. difficile culture results and the result of a conventional real-

time tcdB PCR was observed in 44 stool samples. The false-positive rate of the real-time PCR 

method (13.5%) was comparable to the previous report comparing tcdB PCR with a similar 

culture method but without the colonisation screening step,313 which suggests that the 

additional screening step does not increase the yield of the culture method, although it may 

help identify stool samples with multiple C. difficile strains. This false-positive rate also 

highlights the importance of patient clinical data or additional tests to improve the accuracy 

of CDI diagnosis. In the latest guidelines for the diagnosis of CDI, tcdB PCR in combination 

with another diagnostic test is recommended, commonly a toxin antigen detection kit, for a 

proper diagnosis of CDI and the use of stand-alone tcdB PCR should be interpreted with 

caution.98 

 AMR in C. difficile has an impact on the spread and pathogenesis of CDI. To cause 

the disease, C. difficile must tolerate the presence of antimicrobials in the intestinal lumen 

while the microbiota perishes. Many successful C. difficile lineages have been characterised 

with increased resistance to at least one major drug group. In Thailand, C. difficile RT 017, 

the most prevalent RT, had greater resistance to MLSB (both clindamycin and erythromycin), 

moxifloxacin and rifaximin than other RTs. It was also the most common MDR C. difficile 

RT. In Chapter 4, C. difficile RT 017 was also the most prevalent RT with significant 

resistance to many antimicrobials. This particular RT has been associated with resistance to at 

least six antimicrobial groups, which may account for its successful global spread. As 
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regulation of antimicrobial use has reduced the impact of C. difficile in many countries,5,314 a 

similar approach should be effective in Thailand. 

 Previously, the low concordance between the presence of erm(B) and an MLSB 

resistance phenotype was reported,269 likely due to the presence of multiple resistance 

mechanisms. However, another study suggested that erm(B) may be associated only with 

high-level MLSB resistance.315 This chapter provides supporting evidence for this hypothesis, 

as the presence of the erm-family genes (erm(B), erm(G) and erm(52)) was highly correlated 

with high-level clindamycin resistance, which is usually accompanied by high-level 

erythromycin resistance. Resistance determinants were not identified among strains with low-

level clindamycin resistance, however, this underestimation is likely irrelevant, as the median 

clindamycin MIC in this population (8 mg/l) remained lower than the clindamycin level in 

stools (approximately 240 mg/g of stool).316 Besides MLSB, a separation between strains 

resistant and susceptible to rifaximin and fluoroquinolones was observed (Figure 5.2). The 

concordance between resistant phenotype and known genotype was high, similar to a previous 

study.269  

 Compared to a study at the same hospital in 2015, there was no difference in overall 

resistance prevalence,160 however, there was a slight increase in meropenem MICs and the 

emergence of carbapenem resistance. Carbapenem resistance in C. difficile is poorly 

characterised, possibly due to its rare occurrence. A previous study reported an association 

between point substitutions in PBP1 and PBP3 and high-level imipenem resistance, though 

these substitutions do not confer meropenem resistance.192 The research in this chapter 

confirmed that neither the substitution on PBP1 nor PBP3 was associated with meropenem 

resistance. However, linear regression analysis suggested that the Y721S substitution in PBP3 

may have contributed to a 4.4-fold increase in meropenem MIC. Thus, this substitution could 

be a part of a multistep meropenem resistance mechanism. Indeed, two C. difficile strains in 

this study had meropenem MICs of 16 mg/l (resistance breakpoint ≥ 16 mg/l), one of which 

was confirmed to have the Y721S substitution in PBP3. 
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 C. difficile remained susceptible to metronidazole, vancomycin and fidaxomicin, 

similar to the other studies.74 Thus, these antimicrobials should remain effective treatments 

for CDI. There was a slight increase in vancomycin MIC reaching the clinical breakpoint, 

consistent with a previous study,160 however, this should have little impact on the treatment of 

CDI as the stool vancomycin concentration remains far greater than the MIC (>2,000 mg/l vs 

2 mg/l).152 The increase in vancomycin MIC in this study is in contrast to other hospitals in 

Thailand (see Chapter 4) and this could reflect usage of vancomycin at the study site. Overuse 

of vancomycin can lead to the emergence of vancomycin-resistant Enterococcus spp., which 

can have a devastating effect on patients.153,154 Therefore, vancomycin usage should be 

carefully monitored. 

 All erm(B)-positive C. difficile strains carried the gene on well-characterised erm(B)-

positive transposons: Tn6189, Tn6194, Tn6215 and Tn6218. The Tn6194, the most prevalent 

transposon in C. difficile RT 017, is capable of inter-species transfer, most notably between 

C. difficile and Enterococcus faecalis.317 This emphasises another aspect of AMR in 

C. difficile; its possible role as a reservoir of AMR genes for other bacteria residing in the 

colon. Also, many of the AMR elements in NTCD were very similar to the elements found in 

E. rhusiopathiae and S. suis. These two species cause infections in both pigs and humans and 

are commonly found in the pig gut,318 suggesting that NTCD may facilitate the transfer of 

these genes between different species. 

 A major mechanism for intrinsic cephalosporin resistance is the production of 

CDDs.207 Many β-lactamase genes are located on MGEs and capable of horizontal transfer,319 

however, this is unlikely the case for CDDs. In contrast to accessory AMR genes, CDD genes 

were not surrounded by any known MGE-related genes, suggesting that they are not located 

on MGEs. Clade-specificity of the CDDs suggests that intra-species exchange of the protein 

is unlikely. Also, CDDs were only distantly related to other β-lactamases in the 

Comprehensive Antimicrobial Resistance Database (CARD).320 Thus, it is unlikely that CDDs 

can be transferred between species.  
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5.5 Conclusions 

 A-B+CDT- C. difficile and NTCD remained prevalent in Thailand. Few binary toxin-

positive strains (A+B+CDT+) were identified; one belonging to a known epidemic lineage 

and another a novel strain related to C. difficile RT 027. The most common strain was 

C. difficile RT 017 (A-B+CDT-), many of which were also MDR. Such resistance may have 

played a role in the success of C. difficile RT 017 in Thailand. There was a strong concordance 

between the presence of erm-class genes and high-level clindamycin resistance, as well as 

significant concordance between point substitutions in gyrase subunits and RpoB with 

fluoroquinolone and rifaximin resistance, respectively. Resistance to antimicrobials used for 

the treatment of CDI was not detected.
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6.1 Introduction 

 In Chapters 4 and 5, C. difficile strains isolated from Thailand were characterised. In 

summary, there was a high prevalence of A-B+CDT- and non-toxigenic C. difficile (NTCD) 

strains in the country. Among A-B+CDT- C. difficile, which consisted mainly of C. difficile 

ribotype (RT) 017, there was also a high prevalence of antimicrobial resistance (AMR), 

especially against the macrolide-lincosamide-streptogramin B (MLSB), fluoroquinolones and 

rifamycins, as well as a high prevalence of multidrug-resistance (MDR). This C. difficile 

population is therefore quite different to the C. difficile population in other parts of the 

world,69,74 although it is unclear whether this difference has any effects on the clinical 

characteristics of C. difficile infection (CDI) in the region. 

 In Asia, the characteristics of CDI are not well described, although anecdotally it 

appears that CDI in the region results in milder disease. Two clinical studies, in Thailand158 

and South Korea,221 reported recurrence rates of 3% and 16%, respectively, compared to 

around 20% worldwide135 with an increasing rate in North America.321 The mortality rate in 

Asia was also low (3% and 1% in the two studies, respectively).158,221  

 Previously, it was believed that milder presentations of CDI in Asia were due to the 

absence of 'hypervirulent' C. difficile, such as RT 027, however, more recent studies have 

suggested that C. difficile RT 027 does not necessarily cause more severe CDI.42 Also, 

C. difficile RT 017 is often a dominant strain in Asia causing outbreaks of severe CDI 

globally.10,234 Thus, it is unlikely that these differences in the epidemiology of toxigenic 

C. difficile (TCD) would account for differences in clinical characteristics, although this is yet 

to be confirmed in Thailand. 

 Another possible reason for milder characteristics of CDI is the high prevalence of 

NTCD in the C. difficile population which may act as a protective microbiological factor 

against colonisation and possible disease caused by TCD. Several preclinical studies 

suggested that NTCD competes with TCD for habitat and food on the colonic mucosa and the 
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presence of NTCD prevents the development of disease.169 However, there has not been any 

clinical studies to confirm this effect in humans. Due to the high prevalence of NTCD in Thai 

patients, it may be possible to observe the effect of this potential protective factor. 

 In 2017, there was an update in the Infectious Disease Society of America and the 

Society for Healthcare Epidemiology of America (IDSA/SHEA) treatment guidelines for CDI 

and vancomycin became the sole agent of choice for the treatment of both mild and severe 

CDI,98 however, metronidazole continues to be the primary agent used in Thailand. Whether 

metronidazole treatment is inferior to vancomycin in this population remains unclear. 

Furthermore, recently in Thailand, there were outbreaks caused by vancomycin-resistant 

enterococci (VRE) in many tertiary care hospitals that were directly due to the overuse of 

vancomycin.153,154 The 30-day mortality rate for VRE infection was as high as 58% in one 

study,154 much higher than that of CDI in Thailand.158 Whether the presence of VRE has an 

impact on the outcomes of patients treated for CDI with vancomycin is unknown. 

 The IDSA/SHEA treatment guidelines also suggested the use of a two-step algorithm, 

which is believed to reduce the false positive rate of a single-step PCR-based algorithm, for 

the diagnosis of CDI.98 However, the two-step approach may be difficult to implement in 

Thailand where laboratory resources are limited. One possible way to get around this problem 

is to look for other basic laboratory tests that may be associated with CDI. Should there be 

any findings with a strong association with CDI patients, a combination of these tests may 

serve as a substitute for a second diagnostic test for CDI. If no such tests are found and CDI 

must be diagnosed based on one test, it is then recommended that other causes of diarrhoea 

should be excluded before CDI is diagnosed.98 Thus it is important that the common causes of 

non-CDI diarrhoea are identified. 

 This chapter explores the clinical characteristics of Thai CDI patients compared to 

patients with other causes of diarrhoea. Within the CDI group, the two most common 

treatment options and a few microbiological factors were analysed for their effect on the 
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clinical outcomes. Finally, a selected set of routine diagnostic tests was evaluated for their 

association with CDI to look for potential screening tests for CDI. 

6.2 Aims 

• To characterise CDI in Thai patients using a retrospective review methodology. 

• To evaluate the effect of different microbiological factors on the outcomes of CDI. 

• To explore alternative methods for the diagnosis of CDI in resource-limited settings. 

• To determine other possible causes of nosocomial diarrhoea. 

6.3 Results 

6.3.1 Patients' demographic characteristics 

 A total of 469 patients were included in the study: 248 patients in the CDI group and 

221 patients in the control group. Eleven and nine patients in the CDI and control groups, 

respectively, underwent colonoscopy. Pseudomembranous colitis (PMC) was confirmed in 

two patients in the CDI group and none in the control group. Significantly more patients in 

the CDI group were admitted to the hospital to undergo surgery (17.7% vs 10.9%, p = 0.047) 

and more patients in the control group were admitted for non-operative procedures (10.0% vs 

4.0%, p = 0.02). These differences did not contribute to the difference in the outcomes of the 

two groups (p = 0.71). Other basic characteristics were similar between both groups and are 

shown in Table 6.1.  
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Table 6.1 – Demographic characteristics of patients in CDI and control groups. 

Characteristics CDI group 

(n=248) 

Control group 

(n=221) 

p-value 

Age 67.78 ± 2.04 65.57 ± 2.41 0.17 

Sex (number of male patients) 107 (43%) 98 (44%) 0.87 

Charlson's comorbidity index * 2 (1 – 4) 2 (1 – 4) 0.60 

Outpatient cases 16 (6%) 10 (5%) 0.48 

Cases in each department 

- Internal medicine 

- Surgery 

- Others 

 

192 (77%) 

41 (17%) 

15 (6%) 

 

180 (81%) 

31 (14%) 

10 (5%) 

 

0.34 

0.53 

0.60 

Cases underwent colonoscopy 11 (4%) 9 (4%) 0.97 

Reason for the hospital visit 

- Medical treatment 

- Surgery 

- Non-operative procedure 

- Chemotherapy 

- Others 

 

168 (68%) 

44 (18%) 

10 (4%) 

22 (9%) 

4 (1%) 

 

154 (70%) 

24 (11%) 

22 (10%) 

19 (8%) 

2 (1%) 

 

0.72 

0.047 

0.02 

0.95 

0.69 

Province of residence 

- Bangkok 

- Metropolitan region** 

- Others 

 

134 (54%) 

47 (19%) 

67 (27%) 

 

124 (56%) 

41 (19%) 

56 (25%) 

 

0.72 

0.99 

0.76 

LOS * 22 (11 – 40) 20 (10 – 35.75) 0.35 

Note: * Charlson's index and length of stay (LOS) are expressed as median and  

  quartile range. 

 ** Metropolitan region refers to 5 provinces surrounding Bangkok (Nakhon  

  Pathom, Nonthaburi, Pathum Thani, Samut Prakan and Samut Sakhon) 

6.3.2 Comparison of two severity assessment criteria for CDI 

 Using the severity assessment method published by Zar et al.148 and the 2017 

IDSA/SHEA guidelines,98 115 (46.4%) and 87 (35.1 %) CDI cases, respectively, were 

classified as severe in this patient population. The 30-day mortality rate was higher in severe 

CDI cases classified by both the Zar and IDSA/SHEA methods (p < 0.001 and 0.01, 

respectively). The categorical agreement between both methods was 69% (Cohen's kappa = 

0.37). Comparing the two methods, the Zar method was better at predicting 30-day mortality 

(McNemar's p < 0.001). Thus, the Zar method was used to classify the severity of CDI 

throughout this study. 
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6.3.3 Outcomes of CDI in Thai patients 

 The overall 30-day mortality rate was significantly higher in the CDI group than the 

control group (20.6% vs 14.0%, p = 0.046). When stratified by severity using the Zar method, 

patients with severe CDI had a higher 30-day mortality rate than patients with non-severe CDI 

(35.7% vs 7.5%, p < 0.001). After applying the Zar method to the control group (see section 

6.4), patients with severe CDI also had a higher 30-day mortality rate than patients in the 

control group with severe host status (35.7% vs 18.6%, p = 0.009) and those without (35.7% 

vs 9.7%, p < 0.001). Figure 6.1 shows Kaplan-Meier survival curves for both groups. The 

most common cause of death in both groups was a complication of non-CDI nosocomial 

infection, followed by complications associated with the patients’ underlying diseases and 

other intra-hospital complications, respectively. In the CDI group, CDI was the direct cause 

of death in two patients (0.8%). 

6.3.4 Effect of the treatment option on the outcomes of CDI 

 A total of 216 (87.1%) patients received specific treatment for CDI. Oral 

metronidazole was chosen as the sole therapeutic agent in 156 patients (62.9%). Oral 

vancomycin was given as the main treatment to 60 patients (24.2%), 28 of whom (46.7%) also 

briefly received oral metronidazole before switching to vancomycin. In addition to oral 

antimicrobial therapy, the inciting antimicrobials were discontinued in 19 patients (7.7%). The 

remaining patients (32, 12.9%) did not receive any specific treatment for CDI.  

 Table 6.2 compares the clinical outcomes of CDI patients treated with oral 

metronidazole (n = 156) and oral vancomycin (n = 60). Overall, metronidazole was not inferior 

to vancomycin in terms of recurrence rate and LOS. Interestingly, the metronidazole group 

had a lower 30-day mortality rate compared to the vancomycin group. Among 18 deaths in 

the vancomycin group, 15 (83.3%) were due to other nosocomial infections. Causative agents 

were identified in 11 cases, one of which was a strain of vancomycin-resistant Enterococcus 

faecium. 
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Figure 6.1 – Kaplan-Meier curves comparing 30-day survival rate between CDI (red) 

and control (blue) groups. (A) Overall, CDI patients had a lower survival rate than the 

control group (p = 0.046). (B) When stratified by host severity according to Zar et al.,148 

patients with severe CDI had a much lower survival rate than the control group with severe 

host status (p = 0.009), as well as both patients with non-severe CDI and the control group 

without severe host status (p < 0.001)  
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Table 6.2 – Clinical outcomes of CDI patients treated with metronidazole and vancomycin. 

Clinical outcomes Metronidazole group Vancomycin group p-value 

30-day mortality rate 

- Overall cases 

- Severe CDI 

- Non-severe CDI 

 

26/156 (16%) 

21/65 (32%) 

5/91 (5%) 

 

18/60 (30%) 

13/35 (37%) 

5/25 (20%) 

 

0.047 

0.79 

0.06 

Recurrence rate 

- Overall cases 

- Severe CDI 

- Non-severe CDI 

 

16/156 (10%) 

5/65 (8%) 

11/91 (12%) 

 

5/60 (8%) 

5/35 (14%) 

0/25 (0%) 

 

0.80 

0.31 

0.12 

LOS* 

- Overall cases 

- Severe CDI 

- Non-severe CDI 

 

13.5 (6 – 29.25) 

15 (8 - 36) 

13 (6 – 26.5) 

 

18.5 (9.75 – 32) 

18.5 (9.5 – 37.25) 

19 (10.5 – 29.5) 

 

0.15 

0.21 

0.62 

 Note: * LOS, length of stay in the hospital (in days) 

 In a logistic regression analysis (Figure 6.2), a higher 30-day mortality rate was 

associated with both severe disease (as assessed by the Zar method) [OR 8.21 (2.90 – 23.24), 

p < 0.001] and vancomycin treatment (as opposed to metronidazole treatment) [OR 4.30 (1.14 

– 16.29), p = 0.032] without significant interaction between these two parameters [OR 0.29 

(0.06 – 1.41), p = 0.124]. 

6.3.5 Effect of microbiological factors on the outcomes of CDI 

 A total of 44 (17.7%) patients were infected with A-B+ C. difficile. CDI due to A-B+ 

C. difficile did not differ from CDI due to A+B+ C. difficile in terms of case severity (severe 

CDI prevalence of 36.4% vs 48.3%, p = 0.19), 30-day mortality rate (22.7% vs 20.1%, 

p = 0.85), recurrence rate (11.4% vs 8.3%, p = 0.73) and LOS (median 18.5 vs 20 days, 

p = 0.41). 

 Colonisation by NTCD was found in 26 (10.5%) CDI cases and 32 (14.5%) controls 

(p = 0.24). In the CDI group, the prevalence of severe CDI was slightly lower in the patients 

colonised by NTCD, although this difference was not statistically significant (26.9% vs 

48.3%, p = 0.06). There were no differences in clinical outcomes between the two groups, 
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including 30-days mortality (15.4% vs 21.1%, p = 0.61), recurrence rate (7.7% vs 9.0%, p = 1) 

and LOS (median 22 vs 19 days, p = 0.56).  

 

Figure 6.2 – Univariate logistic regression analysis of factors associated with a 30-day 

mortality rate among CDI patients receiving appropriate treatment. Forest plot of odds 

ratios shows that both severe CDI according to Zar's method (dark blue) and treatment with 

vancomycin (green) were associated with a higher 30-day mortality rate without significant 

interactions between disease severity and treatment regimen (red). 

 

6.3.6 Basic laboratory results between CDI and other causes of diarrhoea 

 Table 6.3 summarises basic laboratory results in the CDI and control groups. There 

was no significant difference in basic blood or stool test results between the two groups, except 

for the presence of leukocytosis (total white blood cell (WBC) count above 10,000 cells/mm3), 

which was significantly more prevalent in the CDI group (52.0% vs 42.1%, p = 0.04). The 

presence of leukocytosis had a sensitivity of 52% (46% – 58%) and a specificity of 58% (51% 

– 65%) in predicting CDI. Also, no combination of these tests was predictive of CDI. 
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Table 6.3 – Basic laboratory results in CDI and control groups. 

Laboratory parameters CDI (n=248) Controls (n=221) p-value 

Stool tests 

Presence of RBC 30 (12%) 16 (7%) 0.11 

Presence of WBC 50 (20%) 32 (15%) 0.13 

Blood tests 

WBC count (cells/mm3) 11,331.4 ± 1,131.3 10,389.4 ± 1,047.9 0.23 

Presence of leukocytosis 129 (52%) 93 (42%) 0.04 

Presence of toxic granule 19 (8%) 10 (5%) 0.22 

Presence of immature WBC 40 (16%) 26 (12%) 0.21 

Anion gap (mM) 14.6 ± 0.6 14.7 ± 0.7 0.88 

BUN creatinine ratio 23.5 ± 1.9 22.3 ± 1.7  0.36 

 

6.3.7 Other common causes of hospital-associated diarrhoea 

 Other possible causes of diarrhoea could be identified in 127 (57.5%) patients in the 

control group, with 9 (4.1%) having more than one possible cause. The most common cause 

was the use of laxative agents (83, 37.6%), followed by the adverse effect of other drugs (21, 

9.5%), such as colchicine, and feeding intolerance (17, 7.7%). 

6.4 Discussion 

 Overall, CDI in Thai patients was associated with relatively mild disease. Most 

patients experienced watery diarrhoea and only 12.1% had evidence of red blood cells in the 

stool sample. Only two cases (0.8%) were confirmed as having PMC. Also, only two deaths 

(0.8%) were directly attributable to CDI within 30 days. The overall recurrence rate (8.9%) 

was also lower compared to that reported in other regions of the world (~20%).135 Even though 

CDI was relatively mild, patients in the CDI group still had a higher overall 30-day mortality 

rate compared to the control group, suggesting that CDI may have indirectly affected patient 

outcomes. This could be either because CDI further complicated patient hydration or 

nutritional status or it could also be due to a complication arising from CDI treatment. 

Conversely, this could be because CDI was more common among patients with severe 

underlying conditions, although a difference in host status could not be detected. 
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 The Zar criteria are an effective tool for predicting 30-day mortality.148 However, the 

parameters used in this method are not specific for CDI and it may predict the severity of the 

host status rather than of CDI, especially in cases where CDI is not the primary disease. Thus, 

the Zar criteria were applied to both CDI and control groups to evaluate the host status at the 

onset of diarrhoea. After applying the Zar method (Figure 6.1B), CDI was associated with 

higher 30-day mortality only in the group with a severely ill host status. This was supported 

by the logistic regression analysis in Figure 6.2. 

 It remains unclear why CDI in Thailand is milder than in other regions of the world. 

Initially, this was thought to be due to the lack of 'hypervirulent' strains of C. difficile in 

Southeast Asia, however, this may not be correct. Several studies have reported that 

differences in C. difficile RT do not necessarily predict the severity of disease nor the outcome 

of CDI.42,221,223 This study provides further evidence to refute this idea, as it showed a high 

prevalence of C. difficile RT 017, a RT responsible for outbreaks of CDI around the world 

with a mortality rate as high as 38% in one study.10 In a non-outbreak setting, RT 017 was also 

associated with severe CDI with high mortality in a study in Germany.234 In the present study, 

CDI due to RT 017 was similar to CDI due to other RTs and was mostly mild, as described in 

an earlier study in South Korea.221 Thus it appears that when C. difficile RT 017 causes CDI 

outside Asia, the disease can be severe compared to CDI in Asia that appears mild, suggesting 

perhaps that regional protective factors may be important. 

 To investigate one possible protective factor, the effect of colonisation by NTCD on 

subsequent CDI severity was evaluated. In animal studies, colonisation by NTCD can be 

protective against recurrence of CDI most likely due to competition with toxigenic strains to 

colonise the colon.169,322 Although the number of colonised patients was low in this study (26 

cases, 10.5%) and there was no significant difference, there was a trend towards less severe 

disease in CDI patients colonised by NTCD. The control group in this study also had a slightly 

higher prevalence of colonisation by NTCD. These findings suggest that NTCD may prevent 

colonisation by toxigenic C. difficile and the subsequent development of CDI, as reported 
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previously,169,322 however, a larger study is needed to properly evaluate the effects of 

colonisation by NTCD in humans. 

 Recently, it has been suggested that metronidazole is inferior to vancomycin for the 

treatment of CDI.149 As a result, metronidazole was removed from the list of first-line agents 

for treating CDI in the 2017 IDSA/SHEA guidelines.98 However, in a publication that may 

have contributed to this recommendation, the prevalence of severe CDI was higher in the 

metronidazole group (92/278, 33.1% vs 65/259, 25.1%).149 Metronidazole is known to be 

associated with lower efficacy in severe CDI,148 and the higher prevalence of severe cases in 

the metronidazole group may have contributed to its overall poorer performance. In the present 

study, metronidazole was not found to be inferior to vancomycin, though this study had 27% 

power to detect the inferiority of metronidazole according to the previous study,149 and further 

studies with sufficient power are needed to confirm this. Somewhat surprisingly, vancomycin 

was associated with a higher 30-day mortality rate in this study. Anecdotally, clinicians were 

more likely to prescribe vancomycin in cases that were perceivably more severe, many of 

whom died due to unrelated causes, resulting in the higher mortality rate in the vancomycin 

group. Also, vancomycin use poses a risk of selecting for the emergence of VRE, which has 

recently caused outbreaks in Thailand.153,154,323 Indeed, a strain of VRE was later isolated from 

one of the study CDI patients and likely contributed to the patient's death. This study highlights 

a situation when the benefit of vancomycin treatment does not outweigh its risks.323 In such 

cases, clinicians should consider prescribing metronidazole for the treatment of CDI unless 

there is compelling evidence of severe CDI, such as the presence of PMC.  

 This study further looks at the basic laboratory testings which can be a potential 

screening tool for CDI. Unfortunately, no basic tests appeared to be predictive of CDI, perhaps 

because CDI was mostly mild and the patients were suffering from other more severe diseases. 

The only parameter, for which the prevalence was significantly different between the CDI and 

control group, was the presence of leucocytosis (p = 0.04). However, the difference was very 

subtle and the sensitivity and specificity were too low to be used in clinical practice. The 
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combination of these tests was also not predictive of CDI. Thus these tests cannot be used to 

aid the diagnosis of CDI. 

 The current diagnostic guideline for CDI suggests the use of at least two C. difficile-

specific tests.98 However, only one test is available in most hospitals in Thailand, if any test is 

available at all. In such a case, it is recommended that patient clinical data be considered when 

making the diagnosis, primarily a possibility of an alternative cause of diarrhoea. This study 

shows a common situation experienced by in-patients in Thailand, where many patients 

experienced a mild form of constipation upon admission, for which a form of laxative was 

prescribed. Some patients, such as cirrhotic patients, were even prescribed laxatives to induce 

defecation as a part of the treatment protocol.324 Besides laxatives, other drugs can also induce 

diarrhoea, such as colchicine. Before sending the stool for the detection of C. difficile, it is 

best to review the patient’s treatment, identify and discontinue those medications to exclude 

the possibility of drug-induced diarrhoea, although a recent study suggests that this practice 

may delay the diagnosis of CDI and result in poorer outcomes.325 This may not be true in 

Thailand because CDI is mostly mild, as shown in this study, and the prevalence of CDI is 

relatively low as reported in a previous study.158 Feeding intolerance is also a common cause 

of diarrhoea, especially among critically ill patients resuming enteral feeding, and can result 

in poor clinical outcomes.326 As CDI is also common in critically ill patients and is also 

associated with undesirable outcomes, it is important to distinguish these two conditions and 

provide early appropriate management to improve the chance of recovery in these patients.  
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6.5 Conclusions 

  CDI in Thailand was associated with milder disease, though it is still associated with 

a higher 30-day mortality rate compared to diarrhoea due to other causes. The unique clinical 

characteristics are unlikely due to the absence of hypervirulent C. difficile strains or the high 

prevalence of C. difficile RT 017, but may partially be due to the high prevalence of NTCD in 

the population. Metronidazole remained an effective treatment option for CDI and should still 

be considered as a first-line agent. No basic laboratory test can be used as a screening tool for 

CDI. Other causes of diarrhoea should be ruled out before CDI is diagnosed. 
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7.1 Introduction 

 Throughout this thesis, C. difficile ribotype (RT) 017 has been described as a major 

C. difficile strain causing public health problems in Thailand. The prevalence of C. difficile 

RT 017 was high in almost every part of the country. The prevalence of antimicrobial 

resistance (AMR), as well as multi-drug resistance (MDR), was also highest among C. difficile 

RT 017 compared to other RTs. This chapter explores the history of C. difficile RT 017; how 

it spread and became one of the most successful C. difficile strains. 

 Until now, information regarding the evolutionary origins and global spread of 

C. difficile RT 017 remains contentious. Possible contributing factors included the early 

erroneous dismissal of C. difficile RT 017 as non-pathogenic due to its lack of toxin A,33 and 

the use of diagnostic tests that only detected toxin A.34 Once the pathogenicity of C. difficile 

RT 017 was recognised,9 the strain had already spread across the globe. Based on the 

geographical distribution of C. difficile clades, C. difficile RT 017, a member of evolutionary 

clade 4, has been hypothesised to have originated in Asia. This is supported by various 

epidemiologic studies reporting a high prevalence of C. difficile RT 017 and closely related 

strains in Asia, especially Southeast Asia.15,66,67 However, most of these studies were relatively 

recent and there have only been a few historical C. difficile RT 017 strains from the region to 

verify this hypothesis.230  

 A 2017 study by Cairns et al. analysed whole-genome sequence (WGS) data from 277 

C. difficile RT 017 strains, and suggested an alternative hypothesis, that C. difficile RT 017 

originated in North America, spread to Europe in the early 1990s and later to other regions.226 

Despite the large dataset, this conclusion might have been influenced by a strain selection bias, 

as the North American strains included in the study were relatively older than strains from 

other regions. A recent study based mainly on the same global dataset agreed that C. difficile 

RT 017 first spread from North America, but suggested that the spread may have happened 
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before 1970.327 To improve upon the previous analyses, a larger number of strains, including 

a wider variety of old strains are needed to balance the dataset.  

 In Chapter 5 and a previous study in the same hospital, several C. difficile RT 017 

strains were characterised, including many MDR C. difficile strains.15 This chapter starts by 

analysing genomes of 45 Thai C. difficile RT 017, both MDR and non-MDR, using high-

resolution core-genome single nucleotide polymorphism (cgSNP) and Bayesian evolutionary 

analyses to determine the relatedness of the strains and the timeline of spread. The chapter 

later expands the dataset to include a total of 282 C. difficile RT 017 genomes from around 

the world to examine the global movement of the strains. The dataset used in this chapter is 

available in Table S6 in the Supplementary Document (see Appendix V) 

7.2 Aims 

• To study the spread of C. difficile RT 017 within a tertiary hospital in Thailand.  

• To determine the direction and timeline of the global spread of C. difficile RT 017.  

• To identify major factors responsible for the successful spread of C. difficile RT 017. 

• To provide information regarding the effect of reference genome selection on the 

downstream analyses. 

7.3 Results 

7.3.1 Effect of different reference genome on the downstream analyses 

 Table 7.1 compares genomes of C. difficile MAR286, the Thai reference genome, 

with C. difficile M68. Based on the ANI values (Table 7.2), Thai C. difficile strains were 

closest to C. difficile M68. Using C. difficile M68 as a reference resulted in the longest average 

mapped length, significantly longer than C. difficile MAR286, the second closest reference 

genome (p < 0.001). Accordingly, C. difficile M68 was chosen as a reference for the 

subsequent analyses. The average pairwise cgSNPs results based on C. difficile M68 and 

C. difficile MAR286 were different by 0.49 SNPs (95% CI: 0.44 – 0.54). The difference 
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between C. difficile strains in this study and the other two reference genomes was more 

pronounced resulting in more different pairwise cgSNPs compared to C. difficile M68: 5.42 

SNPs (95% CI: 5.15 – 5.69) for C. difficile 630 and 9.39 SNPs (95% CI: 9.05 – 9.72) for 

C. difficile M120. 

Table 7.1 – Comparison of two C. difficile RT 017 reference genomes. 

Parameters M68 MAR286 

Accession FN668375.1 CP072118.1 

Genome size (bp) 4,308,325 4,242,261 

Genes 3,983 3,892 

CDS 3,830 3,761 

rRNA 40 35 

tRNA 109 92 

ncRNA 4 4 

CRISPR array 4 6 

%GC 28.9% 28.8% 

AMR loci erm(B) (Tn6194) [MLSB],  

tetM (Tn6190) [tetracyclines], 

D426V (GyrB) [fluoroquinolones] 

erm(B) (Tn6194) [MLSB], 

tetM (Tn916) [tetracyclines] 

Pairwise ANI 99.92% 

 

 

Table 7.2 – Effect of the choice of reference genome on cgSNPs analysis. 

Reference ST (clade) Accession Mapped length* No. of SNPs ANI 

MAR286 37 (4) CP072118.1 4,134,703.82 311 99.88% 

M68 37 (4) FN668375.1 4,176,850.73 308 99.93% 

630 54 (1) AM180355.1 3,836,370.82 267 97.98% 

M120 11 (5) FN665653.1 3,579,796.21 235 96.11% 

Note:  ANI, average nucleotide identity; SNPs, single nucleotide polymorphisms;  

  ST, sequence type; * average mapped length (in bp). 

  



 Chapter 7 – Evolution and spread of C. difficile RT 017 

145 

 

 

Figure 7.1 – Bayesian tree of 45 Thai C. difficile RT 017. “THP” refers to strains isolated 

in 2015 and “MAR” to strains isolated in 2017 – 2018. Red boxes indicate that the patients 

were in the same department when the strains were isolated. Blue boxes indicated that the 

strains were isolated from the same patient within 2 – 8 weeks. 

7.3.2 Transmission of C. difficile RT 017 in a Thai hospital 

 Using C. difficile M68 as a reference, 308 high-quality cgSNPs were identified across 

45 C. difficile strains. The final Bayesian phylogenetic tree is shown in Figure 7.1. Based on 

this phylogenetic tree, 44 C. difficile RT 017 strains, excluding the outlier, could be classified 

roughly into three groups: the oldest group (G1, n = 13), most of which were non-MDR 

C. difficile RT 017, a group of early MDR C. difficile RT 017 (G2, n = 15) and the most recent 

and rapidly expanding clade of MDR C. difficile RT 017 (G3, n = 16). The common ancestor 

of all Thai C. difficile RT 017 was estimated to have arisen around 1988 (95%CI: 1949 – 
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2000). The common ancestors of the three groups were estimated to have arisen around 1999 

(1993 – 2004), 2003 (1995 – 2007) and 2012 (2009 – 2013), respectively. 

 Seven small clonal groups (CGs) were identified across the tree (CG1 – CG7 in 

Figure 7.1), three of which (CG2, CG5 and CG7) were from different patients who were in 

the hospital during the same period, suggesting possible direct patient-patient transmission 

(red boxes). Two CGs (CG1 and CG3), and two small CGs in CG5, included strains that were 

isolated from the same patients within 2 months, suggesting recurrence CDI (blue boxes). The 

other two CGs (CG4 and CG6) included strains isolated from different patients without an 

obvious epidemiological link, one of which included strains from two specimens collected 3 

years apart, suggesting contaminations in the hospital environment (red asterisks). The 

remaining C. difficile strains were non-clonal. 

 

 

Figure 7.2 – The countries of origin of the final 282 C. difficile RT 017 genomes. The 

number of genomes in each region is as follows: Africa, 6; Asia, 126; Australia, 15; Europe, 

96; North America, 48; South America, 4. The world map was created by tools available at 

paintmaps.com. 

7.3.3 Global population structure of C. difficile RT 017 

 To study the global population structure of C. difficile RT 017, cgSNP and Bayesian 

evolution analyses were performed on 282 non-clonal C. difficile RT 017 genomes collected 

https://paintmaps.com/
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worldwide between 1981 and 2019 (Figure 7.2). The overall median year of isolation for this 

dataset was 2011 (quartile range [QR]: 2008 – 2014). The median years of isolation for the 

three main continents were as follow; Asia, 2014 (2010 – 2016.5), Europe, 2010 (2006 – 2012) 

and North America, 2009.5 (2004 – 2017).  Based on the Bayesian analysis (Figure 7.3), the 

C. difficile RT 017 population could be divided into two lineages: a non-epidemic lineage 

(NE), which could be further divided into three sublineages (NE1, NE2 and NE3), and an 

epidemic lineage (E). Table 7.3 summarises the lineage-defining SNPs. Sublineages NE1, NE2 

and NE3 consisted mainly of strains from Europe, North America and Asia, respectively, and 

the common ancestor of the three sublineages was estimated to have emerged in 1588 (95% 

confidence interval [CI]: 758 – 1858). Sublineages NE1 and NE2 split around 1860 (95% CI: 

1622 – 1954). Lineage E was estimated to have split from sublineage NE3 around 1958 (95% 

CI: 1920 – 1977) and later spread globally around 1970 (95% CI: 1953 – 1983).  

Table 7.3 – List of lineage-defining cgSNPs. 

Position* Strand** Product 
dN/ 

dS*** 

Lineages 

NE1 NE2 NE3 E 

Lineage NE vs lineage E 

867,703 F Diguanylate kinase 

signalling protein 

dN G† G† G† T 

Sublineages NE1 and NE2 vs sublineage NE3 

263,571 F FlgG dN T† T† C C 

480,088 R UvrA dS A† A† G G 

1,486,937 F Gfo/Idh/MocA family 

oxidoreductase 

dN T† T† G G 

1,789,300 F Serine O-acetyltransferase dS C† C† T T 

3,254,867 R ABC transporter dN T† T† C C 

3,808,791 N/A Non-coding region - G† G† A A 

Sublineage NE1 vs sublineage NE2 

1,299,679 F Penicillin-binding protein 

2 

dN G T† G G 

1,486,584 F Gfo/Idh/MocA family 

oxidoreductase 

dN C T† C C 

2,928,003 R ABC transporter dN G T† G G 

3,066,957 R Thioether cross-link-

forming SCIFF peptide 

maturase 

dN C T† C C 

Note: * Position on C. difficile M68 genome; ** coding strand (F, forward; R, reverse);  

 *** nonsynonymous substitutions (dN) and synonymous substitutions (dS);  

 † different from the reference genome. 
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Figure 7.3 – Bayesian tree of 282 non-clonal C. difficile RT 017 genome from around the 

world. C. difficile RT 017 population could be divided into non-epidemic (NE; sublineages 

NE1 – NE3) and epidemic (E) lineages. Important genotypic AMR determinants are displayed 

on the right (A – E). () represents C. difficile M68, the reference genome in this analysis. 

The interactive version of this figure is available in Microreact (accessible via weblink: 

https://microreact.org/project/v89tzQ8rii55PkAGF5Jo2r/64c80194).328 

7.3.4 Factors behind the global spread of C. difficile RT 017 

 After incorporating genotypic AMR data, an association between the acquisition of 

AMR genotype and the spread of C. difficile RT 017 was evident. Genotypically MDR 

C. difficile RT 017 strains were in the lower part of sublineage NE3 and lineage E, and only 

emerged around 1935 (95% CI: 1851 – 1969). There had been multiple acquisition events for 

the two most common accessory AMR determinants: tetM and erm(B). The earliest 

acquisition of tetM was likely through gaining Tn916 which occurred around 1914 (95% CI: 

1799 – 1964), while the earliest acquisition of erm(B) was likely through the acquisition of 

https://microreact.org/project/v89tzQ8rii55PkAGF5Jo2r/64c80194
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Tn6194 which occurred around 1958 (95% CI: 1920 – 1977), notably the same timeframe as 

the predicted time of emergence of lineage E. 

 Nonsynonymous substitutions in RpoB (H502N, conferring rifamycin resistance) and 

in GyrA (T82I, conferring fluoroquinolone resistance) were found scattered throughout the 

population. In contrast, an R505K substitution in RpoB was found only in strains from 

sublineage NE3 and lineage E, and was more common among Asian strains (37.2% vs 8.9%, 

p < 0.001). The only European strains with an R505K substitution in RpoB were from an 

outbreak in Portugal.192 Three independent GyrB substitution events were identified in this 

dataset: two D426N substitution events in North America around 2008 (95% CI: 1998 – 2011) 

and 2015 (95% CI: 2012 – 2016), and one D426V substitution event in Ireland (C. difficile 

M68, the reference strain) around 2004 (95% CI: 2001 – 2005) ( in Figure 7.3). In addition 

to the important AMR determinants described above, the aac6-aph2 gene was also common 

among C. difficile RT 017, found in 73 strains in this dataset (25.9%), more commonly among 

Asian strains (43.4% vs 14.2%, p < 0.001). 

 The cgSNP that differentiated between the lineages NE and E resulted in a substitution 

in a diguanylate kinase signalling protein, which may play role in motility and biofilm 

formation in C. difficile.263,329 Thus, motility and cell aggregation assays were performed 

(Figure 7.4). Strains from lineage E had an increase in growth diameter compared to lineage 

NE (average diameter 7.7 vs 5.9 mm, Mann-Whitney p < 0.001) and a slight decrease in the 

level of cell aggregation as shown by the lower change in OD600 between undisturbed and 

disturbed cultures (0.88 vs 0.99, Mann-Whitney p = 0.032; for comparison, the non-motile 

C. difficile IS58 had a 1.84-fold change in OD600). 
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Figure 7.4 – Comparison of virulence-related phenotypes between Lineages E (pink) and 

NE (lilac). (A) Lineage E had a larger growth diameter in semi-solid media. (B) Lineage E 

displayed a lower cell aggregation as measured by the difference in OD600 between 

undisturbed and disturbed broths. (C) The semisolid media for all tested strains. C. difficile 

IS58 (RT 033, dark grey) was used as a negative control. All error bars display 95% 

confidence intervals. 

 

 In addition to the lineage-specific cgSNPs (Table 7.3) and the difference in the 

prevalence of genotypic AMR, pan-GWAS was performed to identify other significant 

lineage-specific genetic loci. A total of 32,863 genes was identified in the dataset, 3,560 

(10.8%) of which were found in more than 95% of strains and classified as core genes. Based 

on the GWAS, the locus most significantly associated with lineage E was the aminoglycoside 

resistance locus (containing aac6-aph2 and a gene resembling ant6(Ib) [72% identity, E-value 

= 5.01e-157]; sensitivity 85.3%, specificity 97.8%). Apart from AMR-related loci, lineage E 

was associated with a truncation of the formate dehydrogenase FdhF protein (sensitivity 

75.3%, specificity 97.8%). A comparison of the FdhF protein is shown in Figure 7.5.309 
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Figure 7.5 – Truncation of FdhF protein in lineage E. The alignment was produced using 

Clustal Omega version 1.2.4. The highlighted part is the predicted NAD binding site, which 

is absent in the protein from lineage E. 

7.4 Discussion 

 Despite being one of the most successful strains of C. difficile, very little is known 

about the evolution and spread of C. difficile RT 017. This study addresses the knowledge gap 

on the evolution and global spread of C. difficile RT 017 and agrees with previous studies that 

the C. difficile RT 017 population can be divided into two lineages. 226,327 However, it disagrees 

on the geographical origin of C. difficile RT 017 and suggests that C. difficile RT 017 may 

have originated in Asia, supporting the epidemiological studies (see section 2.5.3), then spread 

to Europe and North America. This conclusion likely resulted from the inclusion of a few 

older European strains (isolated between 1981 – 1985) to reduce the gap in collection years 

between the two continents (p = 0.675 in this dataset) and a large diversity of Asian strains 

from 11 countries and administrative regions. 
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 Based on the difference in structure, the two lineages of C. difficile RT 017 were 

classified as non-epidemic (NE, a small number of strains with little population expansion) 

and epidemic (E, a larger number of strains with rapid population expansion) lineages. 

Although not exclusively containing strains from one continent, the NE lineage could be 

divided into three sublineages predominantly containing strains from Asia, Europe and North 

America. This suggests that the spread of C. difficile RT 017 between these continents had 

occurred since the end of the 16th century. This roughly coincides with the estimated time of 

PaLoc acquisition ~500 years ago.224 Sublineages NE1 (Europe) and NE2 (North America) 

were more closely related to one another than to sublineage NE3 (Asia). In turn, sublineage 

NE3 was more closely related to sublineage NE1 than sublineage NE2, as demonstrated by 

fewer cgSNP differences (Table 7.3).  Thus, the spread of C. difficile RT 017 likely began 

with population movement between Asia and Europe (1588, 95% CI: 758 – 1858) before 

spread from Europe to North America (1860, 95% CI: 1622 – 1954). The direction of the 

spread between Asia and Europe cannot be determined from this analysis, however, based on 

the high prevalence and diversity of clade 4 strains in Asia,15,66,67 it is likely that C. difficile 

RT 017, as well as other strains in clade 4, originated in Asia, travelled to Europe and 

subsequently crossed the Atlantic to North America. 

 Even though C. difficile RT 017 could be found in at least three continents by the end 

of the 19th century, the Bayesian analysis suggests that the epidemic lineage E emerged solely 

from Asia (sublineage NE3) following the acquisition of erm(B)-positive Tn6194 in 1958 

(95% CI: 1920 – 1977), before spreading globally in 1970 (95% CI: 1953 – 1983). The time 

of acquisition of the erm(B) element coincides with the introduction of clindamycin into 

clinical practice in the 1960s.101 This pattern of spread is similar to C. difficile RT 027, another 

epidemic strain that spread in and from North America in the early 2000s118 driven by the 

acquisition of fluoroquinolone resistance in 1993/94,118 following the widespread use of 

levofloxacin for treating community-acquired pneumonia.330 This provides supporting 

evidence that the use of antimicrobials and the acquisition of AMR determinants are 
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significant in the spread of C. difficile. Although the prevalence of fluoroquinolone and 

rifamycin resistance was also high in C. difficile, the widespread resistance across all lineages 

suggests the independent acquisition of resistance after the spread of the strain. 

 The analyses were first performed on a small dataset of Thai clinical C. difficile 

RT 017 isolates (n = 45) with complete metadata to evaluate the performance of the pipeline. 

These analyses accurately identified four pairs of C. difficile strains isolated from the same 

patients, provided good correlations between AMR phenotypes and genotypes, as well as 

AMR genotypes and cgSNP population structure. When performed on the global dataset 

(n = 282), the analyses accurately predicted the emergence of C. difficile M68 (2001 – 2005), 

a strain from a 2003 outbreak in Ireland.225 Also, appropriate timelines for the emergence of 

Argentinian (1996 – 2000) and Portuguese (2003 – 2011) clusters175,192 were estimated, 

supporting the accuracy of the analyses. 

 Besides the aforementioned AMR genes, the epidemic lineage E was also associated 

with the presence of an aminoglycoside resistance locus and a truncated FdhF protein. Being 

a strictly anaerobic bacterium, C. difficile is intrinsically resistant to aminoglycosides and the 

presence of an additional aminoglycoside-resistance locus is unlikely to have provided any 

advantage to the bacterium.331 However, it may suggest that the epidemic strains were from 

an area with a high prevalence of aminoglycoside-resistant enteric bacteria, especially 

enterococci.332 Formate dehydrogenase is an enzyme involved in the reoxidation of 

nicotinamide adenine dinucleotide (NAD).333 Based on the prediction by the UniProt 

database,298 the truncated region is the coiled-coil domain that likely serves as a binding site 

for NAD. Thus the truncated protein is likely non-functional, however, C. difficile has several 

pathways for oxidising NAD and the truncated FdhF may not ultimately have any effect on 

growth nor virulence.333 Another significant genetic variant associated with lineage E was a 

point substitution (W366L) on the diguanylate kinase signalling protein (Table 7.3). This 

protein is involved in the regulation of cyclic dimeric guanosine monophosphate (c-di-GMP) 

which plays a role in motility and biofilm formation.263,329 In a preliminary assessment, strains 
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from lineage E had increased motility and a decreased level of cell aggregation in vitro. 

Further in vivo studies are needed to determine how this change affects the virulence and 

transmissibility of the epidemic strains. 

 The analyses of Thai clinical C. difficile strains (n = 45) provided information on 

disease transmission in the country that differs from a previous report from the UK.11 The UK 

study reported a cluster of closely related C. difficile RT 017 strains in a single hospital in 

London that was different to strains from other parts of the city, suggesting an intra-hospital 

outbreak.11 In the current study, all Thai strains were isolated in a single tertiary hospital over 

4 years (2015 – 2018), however, most of them were not closely related. Overall, these strains 

were more related to C. difficile M68, a strain isolated in Ireland in a different decade,225 than 

to a non-epidemic strain from the same hospital. This suggests that the high prevalence of 

C. difficile RT 017 in the hospital was not due to an ongoing outbreak. Indeed, evidence of 

direct patient-patient transmission could be identified in only a few cases. The remaining cases 

acquired C. difficile RT 017 elsewhere, most likely from the community.1,251 

 The research in this chapter also demonstrated the effect of reference genome 

selection on the downstream analysis (Table 7.2). The results were comparable when a 

reference from the same ST was used (an average of 0.49 SNPs difference, clonality cut-off 

point 2 SNPs).274 Differences became more pronounced as the reference strain became less 

related, suggesting that a reference genome from the same ST should be used to ensure 

accurate cgSNP results. With the introduction of the Oxford Nanopore Technology (ONT), it 

is now possible to assemble a complete genome of a local reference strain to maximise the 

accuracy of cgSNP analysis using a combination of short and long-read sequences. 

 A limitation of this study remained the relatively low number of early C. difficile 

RT 017 strains in general and the lack of older strains from Asia. This likely led to some 

uncertainty in the estimations, as reflected by wide 95% CIs, especially around the root of the 

Bayesian tree. Although it may be difficult to acquire old clinical strains, it may be possible 

to get historical strains from other sources. Soil is one promising source for ancient C. difficile, 
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as it is a reservoir for C. difficile spores and several methods have been developed to measure 

the age of the soil,334 which can be used as a substitution for the collection date in a Bayesian 

evolutionary analysis. 

7.5 Conclusions 

 C. difficile RT 017 had been circulating between Asia and Europe for centuries before 

spreading to North America. The epidemic lineage E emerged from Asia in the middle of the 

20th century following the acquisition of erm(B). A focused investigation of contemporary 

C. difficile RT 017 in Thailand revealed that the population was highly diverse and community 

reservoirs/sources may have played an important role in the transmission of disease in this 

country.
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8.1 Introduction 

 In earlier chapters, it was established that C. difficile ribotype (RT) 017 has the highest 

prevalence of antimicrobial resistance (AMR) and multidrug resistance (MDR) among strains 

of C. difficile in Southeast Asia in general, as well as in Thailand specifically. Besides 

Southeast Asia, some studies in other parts of the world have reported high AMR prevalence 

in C. difficile RT 017.74,231 This high prevalence of resistance was likely the driving factor for 

the global spread that has made C. difficile RT 017 one of the most successful C. difficile 

strains in the world. 

 Unfortunately, information on AMR prevalence in C. difficile RT 017, as well as other 

strains, remains fragmented and there has been no study of the global C. difficile population. 

With the advent of next-generation sequencing (NGS), research groups have started to 

implement whole-genome sequencing (WGS) as a part of their studies and submitted 

sequences to public databases. Thus, it is possible to collate sequence reads from various 

places around the globe and perform a species-wide genomic study of AMR. 

 In this chapter, 10,330 C. difficile genomes available on the NCBI Sequence Read 

Archive (SRA) until the end of 2019, comprising strains spanning all eight evolutionary 

clades, were downloaded and AMR characterised, resulting in the first species-wide genotypic 

AMR atlas of C. difficile. The dataset used in this chapter is available in Table S7 in the 

Supplementary Document (see Appendix V) 

8.2 Aims 

• To characterise AMR genotypes in the global C. difficile population. 

• To compare the prevalence of AMR genotypes across different evolutionary clades. 

• To identify AMR genotypes specific to some C. difficile lineages. 
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8.3 Results 

8.3.1 Summary of population structure 

 The population structure of C. difficile in the dataset is summarised in Table 8.1. 

Among 10,330 C. difficile genomes, data on the region of origin was available for 6,227 

(60.3%) C. difficile strains: Asia (n = 355), Europe (n = 3,548), North America (n = 2,212) 

and Australia/New Zealand (n = 112). The clade distribution of C. difficile in these regions is 

summarised in Table 8.2. 

Table 8.1 – C. difficile strains in the de-replicated NCBI database. 

C. difficile clade Number of genomes (%) Most prevalent ST (%) 

C1 6,713 (65.0%) ST 2 (9.2%)* 

  ST 8 (6.0%)* 

  ST 3 (5.4%)* 

  ST 42 (4.1%)* 

  ST 6 (3.2%)* 

  ST 44 (2.5%)* 

  ST 14 (2.4%)* 

C2 1,951 (18.9%) ST 1 (16.6%)* 

  ST 41 (0.8%) 

C3 237 (2.3%) ST 5 (2.0%) 

  ST 22 (0.2%) 

C4 557 (5.4%) ST 37 (4.3%)* 

  ST 39 (0.2%) 

C5 847 (8.2%) ST 11 (7.6%)* 

  ST 167 (0.1%) 

Cryptic clades 25 (0.2%) ST 361 (<0.1%) 

  ST 177 (<0.1%) 

Total 10,330 - 

Note: * Ten most prevalent sequence types (STs) in this dataset. 

Table 8.2 – Clade distribution in 4 major geographical regions. 

Region 
Clade 

C1 C2 C3 C4 C5 Cryptic 

Asia 76.6% 3.4% 3.9% 15.2% 0.6% 0.3% 

Europe 74.4% 11.0% 3.4% 2.7% 8.3% 0.2% 

North America 68.9% 24.7% 0.1% 2.1% 4.0% 0.2% 

Australia/New Zealand 39.3% 26.8% 1.8% 3.6% 28.6% 0.0% 
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8.3.2 Summary of AMR and MDR prevalence 

Of the 10,330 C. difficile genomes evaluated, 4,532 (43.9%) contained acquired 

resistance genes for at least one antimicrobial class; with 89 STs across 5 major clades having 

at least one resistant strain (Figure 8.1). A total of 901 strains (8.7%) across 28 STs harboured 

resistance determinants for three or more antimicrobial classes and were therefore classified 

as MDR. Based on the resistance prevalence, C. difficile could be divided into clades with an 

overall resistance prevalence of ≥ 50%, which include clades 2, 4 and 5, each of which 

contains an epidemic ST (ST 1 in clade 2, ST 37 in clade 4 and ST 11 in clade 5), and clades 

with overall resistance prevalence of < 50%, which include clades 1 and 3, as well as all three 

cryptic clades. The prevalence of MDR C. difficile was highest in clade 4 C. difficile (61.6% 

compared to overall 5.7% in other clades), over three times higher than in clade 2 which had 

the second-highest prevalence of MDR strains (18.3%). The overall resistance prevalence of 

important antimicrobial classes is shown in Figure 8.2. 

8.3.3 AMR prevalence in different geographical regions 

Figure 8.3 shows the results of logistic regression analyses of the clade-adjusted 

AMR and MDR prevalence compared to strains from Australia/New Zealand as the reference. 

Overall, strains from Asia, Europe and North America all had higher AMR prevalence 

(p < 0.001). The difference in AMR prevalence was the most pronounced for 

fluoroquinolones, where the prevalence of substitution associated with fluoroquinolone 

resistance (FQR) in the three continents (collectively 1,491/6,115; 24.4%) was estimated to 

be at least nine times higher than in Australia/New Zealand (3/112; 2.7%). Among the three 

continents, the AMR prevalence was not significantly different in most cases, with the AMR 

prevalence in Asia (99/355; 27.9%) marginally higher than in Europe (814/3,548; 22.9%) and 

North America (578/2,212; 26.1%). 
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Figure 8.1 – Distribution of resistant and MDR C. difficile. A UPGMA phylogenetic tree 

represents a total of 270 STs included in this study. The black square indicates that at least 

one strain in the ST had acquired resistance (AMR) to at least one antimicrobial class. The red 

star indicates that at least one strain in the ST was MDR (i.e. had acquired resistance to at least 

three antimicrobial classes). The pie chart in the middle shows the overall prevalence of MDR 

C. difficile (black), C. difficile resistance to 1-2 antimicrobial classes (dark grey) and pan-

susceptible C. difficile (light grey) among 10,330 C. difficile strains. The bar charts below 

show the prevalence of resistant and MDR strains in each clade. 
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Figure 8.2 – Summary of AMR genotype of C. difficile. (A) For evolutionary context, a 

neighbour-joining phylogeny based on MLST shows the global population structure of C. 

difficile. (B) The prevalence of C. difficile strains harbouring accessory AMR genes across 

different clades (leftmost) and the prevalence of resistance to important antimicrobial classes 

conferred mainly by accessory AMR genes. The presence of an aminoglycoside resistance 

gene (**) does not contribute to the definition of MDR C. difficile. (C) The prevalence of C. 

difficile strains having significant amino acid substitutions associated with AMR across 

different clades (leftmost) and the prevalence of resistance to important antimicrobial classes 

conferred mainly by amino acid substitution. 
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Figure 8.3 – Difference in AMR prevalence in different geographical regions. Multiple 

logistic regression analyses were performed to compare the clade-adjusted AMR prevalence 

in 4 regions (Asia, Europe, North America and Australia/New Zealand). The Forest plot 

represents the estimated AMR prevalence in each continent compared to Australia/New 

Zealand. 

8.3.4 Resistance to significant antimicrobial classes 

8.3.4.1 Fluoroquinolone resistance 

Overall, 2,959 C. difficile strains (28.6%) carried known DNA gyrase substitutions 

associated with FQR. The prevalence of FQR was highest in clade 2 (82.3%), followed by 

clade 4 (53.1%). Most resistance was conferred by point substitutions solely within the GyrA 

subunit of the enzyme (2,771 strains, 93.7% of all resistant strains), followed by point 

substitutions solely within the GyrB subunit (104 strains, 3.5%). Only 84 strains (2.8%) had 
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substitutions on both gyrase subunits. The prevalence of GyrB subunit substitution (both alone 

and in addition to GyrA substitution) was highest in clade 4 (10.6%). The most common GyrA 

substitution was T82I (found in 2,843 strains, 99.6% of strains with GyrA substitution) and 

the most common GyrB substitution was D426N (131 strains, 69.7% of strains with GyrB 

substitution), followed by D426V (44 strains, 23.4%), the latter was almost exclusive to clade 

4 (40/44 strains, 90.9%). Interestingly, a S416A substitution, a polymorphism that does not 

confer resistance, was found in a majority of clade 5 (825 strains, 94.9%) and cryptic clades 

(20 strains, 80.0%), but in only one clade 1 strain and none of the other major clades.  

8.3.4.2 MLSB resistance 

Table 8.3 summarises the major genotypic determinants for MLSB antimicrobials 

detected in the survey. The most common determinants were erm(B) (1,775 strains, 17.2%) 

followed by erm(52) (145 strains, 1.4%) and erm(G) (25 strains, 0.2%). The erm class genes, 

which methylate 23S rRNA and prevent the binding of MLSB antimicrobials, are associated 

with high-level resistance to all MLSB antimicrobials, as shown by high-level resistance to 

both clindamycin and erythromycin.315 The most common non-erm genes were mef(H) (156 

strains, 1.5%), mef(A) (24 strains, 0.2%), msr(D) (21 strains, 0.2%) and lnuC (17 strains, 

0.2%) genes. In total, 1,979 C. difficile strains (19.2%) across 65 STs (23.9%) in five major 

clades carried acquired MLSB resistance determinants. Among erm(B)-positive strains, known 

erm(B)-carrying transposons were identified in 1,706 strains (96.5%; 77.6% – 100.0% 

nucleotide identity [NI]). Transposon diversity was highest in clade 1 (Table 8.1). The most 

common erm(B) -positive transposon was Tn6194 (788 strains, 44.4%; 81.9% – 100.0% NI), 

followed by Tn6189 (424 strains, 23.9%; 77.6% – 99.9% NI) and Tn6218 (216 strains, 12.2%; 

85.3% – 100.0% NI). Tn5398, which contains two copies of erm(B), was found in 170 strains 

(9.6%; 81.2% – 100.0% NI), most of which belonged to clade 1 (168 strains, 98.8%). 
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Table 8.3 – Summary of resistance determinants for MLSB antimicrobials. 

Gene 
Clade distribution [N (%)] 

Overall 
C1 C2 C3 C4 C5 Cryptic 

erm(B) 
953 

(14.2%) 

421 

(21.6%) 

0 

(0.0%) 

328 

(58.9%) 

73 

(8.6%) 

0 

(0.0%) 

1,776 

(17.2%) 

  Tn5398 
168 

(2.5%) 

1 

(0.1%) 

0 

(0.0%) 

0 

(0.0%) 

1 

(0.1%) 

0 

(0.0%) 

170 

(1.6%) 

  Tn6189 
259 

(3.9%) 

104 

(5.3%) 

0 

(0.0%) 

44 

(7.9%) 

17 

(2.0%) 

0 

(0.0%) 

424 

(4.1%) 

  Tn6194 
204 

(3.0%) 

270 

(13.8%) 

0 

(0.0%) 

268 

(48.1%) 

46 

(5.4%) 

0 

(0.0%) 

788 

(7.6%) 

  Tn6215 
106 

(1.6%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

2 

(0.2%) 

0 

(0.0%) 

108 

(1.0%) 

  Tn6218 
200 

(3.0%) 

4 

(0.2%) 

0 

(0.0%) 

10 

(1.8%) 

2 

(0.2%) 

0 

(0.0%) 

216 

(2.1%) 

  Unknown 
16 

(0.2%) 

42 

(2.2%) 

0 

(0.0%) 

6 

(1.1%) 

5 

(0.6%) 

0 

(0.0%) 

69 

(0.7%) 

Other erm 

genes 

86 

(1.3%) 

17 

(0.9%) 

1 

(0.4%) 

66 

(11.8%) 

4 

(0.5%) 

0 

(0.0%) 

175 

(1.7%) 

Non-erm 

genes 

76 

(1.1%) 

104 

(5.3%) 

1 

(0.4%) 

22 

(3.9%) 

18 

(2.1%) 

0 

(0.0%) 

222 

(2.1%) 

 

8.3.4.3 Tetracycline resistance 

Table 8.4 summarises the genotypic determinants found for tetracyclines. The most 

common tetracycline resistance determinant was tetM (1,447 strains, 14.0%), followed by 

tet40 (214 strains, 2.1%) and tet44 (125 strains, 1.2%). These three genes encode ribosomal 

protection proteins, which prevent the binding of tetracyclines to 16S rRNA. In total, 1,645 

C. difficile strains (15.9%) across 68 STs (25.0%) in five major clades carried at least one tet 

gene, with 333 strains (3.2%) carrying more than one gene, 271 of which (81.4%) belonged 

to clade 5. Five ST 11 C. difficile strains (clade 5) carried 4 different tet genes, the highest 

number of tet genes per genome in this dataset. Interestingly, tet40 and tet44 were almost 

exclusively found in clade 5 C. difficile (94.9% and 98.4% of tet40- and tet44-positive 

C. difficile belonged to clade 5, respectively).  
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Table 8.4 – Summary of resistance determinants for tetracyclines. 

Gene 
Clade distribution [N (%)] 

Overall 
C1 C2 C3 C4 C5 Cryptic  

tetM 457 

(6.8%) 

128 

(6.6%) 

0 

(0.0%) 

402 

(72.2%) 

460 

(54.3%) 

0 

(0.0%) 

1,447 

(14.0%) 

  Tn916 146 

(2.2%) 

25 

(1.3%) 

0 

(0.0%) 

95 

(17.1%) 

298 

(35.2%) 

0 

(0.0%) 

564 

(5.5%) 

  Tn5397 215 

(3.2%) 

1 

(0.1%) 

0 

(0.0%) 

1 

(0.2%) 

8 

(0.9%) 

0 

(0.0%) 

225 

(2.2%) 

  Tn6190 7 

(0.1%) 

2 

(0.1%) 

0 

(0.0%) 

297 

(53.3%) 

150 

(17.7%) 

0 

(0.0%) 

456 

(4.4%) 

  Tn6944 52 

(0.8%) 

97 

(5.0%) 

0 

(0.0%) 

6 

(1.1%) 

1 

(0.1%) 

0 

(0.0%) 

156 

(1.5%) 

  Unknown 37 

(0.6%) 

3 

(0.2%) 

0 

(0.0%) 

3 

(0.5%) 

3 

(0.4%) 

0 

(0.0%) 

46 

(0.4%) 

tet44 2 

(<0.1%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

123 

(14.5%) 

0 

(0.0%) 

125 

(1.2%) 

  Tn6164 2 

(<0.1%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

123 

(14.5%) 

0 

(0.0%) 

125 

(1.2%) 

Other tet 

genes 

129 

(1.9%) 

12 

(0.6%) 

2 

(0.8%) 

14 

(2.5%) 

336 

(39.7%) 

0 

(0.0%) 

493 

(4.8%) 

 

Known tetM-positive transposons and their variants were detected in 1,245 (86.0%) 

tetM-positive C. difficile (78.0 – 100.0% NI). Transposon diversity was highest in clade 1 

(Table 8.4). The most common transposons were Tn916 (564 strains, 39.0%; 83.3% – 100.0% 

NI) and Tn6190 (456 strains, 31.5%; 81.5% – 100.0% NI). In contrast to the prevalence of 

erm(B)-positive transposons above, the distribution of tetM-positive transposons was different 

in clade 2, clade 4 and clade 5 (Figure 8.4A). Known tetM-positive transposons could not be 

identified in 78.1% of tetM-positive clade 2 C. difficile (100/128 strains). Analysis of the 

assembled genome of ST 1 strain C00008355, a clinical isolate from the UK [SRA accession 

ERR347593], showed that tetM was located on a 9,013 bp element with an overall 37.1% GC 

which did not match any transposons in the NCBI database or published literature (Figure 

8.4B). The annotated sequence of this novel transposon, designated Tn6944 by the Liverpool 

transposon repository,335 and is available in the DDBJ/ENA/GenBank databases under the 

accession number BK013348. Besides tetM, Tn6944 also carries mef(H), which encodes a 

macrolide efflux protein. Tn6944 was identified in additional 156 C. difficile strains (78.0% – 

100.0% NI), 97 of which belonged to clade 2 (Table 8.2). All tet44-positive C. difficile 
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harboured Tn6164 (80.3% – 100.0% NI), a 100 kbp genomic island containing tet44 and 

ant(6)-Ib, a gene conferring streptomycin-resistance.270 

  

Figure 8.4 – Clade specificity of tetM-positive transposons in C. difficile. (A) Sankey 

diagram shows the prevalence of 4 tetM-positive transposons commonly found in C. difficile. 

The left and right axes represent C. difficile clades and the transposons, respectively. The 

height of the left axis corresponds to the number of tetM-positive C. difficile strains in each 

clade, excluding strains with unknown transposons (clade 1, n = 419; clade 2, n = 208; clade 

4, n = 711; clade 4, n = 688). (B) A genetic structure of the novel tetM-positive transposon, 

Tn6944 [BK013348]. The amino acid sequences of the key elements in this transposon were 

compared to the elements found in Tn916 [U09422.1]. 
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8.3.4.4 Vancomycin resistance 

A complete vanB operon (vanRB, vanSB, vanYB, vanW, vanHB, vanB and vanXB) was 

identified in one C. difficile strain, belonging to ST 11 (clade 5). This vanB operon was 

previously described to be phenotypically silent due to a ~2.1 kbp disruption of vanRB which 

is a response regulator and part of a key two-component system.208,336 This strain was thus 

considered to remain susceptible to vancomycin.  

8.3.4.5 Metronidazole resistance 

SRST2 with the customised pCD-METRO plasmid database correctly identified the 

plasmid in 14 C. difficile genomes from the Boekhoud et al. study209 (9 belonged to ST 15 and 

5 belonged to ST 2). Apart from these strains, the pCD-METRO plasmid was found in only 

one C. difficile strain belonging to ST 15 (clade 1, RT 010, non-toxigenic), the same RT 

reported in the Boekhoud et al. study.209 In total, only 10 of 223 C. difficile ST 15 strains 

(4.5%) were positive for the pCD-METRO plasmid. 

8.3.4.6 Rifamycin resistance 

Points mutation in rpoB were found in 688 C. difficile strains (6.7%), with the highest 

prevalence in clade 4 (32.1%), followed by clade 2 (16.8%). The most common substitution 

was R505K found in 68.0% of the resistant strains, followed by H502N (49.4%), with 306 

strains (44.5% of the resistant strains) having both substitutions. Besides rifamycins, a 

Q1073R substitution in RpoB was also reported to be associated with reduced susceptibility 

to fidaxomicin.337 This substitution was not detected in this dataset. 

8.3.4.7 Carbapenem resistance 

A total of 643 C. difficile strains (6.2%) had substitutions in either Pbp1 or Pbp3, 

conferring imipenem resistance, with the prevalence slightly higher in clades 2 and 4 (21.6% 

and 19.4%, respectively, p = 0.279) than the other clades (collectively 1.4%, p < 0.001); 504 
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C. difficile strains had a substitution in Pbp1 (492 having A555T and 12 having L543H), 125 

strains had a Y721S substitution in Pbp3 and 12 strains from ST 37 (clade 4) had substitutions 

on both Pbp1 (all A555T) and Pbp3.  

In addition to the detection of point substitutions, carbapenemase-encoding genes 

were identified in two C. difficile strains: an unnamed strain [accession ERR2703875; ST 2, 

clade 1] carried SHV-1 and CD72 [accession SRR5367248; ST 81, clade 4] carried PER-1. 

By NCBI BLAST approach, the SHV-1 encoding gene was found on an element resembling 

a Klebsiella pneumoniae plasmid tig00001208_pilon [CP036443.1, 99.7% sequence identity, 

35% coverage] and the PER-1 encoding gene was found on an element resembling 

Acinetobacter haemolyticus plasmid pAHTJR1 [CP038010.1, 99.8% sequence identity, 5% 

coverage].  

8.3.5 Other resistance types 

Genotypic resistance determinants for five other antimicrobials were also identified. 

First, 124 C. difficile strains (1.2%) were positive for the cfrB, which confers linezolid 

resistance.197 Resistance determinants for trimethoprim were identified in 147 (1.4%) 

C. difficile strains, six of which also harboured sulphonamide resistance determinants. Ninety-

eight C. difficile strains (1.0%) carried chloramphenicol resistance determinants. The most 

common determinant was catP (92 strains, 93.9%). 

In addition to the C. difficile class D β-lactamases which confer intrinsic 

cephalosporin resistance in C. difficile,207 a few C. difficile strains also had other classes of 

β-lactamases. Forty-three C. difficile strains carried genes encoding extended-spectrum 

β-lactamases (ESBLs), the most common type belonging to the TEM family (36 strains), and 

five strains carried AmpC β-lactamase genes.  

Finally, 1,250 C. difficile strains (12.1%) carried various aminoglycoside-resistance 

determinants. The most common determinants were aac6-aph2 (666 strains, 6.5%), aph-III 

(279 strains, 2.7%) and sat4 (271 strains, 2.6%). Notably, 270 strains carried a locus 

containing aph-III and sat4 adjacent to one another, 184 (68.2%) of which belonged to C5 
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(183 ST 11 strains and one ST 163 strain). This locus had 99.9% nucleic acid identity to a 

gene cluster found in Erysipelothrix rhusiopathiae, as described in a previous study.269 

8.4 Discussion 

The success of several epidemic C. difficile strains has been thought to be associated 

with an AMR phenotype which provides a survival advantage for these C. difficile strains in 

the presence of antimicrobials while imposing little fitness cost.338-340 In addition, resistance 

to several antimicrobial classes has been associated with specific C. difficile lineages: 

fluoroquinolone and rifamycin resistance and C. difficile ST 1 (clade 2),118,206 tetracycline 

resistance and C. difficile ST 11 (clade 5),83 as well as resistance to various antimicrobial 

classes and MDR and C. difficile ST 37 (clade 4).160,179,254 This chapter provides genotypic 

evidence to support this association which was demonstrated by the higher resistance 

prevalence and, especially in the case of tetracycline resistance in C. difficile ST 11, a higher 

diversity of resistance determinants in the associated clades.  

Although the metadata was not complete (only 60.3% of strains had information of 

the geographical origin and there was not enough information on the host species), some 

interesting findings can be seen in this genome subset. Figure 8.3 demonstrates the difference 

in AMR prevalence in different continents which may reflect the use of antimicrobials in these 

regions. The most prominent example is fluoroquinolones which are strictly monitored in 

Australia and New Zealand but are widely used elsewhere.69 Consequently, there was a stark 

difference in the prevalence of FQR between Australia and the other three regions. Besides 

fluoroquinolones, the high prevalence of MLSB and tetracycline resistance, especially in Asia, 

is suggestive of the overuse of these antimicrobials in the region.341  

 Based on a large sample size, which should give an accurate representation of the 

C. difficile population, this chapter provides a global atlas of genotypic AMR determinants in 

C. difficile. In general, one resistance determinant appeared to dominate in most antimicrobial 

classes. For example, erm(B) and tetM were found in almost 90% of C. difficile strains with 
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genotypic resistance to MLSB and tetracycline, respectively. Fluoroquinolone and rifamycin 

resistance were also mainly determined by a single substitution in GyrA (T82I) and RpoB 

(R505K), respectively. This is similar to other Gram-positive bacteria, such as Staphylococcus 

aureus,342 where one genotypic determinant is responsible for a resistance phenotype in a 

majority of the bacterial population, in contrast to many Gram-negative bacteria, such as 

several members in the Family Enterobacteriaceae,343 where resistance to an antimicrobial 

class can be conferred by several genotypic determinants. The dominance of a single 

genotypic determinant accommodates the development of genotype-based rapid detection kits 

for drug-resistant C. difficile, similar to real-time PCR assays for methicillin-resistant 

S. aureus.344 Such tools can be beneficial for the surveillance of C. difficile outbreaks in the 

future. 

 Another benefit of a large sample size and NGS is the power to detect rare genotypic 

determinants. The most notable finding was the detection of carbapenemase-encoding genes 

in two C. difficile strains: STs 2 and 81, approximately 0.02% of the population. Previously, 

carbapenem resistance in C. difficile has been mainly associated with point substitutions on 

Pbp1 and Pbp3, which cannot be transferred horizontally and only confer imipenem 

resistance.192 On the contrary, many carbapenemases provide resistance to a wide range of 

carbapenem antimicrobials and are capable of horizontal transfer.345 The detection of 

carbapenemase-encoding genes is concerning, as C. difficile mainly resides in the colon, the 

same habitat as many pathogenic Enterobacteriaceae, and transfer of these genes can give rise 

to carbapenem-resistant Enterobacteriaceae (CRE), another urgent threat in AMR.5 

Conversely, C. difficile can also serve as a reservoir of these resistance genes. Indeed, the gene 

encoding SHV-1, one of the carbapenemases found in this study, was found on an element 

similar to a K. pneumoniae plasmid (tig00001208, GenBank accession CP036443.1; 99.7% 

NI), suggesting a possible inter-phylum transfer event between these two organisms although 

this plasmid was classified as an IncF plasmid according to PlasmidFinder.346 Generally, the 

host range for IncF plasmids is limited to only within Enterobacteriaceae.347 Further study is 

thus needed to confirm that this horizontal transfer is possible. 



 Chapter 8 – Species-wide AMR atlas of C. difficile 

171 

 

 In Chapter 5, two novel resistance determinants for MLSB antimicrobials were 

described; erm(52) and mef(H). In a larger population of C. difficile, these two genes were 

found in 1.4 – 1.5% of C. difficile strains, approximately six times more prevalent than erm(G), 

a gene previously believed to be the second most prevalent resistance determinant in 

C. difficile. Failing to detect these two determinants could partially explain the discrepancy 

between resistance genotype and phenotype in earlier studies.181 Indeed, the inclusion of 

erm(52) improved the concordance between clindamycin resistance genotype and high-level 

clindamycin resistance phenotype to 100% and mef(H) provided concordant genotype to 

C. difficile strains with isolated erythromycin resistance (see Chapter 5). Further 

characterisation of mef(H) revealed that the gene was located adjacent to tetM on a newly 

defined transposon Tn6944 (Figure 8.4B). This transposon has also escaped detection and 

characterisation despite being present mainly in ST 1 (clade 2), a strain that has been 

extensively studied.310 Interestingly, even though tetracycline resistance was a key factor in 

the evolution of the epidemic C. difficile ST 11 due to its use in agricultural practices,83 this 

antimicrobial was not included in the antimicrobial susceptibility panel in a pan-European 

study.74,186 Tetracycline resistance was also never mentioned in studies involving C. difficile 

ST 1, perhaps because the prevalence in this lineage was much lower than that of FQR 

mutations (7.1% vs 82.3%). 

 As an obligate anaerobe, C. difficile is intrinsically resistant to aminoglycosides. 

Additional resistance determinants for these antimicrobials are not beneficial to the bacterium 

and unlikely to be maintained in the genome. Thus, the presence of aminoglycoside resistance 

determinants should reflect recent, and likely continuous, inter-species gene transfer with taxa 

in diverse environments such as the animal gut and soils. The most common aminoglycoside 

resistance determinant was aac6-aph2, a bifunctional gene found in Staphylococcus spp. and 

Enterococcus spp.,332 species commonly found in the human and animal gut. Interestingly, 

many ST 11 (clade 5) strains also carried an aph-III and sat4 cluster, a gene cluster found in 

E. rhusiopathiae which inhabits the porcine gut,318 supporting the animal origin and One 

Health importance of this lineage.269 Indeed aminoglycosides have been heavily used in both 
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agricultural and veterinary practices.348 The presence of aminoglycoside resistance 

determinants in C. difficile highlights another aspect of AMR in C. difficile; the role of 

C. difficile as a reservoir of AMR genes. Aminoglycosides remain a key treatment option for 

serious staphylococcal and enterococcal infections, such as infective endocarditis, in 

conjunction with β-lactams antimicrobials.349 Resistance to aminoglycosides in these 

pathogens complicates treatment of these infections which may result in adverse clinical 

outcomes. Thus, colonisation with C. difficile carrying these resistance determinants may pose 

an additional risk of treatment failure in these patients. 

This chapter utilised the direct analysis of raw sequence reads without the need for 

genome assembly which enabled the characterisation of a large dataset within a relatively 

short time (approximately 5 min of CPU time [16 cores] per strain as opposed to more than 

30 min of CPU time per strain for de novo assembly pipeline). SRST2 provides rapid MLST 

and AMR genotyping.266 SRST2-based AMR genotyping can be performed using three types 

of databases: well-characterised databases of accessory AMR genes,267,320,350 species-specific 

gene allele databases (e.g., the PubMLST database), as well as customised databases. 

 Besides the lack of complete metadata, another limitation was the lack of comparative 

phenotypic data, as the study was performed on a publicly available genome dataset. However, 

many key AMR genotypes were reported to have a high correlation with phenotypic 

characteristics.181 Thus, the prevalence reported in this study should reflect the resistance 

prevalence in the C. difficile population. Also, this chapter only focuses on the presence or 

absence of genotypic AMR determinants and does not take into account the different alleles 

of the genes, as the alleles were not included in the databases used in the analyses.267,350 Further 

analyses on the allelic distribution across C. difficile population may provide additional 

information on the spread of AMR genes. 
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8.5 Conclusions 

 Almost half of the 10,330 C. difficile strains studied carried at least one genotypic 

resistant determinant. The resistance prevalence was higher among clades 2, 4 and 5, which 

were associated with epidemic C. difficile STs 1, 37 and 11, respectively. Though resistance 

to antimicrobials for treatment of CDI is rare, this study provides evidence to support the role 

of AMR in the spread of C. difficile, as well as the role of C. difficile as a reservoir of accessory 

AMR genes, most notably aminoglycoside resistance determinants and carbapenemase-

encoding genes.
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9.1 Introduction 

 C. difficile ranks among the most important health threats in the developed world. It 

is an urgent antimicrobial resistance (AMR) threat organism in the United States and a major 

cause of healthcare-associated gastrointestinal infections in Europe.5-7 C. difficile poses 

significant threats to both the population health and the economy of the countries.5,6,8 Among 

toxigenic C. difficile (TCD) strains, C. difficile ribotype (RT) 017 stands out as one of the most 

successful strains, causing outbreaks of severe C. difficile infection (CDI) around the world 

since the late 1990s.10,228,351 Importantly, it is associated with the highest prevalence AMR and 

multidrug resistance (MDR), however, despite its success as a pathogen very little is known 

about C. difficile RT 017 compared to the other epidemic RTs. 

 Focusing on Thailand and Southeast Asia, where C. difficile RT 017 is an endemic 

strain, the research reported in this thesis aimed to: 

• Characterise C. difficile RT 017 both phenotypically and genotypically 

• Determine the genetic and epidemiological factors behind the spread of C. difficile 

RT 017 

• Evaluate the clinical characteristics of CDI caused by these C. difficile strains. 

The key findings are discussed below. 

9.2 Evidence of endemicity of clade 4 C. difficile in Southeast Asia 

 Chapters 4 and 5 described the C. difficile population in Thailand and Southeast 

Asia. Overall, the C. difficile population in this region mainly comprised strains from 

evolutionary clades 1 and 4. Clade 1 was represented mainly by C. difficile RT 014/020 group 

(A+B+CDT-) and several non-toxigenic C. difficile (NTCD), most notably C. difficile RT 010. 

Clade 4 was represented mainly by C. difficile RT 017, and other novel RTs sharing the same 

uncommon toxin gene profile (A-B+CDT-), and NTCD strains that did not match the RTs 

from the European reference collection. 
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 The population of C. difficile is divided into five major evolutionary clades and at 

least three smaller cryptic clades.55,56 The cryptic clades are highly divergent and will likely 

be re-classified into novel species.56 Previous evolutionary analyses suggested that divergence 

of the five major clades occurred more than a million years ago.55,56 It has been postulated that 

this divergence occurred as a consequence of the separation of the continents (Figure 9.1), 

resulting in the phylogeographical troprism/distribution of C. difficile population, i.e. there is 

one native/endemic C. difficile clade in each major geographical region. The presence of non-

native C. difficile strains likely resulted from the subsequent movement of human or animal 

populations between regions. From the data summarised above, clade 4 appears to be the 

native C. difficile clade in Southeast Asia and clade 1 was later imported with population 

movement from another region, most likely Europe. 

Figure 9.1 – The movement of the continental plates. The green star () shows the location 

of Southeast Asia. The red star () shows the movement of the Indian subcontinent as it split 

from the Gondwana and eventually crashed into the Eurasian continent. This figure 

downloaded from Nature Vectors by Vecteezy (vecteezy.com/free-vector/nature) 

 

 While a high prevalence of clade 1 strains has been reported in Europe73,74 and 

Australia,80 the high prevalence and diversity of clade 4 strains has been seen almost 

https://www.vecteezy.com/free-vector/nature
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exclusively in Asia, often Southeast Asia.15,61,63,66,67,221 Chapter 4 described 13 different 

A-B+CDT- C. difficile RTs, most of which were novel. Although the number of different RTs 

may have been exaggerated by the effect of DNA degradation due to a prolonged transit time, 

this chapter reported the highest diversity of A-B+CDT- C. difficile so far. Generally, 

C. difficile RT 017 has been the only A-B+CDT- C. difficile reported outside Asia73,74,80 and 

most studies reporting non-RT 017 A-B+CDT- C. difficile strains have come from Asia, e.g. 

Indonesia,66 China352 and Japan.230,353 Even though multilocus sequence typing (MLST) was 

not performed, it is likely that these novel RTs belonged to clade 4, as all of them had a similar 

tcdA deletion, which has never been found outside of clade 4.56  

 Even within C. difficile RT 017, which can be found globally, the diversity of strains 

in Asia was also higher than in other parts of the world. In Chapter 7, 45 C. difficile RT 017 

strains from a tertiary hospital in Bangkok, Thailand, collected during 2015 – 2018, were 

analysed. This showed that the diversity of C. difficile RT 017 in a single study site in Thailand 

is even higher than the diversity in some countries, with the common ancestor dated back to 

as early as 1949. When incorporated into a dataset of global C. difficile RT 017, the Thai 

strains spread across the non-epidemic sublineage NE3 and the epidemic lineage E. An earlier 

study was conducted in London, UK, in which all C. difficile RT 017 strains from one study 

site were clonal, representing a hospital outbreak. The remaining C. difficile RT 017 strains in 

the study were also clustered closely together,11 which is different from the findings in 

Chapter 7. This suggests that C. difficile RT 017 has been in Thailand for a long time and has 

integrated into the Thai community with continuous exposure and introductions into the 

hospital system. 

 In short, the research reported in this thesis confirms the high prevalence and diversity 

of clade 4 C. difficile in Thailand specifically, and Southeast Asia in general, a unique feature 

that has not been reported in other regions. This provides supporting evidence for the theory 

that clade 4 C. difficile originated in Southeast Asia. The introduction of clade 1 C. difficile 

likely occurred later when travel between Europe and Asia was established.354 
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9.3 Evolution and spread of C. difficile RT 017 

 As stated earlier, the diversity of clade 4 C. difficile was highest in Southeast Asia, 

suggesting that the lineage originated in this region. In Chapter 7, how C. difficile RT 017, a 

prominent member of clade 4 C. difficile, traversed the world was examined. The results 

suggested that C. difficile RT 017 had been moving across the globe with human population 

movements for centuries, starting with communication between Asia and Europe, and later 

between Europe and North America. However, these early strains were not the ones that would 

later cause global outbreaks with the analysis suggesting the epidemic lineage arose from a 

single strain in sublineage NE3 (Asia) between 1920 and 1977. 

 Combining the results from Chapter 7 with the diversity of clade 4 as described in 

Chapter 4 and data on population movements, it is likely that C. difficile RT 017, as a part of 

clade 4, originated in Asia (East and Southeast Asia). C. difficile RT 017 then spread to Europe 

around the 1600s following the establishment of the Silk Road, a major trade route between 

the two continents.354 Over two centuries later, some strains from Europe crossed the Atlantic 

Ocean and landed on the East Coast of North America. This coincided with the advent of 

steamships in the early 19th century, which accelerated trans-Atlantic travel.355 One possible 

major spread of C. difficile RT 017 that may have been missed in Chapter 7 was the spread 

of Asian C. difficile RT 017 to the West Coast of North America following the influx of 

Chinese miners during the Californian Gold Rush (1848 – 1855),356 as there were no old 

C. difficile RT 017 strains from the area included in the final dataset. The direction of the later 

spread of C. difficile RT 017, especially in the epidemic lineage E, was more difficult to 

determine as international travel became more accessible worldwide in the 20th century.  

 Chapter 7 further explored the factors behind the global spread of C. difficile RT 017. 

Several factors were identified, the most notable one was the presence of erm(B)-positive 

Tn6194 which was first acquired around the same time as the estimated time of global spread. 

The time of the acquisition corresponded with the time clindamycin was first introduced into 
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clinical practice in the late 1960s,101 as well as the time when there was an increase in the 

prevalence of antimicrobial-associated diarrhoea.105,108  

 Taken together, these findings demonstrate that the movement of C. difficile is deeply 

connected with population movement, both human and non-human animal populations. 

However, the emergence of CDI epidemics occurred only after an external factor was 

introduced. In the case of C. difficile RT 017, it has been moving across at least three major 

continents for centuries without causing any documented outbreaks. Only after the 

introduction of clindamycin did an epidemic drug-resistant lineage emerge and begin to spread 

and cause outbreaks due to clindamycin resistance and selective pressure. 

9.4 Clinical impact of C. difficile RT 017 in Thailand 

 Despite being associated with outbreaks of severe CDI,10,228,351 there has been no 

evidence suggesting that C. difficile RT 017 causes more severe disease than other RTs. In 

Chapter 6, the severity of CDI in Thailand was mainly associated with host factors, in keeping 

with a previous study.42 Chapter 6 further revealed that CDI in Thailand manifested milder 

characteristics compared to CDI in other regions.5,8 In a subgroup analysis of microbiological 

factors, only colonisation with NTCD was marginally associated with less severe disease but 

no difference in disease outcomes was detected, suggesting that regional host factors likely 

play a major role in the unique clinical characteristics of CDI in Thailand. 

 The relationship between AMR and the spread of epidemic C. difficile has been 

explored and characterised.83,118,206 However, the association between AMR and an increase in 

the severity of CDI remains unclear. It is possible that the observed increase in the number of 

severe cases was due to an overall increase in the number of cases. Comparing the AMR threat 

reports by the US Centers for Disease Control and Prevention (CDC) in 2013 and 2019, the 

implementation of antimicrobial stewardship resulted in a decrease in the total number of cases 

and deaths but the mortality rate remained relatively constant (5.6 – 5.7%).5,6 In the current 

study, C. difficile RT 017 had a higher prevalence of resistance to many antimicrobial classes 
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(Chapter 5), but it did not cause more severe disease nor more deaths than other C. difficile 

strains (Chapter 6). This further supports the claim that AMR promotes the spread of 

C. difficile but not the severity of the disease it causes. 

 Host factors are likely to be as important or more important than organism factors in 

determining the severity of CDI. Several host factors may be responsible for the relatively 

mild disease characteristics of CDI in Thailand. For instance, the Thai population has a 

relatively low median age (39.0 y) and life expectancy (77.4 y) compared to Western or 

developed countries (https://www.worldometers.info/). Also, as there is poor antimicrobial 

stewardship in Thailand that leads to high resistance prevalence among many pathogens,215,216 

there may be high resistance prevalence among protective intestinal microbiota, enabling them 

to survive antimicrobial exposure and provide further colonisation resistance against TCD. 

However, these host factors are not well understood and further clinical studies are required 

to shed some light on this matter. 

 As CDI in Thailand is milder compared to the other parts of the world, the appropriate 

choice of treatment may also be different. For instance, only metronidazole and vancomycin 

are available in Thailand for the treatment of CDI, and faecal microbiota transplantation 

(FMT) is rarely, if ever, performed in the country (Imwattana K, personal experience). The 

clinical outcomes of CDI in Thailand were still relatively good, as shown in Chapter 6. 

Furthermore, metronidazole seemed to be comparable to vancomycin despite being inferior in 

other countries.149 Several patients recovered without receiving any specific treatment for 

CDI, and this is not an uncommon outcome of CDI,357 particularly when the disease is mild 

and self-limiting. Taking this into account, the shift from metronidazole to vancomycin as the 

first line of treatment following the latest recommendations98,99 may not be beneficial in this 

setting. 

 To summarise, CDI in Thailand was milder than in other parts of the world and this 

was likely due to host-related factors rather than microbiological factors, although co-

colonisation with NTCD may be protective.169 The high prevalence of AMR among C. difficile 

https://www.worldometers.info/
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strains was also unlikely to be associated with disease severity. Metronidazole should remain 

a treatment of choice for CDI in Thailand. 

9.5 AMR and the genotypic determinants in C. difficile  

 In Chapter 5, two new resistance determinants for macrolide-lincosamide-

streptogramin B (MLSB) resistance were characterised, erm(52) and mef(H). Though further 

work is still needed to confirm their function, the preliminary analyses reported in this thesis 

suggested that these two genes conferred resistance, as they were found exclusively in 

C. difficile strains with resistant phenotypes and no other possible determinants were 

identified. In Chapter 8, a novel transposon was characterised: Tn6944, carrying mef(H) and 

tetM, the latter conferring tetracycline resistance. 

 Previously, a correlation between MLSB resistance phenotypes and genotypes was 

poor.269 This study found that the resistance phenotypes can be divided into high-level and 

low-level resistance. After incorporating the two novel resistance determinants into a pre-

existing database of known accessory AMR determinants,267 work reported in Chapter 5 

showed a 100% concordance between the presence of genotypic AMR determinants and high-

level phenotypic resistance to clindamycin and erythromycin. Chapter 5 also confirmed the 

high concordance between known point substitutions and phenotypic resistance to 

fluoroquinolones and rifamycins as reported in previous studies.181 

 The high phenotype-genotype concordance described above and the fact that most 

AMR was conferred by a single genotypic determinant, as described in Chapter 8, make it 

possible to develop PCR-based detection of AMR C. difficile, similar to the tools developed 

for methicillin-resistant Staphylococcus aureus (MRSA) and MDR Mycobacterium 

tuberculosis,344,358 although there may be a limitation in detection for C. difficile. For MRSA 

and MDR M. tuberculosis, the target AMR determinants are rather specific to the pathogens 

and the specimens are likely to contain a large amount of causative pathogen with little 

contamination. Stool, the preferred specimen for the diagnosis of CDI, contains intestinal 
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microbiota, many of which carry similar genotypic AMR determinants as described in 

Chapter 5. For example, the erm(B) gene can be found in Enterococcus spp.359 Thus, the use 

of PCR-based AMR detection for C. difficile might be limited to use on pure bacterial cultures, 

however, it is more easily performed and faster than the agar dilution method, the current gold 

standard.260  

 Chapter 8 utilises several public databases and describes a global genotypic AMR 

atlas of C. difficile for the first time. Briefly, almost half of C. difficile strains carried at least 

one AMR gene, with 8.7% classified as MDR C. difficile. The prevalence of AMR was high 

among clades 2, 4 and 5, all of which contain at least one epidemic C. difficile strain. Clade 4 

C. difficile, which includes C. difficile RT 017, was also the only clade with more than 50% 

MDR prevalence. This chapter also identified a novel tetM-positive transposon Tn6944, 

primarily among clade 2 C. difficile. In Chapter 7, this transposon was also identified in a 

cluster of C. difficile RT 017 in Asia and help discriminate them from the neighbouring 

Tn916-positive strains. This shows that the identification of MGEs may assist in the study of 

transmission and spread of bacterial pathogens. 

 In Chapters 4 and 5, the phenotypic antimicrobial susceptibility results of C. difficile 

from different parts of Thailand and a tertiary hospital in Bangkok were reported. Overall, A-

B+CDT- C. difficile, most of which were C. difficile RT 017, had the highest resistance 

prevalence against several antimicrobial classes, most notably the MLSB group (represented 

by clindamycin and erythromycin), fluoroquinolones (represented by levofloxacin and 

moxifloxacin) and rifamycin (represented by rifaximin), as well as the highest prevalence of 

MDR. The high prevalence of AMR in C. difficile RT 017, as well as clade 4 C. difficile in 

general, was confirmed genotypically in Chapter 8. This is similar to studies from other parts 

of the world, including East Asia,178,360 Europe74 and Africa.236 

 The pattern of AMR among Thai C. difficile RT 017 reflects the antimicrobial 

prescription habits of Thai clinicians, both appropriate and inappropriate use, and this may 

explain why this particular C. difficile strain has been very successful in the country. The 
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increased use of levofloxacin was documented and associated with the rise of other MDR 

pathogens, such as carbapenem-resistant Enterobacteriaceae (CRE).311 Though less well-

documented, macrolides and tetracyclines are prescribed for the treatment of many sexually 

transmitted (STIs) and tropical infections which are prevalent in Southeast Asia.361-363 

Anecdotally, these antimicrobials are usually used as a 'therapeutic diagnosis' for these 

infections in place of proper diagnostic tests in ambulatory medicine settings where access to 

a laboratory is limited. Also not officially documented, lincomycin, on which clindamycin is 

based, is perhaps the most abused antimicrobial in the country, as the injectable form is 

generally used as part of the 'anti-fever injection' along with dexamethasone, a corticosteroid. 

This occurs in several small clinics throughout the country to meet the public demand for an 

intervention for fever that is not alleviated by oral antipyretic medications, such as 

paracetamol (Imwattana K, personal experience). 

 Antimicrobial stewardship is crucial to control C. difficile spread, although it can be 

difficult to control the use of all antimicrobials. As the potential factors that promote the spread 

of C. difficile RT 017 are identified, it may be possible to develop public health policy to 

control the use of specific antimicrobials. An example of successful fluoroquinolone control 

can be seen in the US5 and Australia.364 The overuse of macrolides and tetracyclines can be 

combated with the development of an appropriate diagnostic scheme for tropical infections 

and STIs that can be implemented at the smallest medical care facilities. Finally, clinicians 

and the general public should be educated about the unnecessary and dangerous use of the 

lincomycin/dexamethasone combination for the treatment of acute fever, to reduce lincomycin 

prescription.  

 Apart from driving the spread of C. difficile RT 017, the high prevalence of AMR 

among Asian strains may explain why other epidemic C. difficile failed to spread and cause 

outbreaks in Asia. As stated earlier, studies have linked AMR with the spread of 

C. difficile,83,118,206 as AMR provides a survival advantage. However, such resistance would 

not provide any advantage in Asia, given that there is a high prevalence of C. difficile RT 017 



 Chapter 9 – General discussion 

184 

 

in the region, the strain with the highest prevalence of resistance. Furthermore, C. difficile 

RT 017 may be more adapted to the colonic environment of the Asia population given that the 

strain likely originated in Asia and has co-evolved with the commensal bacteria. This may 

explain why C. difficile RT 027 (clade 2, originating in North America) was more successful 

in North America and Europe, as these two regions share a similar population structure. 

However, C. difficile RT 027 has declined significantly in Western Europe (although still a 

problem in hospitals in Eastern Europe) while continuing to remain an issue in parts of North 

America. This is likely because there remain reservoirs of C. difficile RT 027 outside the 

healthcare system in North America, such as production animals, and thus a traditional 

infection prevention and control approach will not work. This is indeed a One Health issue. 

 In conclusion, this thesis reports two novel genotypic AMR determinants; the erm(52) 

and mef(H) genes, and a novel transposon, Tn6944. It further showed the high concordance 

between AMR genotypes and phenotypes. Chapter 8 provides the first species-wide AMR 

atlas of C. difficile and demonstrates that clade 4 C. difficile, including C. difficile RT 017, 

was the lineage associated with the highest prevalence of AMR and MDR, which likely drove 

the global outbreak of this strain as well as prevented other epidemic strains to spread into 

Asia. 

9.6 Strength and originality of the studies 

 Chapter 4 provides the molecular epidemiology of clinical C. difficile from several 

parts of Thailand in contrast to previous studies which were largely conducted in a single study 

site, primarily in the Bangkok metropolitan area.15,65,244 This allowed the characterisation of 

C. difficile in different regions, providing an improved and much-needed overview of the 

epidemiology of C. difficile in Thailand. Besides the differences in epidemiology which may 

reflect the different degrees of contact with Western countries, this chapter also reports a 

difference in the antimicrobial resistance profile which likely reflected the differences in 

antimicrobial prescribing between regional hospitals and large central tertiary hospitals. 
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 Due to a large number of genomes in the dataset, primarily in Chapter 8, this study 

utilised several methods of short read analyses which bypassed genome assembly and reduced 

the time needed for data analysis. One that may prove to be useful for future studies is SRST2 

software to detect the presence of MGEs [Chapters 3 and 8, Appendix I].266 This is as 

accurate as assembly-based methods, although it is only limited to known transposons. The 

characterisation of novel transposons will still rely on the assembled genome. In Chapter 7, 

the rapid identification of MGEs was useful to study the spread of C. difficile. In general, 

C. difficile RT 017 had a high prevalence of resistance and the resistance genotype was not 

sufficient to characterise the strains. When information on MGEs was incorporated, several 

clusters of strains with similar MGEs could be detected. For example, a cluster of C. difficile 

RT 017 from Portugal with Tn6189 was similar to closely related Asian strains, a finding 

which suggests that this strain was recently imported from Asia.  

 This study provides the first complete reference genome of C. difficile in Thailand, 

and perhaps the first reference genome of C. difficile isolated in Asia (Chapter 7).81 This 

genome was assembled using a hybrid assembly method involving short- and long-read 

sequences, a method that is becoming more accessible. This provides useful resources and 

methodology for future genomic studies of C. difficile. 

 Previously, reports on AMR in C. difficile have been fragmented and there has been 

no study that looked at AMR in the global population of C. difficile. Though limited only to 

genotypic AMR, Chapter 8 provides the first species-wide AMR atlas for C. difficile. The 

use of a large dataset allowed the identification of rare AMR genotypes. For instance, this was 

the first time that potentially transferrable carbapenemase-encoding genes were identified in 

C. difficile. This chapter also provides genomic evidence supporting the importance of AMR 

in the spread of C. difficile, as well as identifying antimicrobials of great concern that should 

be a priority in the development of policies for the control of C. difficile and CDI. 

 Though not the first clinical study in Thailand, Chapter 6 included a larger number 

of patients over a longer study period compared to an earlier study.158 This has resulted in a 
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better characterisation of CDI in the country. It was the first Thai study that took into account 

the effect of the microbiological factors on the outcomes of CDI patients. It was also the first 

study to evaluate the effectiveness of metronidazole and vancomycin for the treatment of CDI 

following a major change in the treatment recommendations.98 

9.7 Study limitations and future research priorities 

 Several limitations in this work need to be acknowledged. First, only DNA samples 

from the Ministry of Public Health, Thailand, were available for analysis, not the bacterial 

strains. Thus the strains could only be characterised by toxin gene profiling and PCR 

ribotyping. With the PCR ribotyping, DNA degradation reduced the resolution of the banding 

patterns. MLST, which is needed to confirm the evolutionary clades, could not be performed 

on this collection. With the rapid development of sequencing technology, WGS, in silico 

MLST and cgSNP typing will become more accessible,365 and it will be possible to 

characterise these strains more extensively. 

 Asia is a large continent and studies on C. difficile are still limited mainly to East and 

Southeast Asia.188 Very little is known about the epidemiology of C. difficile in other parts of 

Asia, which may provide keys to understanding C. difficile evolution. For instance, India has 

a unique evolutionary and geographical history. Though a part of present-day Asia, India was 

once an isolated land, split from Gondwana (a supercontinent that eventually became Africa, 

Australia, Antarctica, and South America) about 130 million years before crashing into the 

Eurasian continent around 50 million years ago (see  in Figure 9.1 above).366 Population 

movements between India and Southeast Asia have also been well-established, predating trade 

between Europe and Southeast Asia.354,367 Thus, India should have had some influence on the 

C. difficile population in Southeast Asia, and an evolutionary/epidemiological study of 

C. difficile in India should provide information, specifically on the early movement of 

C. difficile RT 017 before the arrival of the European population. 



 Chapter 9 – General discussion 

187 

 

 Other regions that may provide additional information on the evolution and spread of 

C. difficile RT 017 are the Middle East and Central Asia, located between Asia and Europe. 

In Chapter 7, only one C. difficile strain from the Middle East (Kuwait) was included in the 

analyses. The strain belonged to the epidemic lineage, likely emerged in the 21st century, and 

could not provide much information on the early spread of C. difficile RT 017. At the time of 

thesis submission (July 2021), few epidemiological studies of C. difficile in the Middle East 

have been published and data is still limited.368,369 As more studies are conducted and WGS 

becomes more accessible, the inclusion of C. difficile RT 017 from these regions into the 

dataset will provide a more complete picture of the evolution of C. difficile, specifically the 

events surrounding spread from Asia to Europe. 

 This thesis also aimed to characterise CDI in Thai patients, however, this was 

problematic due to the low incidence of CDI in Thailand. Though the overall number of CDI 

patients was sufficient for basic characterisation, it was not sufficient for subgroup analyses, 

as seen by the low power of tests. Siriraj Hospital, the primary study site, is the largest tertiary 

hospital in the country. Thus, it may require a multi-centre study to recruit a sufficient number 

of patients to draw solid conclusions. This may then lead to the development of region-specific 

practice guidelines for the management of CDI. Considering the differences in epidemiology 

and clinical characteristics of CDI in this region compared to other parts of the world, as shown 

in this thesis region-specific practice guidelines could increase the effectiveness of disease 

management and reduce the risk associated with the misdiagnosis and overtreatment. 

9.8 Concluding remarks 

 C. difficile is a bacterium of great public health and One Health importance and 

C. difficile RT 017 continues to be a significant strain causing global outbreaks. Based on the 

diversity of the related strains, C. difficile RT 017 likely originated in Asia. The movement of 

C. difficile across the continents can be traced back to the 16th century, however, strains that 

would later cause global outbreaks only emerged in the last century after the acquisition of the 
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MLSB resistance locus, erm(B). Epidemic C. difficile RT 017 would later acquire other 

resistance loci and become one of the most resistant C. difficile strains worldwide. Although 

AMR provides survival advantages to C. difficile RT 017 and helps with its spread, it does not 

impact disease severity which is more likely dependent on host factors. Besides host factors, 

NTCD colonisation in the colon may protect against the development of CDI. 

 Finally, there have been a number of significant outputs from the research reported in 

this thesis.  These are listed below in chronological order; 

1. IMWATTANA K, Knight DR, Kullin B, Collins DA, Putsathit P, Kiratisin P, Riley 

TV. Clostridium difficile ribotype 017 - characterization, evolution and epidemiology 

of the dominant strain in Asia. Emerg Microbes Infect 2019;8:796-807.  

DOI: 10.1080/22221751.2019.1621670 

2. IMWATTANA K, Wangroongsarb P, Riley TV. High prevalence and diversity of 

tcdA-negative and tcdB-positive, and non-toxigenic, Clostridium difficile in Thailand. 

Anaerobe 2019;57:4-10. DOI: 10.1016/j.anaerobe.2019.03.008 

3. IMWATTANA K, Knight DR, Kullin B, Collins DA, Putsathit P, Kiratisin P, Riley 

TV. Antimicrobial resistance in Clostridium difficile ribotype 017. Expert Rev Anti 

Infect Ther 2020;18:17-25. DOI: 10.1080/14787210.2020.1701436 

4. IMWATTANA K, Putsathit P, Leepattarakit T, Kiratisin P, Riley TV. Mild or 

malign: clinical characteristics and outcomes of Clostridium difficile infection in 

Thailand. J Clin Microbiol 2020; 58(9):e01217-20. DOI: 10.1128/jcm.01217-20 

5. IMWATTANA K, Kiratisin P, Riley TV, Knight DR. Genomic basis of antimicrobial 

resistance in non-toxigenic Clostridium difficile in Southeast Asia. Anaerobe 

2020;66:102290. DOI: 10.1016/j.anaerobe.2020.102290 

6. IMWATTANA K, Putsathit P, Knight DR, Kiratisin P, Riley TV. Molecular 
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Appendix I – Substitutions associated with resistance phenotypes 

 The substitutions associated with resistance phenotypes against three antimicrobial 

classes: fluoroquinolones, rifaximin and carbapenems (imipenem), are summarised in 

Table A1. For GyrA, GyrB and RpoB, there is a publicly available database for known gene 

alleles available at https://pubmlst.org/organisms/clostridioides-difficile. Tables S1 – S3 in 

the Supplementary Documents summarise substitution found in these alleles. 

 

Table A1 – Summary of known point substitutions associated with resistance phenotypes. 

Protein Substitution 
Clade distribution 

Note 
C1 C2 C3 C4 C5 Cryptic 

Fluoroquinolone resistance 

GyrA Val43Asp V43D ○ ○ ○ ○ ○ ○ * 

 Asp71Val D71V ● ○ ○ ● ○ ○ ** 

 Asp81Asn D81N ● ○ ○ ○ ○ ○ ** 

 Thr82Ile T82I ● ● ● ● ● ○ *** 

 Thr82Val T82V ● ○ ○ ○ ● ○ ** 

 Ala118Thr A118T ● ○ ○ ○ ● ○ ** 

 Ala384Asp A384D ● ○ ○ ○ ○ ○ ** 

GyrB Arg377Gly R377G ○ ○ ○ ○ ○ ○ * 

 Asp426Asn D426N ● ● ○ ● ○ ○ *** 

 Asp426Val D426V ● ○ ○ ● ○ ○ † 

 Arg447Lys R447K ● ● ○ ○ ● ○  

 Glu466Val E466V ○ ○ ○ ○ ● ○ ** 

Rifamycin resistance 

RpoB Asp492Asn D492N ○ ○ ○ ○ ○ ○ * 

 Asp492Val D492V ○ ○ ○ ○ ○ ○ * 

 His502Asn H502R ● ● ○ ● ○ ○  

 His502Arg H502N ○ ○ ○ ○ ○ ○ * 

 His502Leu H502L ○ ○ ○ ○ ○ ○ * 

 His502Tyr H502Y ● ○ ○ ○ ○ ○ ** 

 Arg505Lys R505K ● ● ● ● ● ○ *** 

 Ser550Phe S550F ● ● ○ ○ ● ○ ** 

 Ser550Tyr S550Y ● ● ○ ● ○ ○ ** 

Carbapenem resistance 

Pbp1 Leu543His L543H ● ○ ○ ○ ○ ○  

 Ala555Thr A555T ● ● ○ ● ● ○ *** 

Pbp3 Tyr721Ser Y721S ● ○ ○ ● ○ ○  

Note: * absent in this study,  

 **  found in < 10 strains in this study,  

 ***  most common in this study  

 † mostly found in clade 4 C. difficile  

https://pubmlst.org/organisms/clostridioides-difficile
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Appendix II – Comparison of mobile genetic elements detection methods 

 For the rapid detection of mobile genetic elements (MGEs), a database of known 

C. difficile MGEs was created to be used by the SRST2 software (see Chapter 3). To evaluate 

this approach, 11 erm(B)-positive and 18 tetM-positive C. difficile strains were interrogated 

for MGEs using the conventional BLAST and the SRST2-based approaches. The results are 

summarised in Table A2. Overall, the results of the two methods were not statistically 

significant (p > 0.05). 

 

Table A2 – Comparison between short read method (SRST2) and genome-based method 

(BLASTn) for the detection of known MGEs. 

ID Gene MGE 
SRST2 BLASTn 

% coverage % identity depth % coverage % identity 

MA043 erm(B) Tn5398 57.08 97.61 22.32 57 96.71 

MA029 erm(B) Tn6189 84.94 96.54 38.10 87 93.95 

MA059 erm(B) Tn6189 81.03 96.08 28.71 83 93.14 

THP018 erm(B) Tn6189 86.13 96.83 89.01 87 93.95 

THP046 erm(B) Tn6189 91.57 98.81 24.64 95 99.15 

THP143 erm(B) Tn6189 95.93 98.65 113.75 95 99.14 

THP192 erm(B) Tn6189 94.58 98.65 33.83 95 99.68 

THP093 erm(B) Tn6215 100.00 99.95 39.81 100 99.94 

I0021 erm(B) Tn6218 99.90 99.60 58.53 99 99.60 

I0037 erm(B) Tn6218 99.90 99.62 71.57 99 99.60 

SI0035 erm(B) Tn6218 92.68 99.84 59.01 92 99.69 

MA002 tetM - - - - - - 

SI0025 tetM - - - - - - 

THP093 tetM - - - - - - 

MA0059 tetM - - - - - - 

MA029 tetM Tn5397 87.73 99.82 37.39 87 99.93 

TAP005 tetM Tn5397 87.58 99.83 53.28 87 99.93 

THP018 tetM Tn5397 87.71 99.82 68.34 87 99.93 

I0005 tetM Tn916 99.99 99.93 40.51 100 99.92 

I0014 tetM Tn916 99.99 99.90 105.87 100 99.96 

I0015 tetM Tn916 99.42 99.87 71.53 99 99.94 

I0021 tetM Tn916 86.65 99.89 45.76 92 97.82 

I0024 tetM Tn916 99.99 99.93 83.82 100 99.91 

I0037 tetM Tn916 86.26 99.89 57.88 92 97.82 

MA042 tetM Tn916 99.99 99.93 46.09 100 99.91 

MA043 tetM Tn916 99.99 99.87 28.53 100 99.86 

MA105 tetM Tn916 99.98 99.88 65.42 100 99.86 

SI0035 tetM Tn916 99.99 99.92 46.32 100 99.90 

THP192 tetM Tn916 99.99 99.87 45.50 100 99.85 
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Appendix III – Use of average nucleotide identity for clonal strain identification 

 In Chapter 8, rapid identification of clonal strains is needed. As the number of strains 

involved was large, it was practically infeasible to perform a conventional genome mapping 

and core genome single nucleotide polymorphism (cgSNP) analysis. Instead, pairwise average 

nucleotide identity (ANI) was used (see Chapter 3). To evaluate the method and find the most 

suitable cut-off values, cgSNP and pairwise ANI analyses were performed on 240 C. difficile 

genomes and the summary of the results are shown in Table A3 below. Table S4 in the 

Supplementary Document shows the pairwise ANI and cgSNPs for all possible pairs of 

strains (28,680 pairs). 

 The pairwise ANI value of ≥ 99.98% has the highest Kappa value, with the sensitivity 

of 70.1% (95% CI: 66.0% – 73.9%) and specificity of 76.8% (95% CI: 76.3% – 77.3%), and 

was chosen as the cut-off point in this study. 

Table A3 – Association between pairwise ANI and the number of cgSNPs. 

ANI (%) sensitivity* (%) specificity* (%) accuracy* (%) 

100.00 7.9 97.2 95.6 

99.99 34.1 86.8 85.8 

99.98† 70.1 76.8 76.7 

99.97 80.6 66.5 66.8 

99.96 87.6 58.3 58.9 

99.95 91.5 45.7 46.6 

99.94 93.8 35.7 36.7 

99.93 94.2 27.0 28.2 

99.92 94.4 20.5 21.8 

99.91 94.4 15.1 16.5 

99.90 95.1 10.5 12.1 

Note: * denotes sensitivity and specificity for the detection of clonal strains (≤ 2 cgSNPs). 

 † selected cut-off point. 
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Appendix IV – Sequence data generated from this thesis 

Sequence read files 

 The sequence read files generated in this thesis have been submitted to the European 

Nucleotide Archive under three BioProjects. Table S5 in the Supplementary Document 

summarises the details of these sequence reads. 

1. PRJEB38501, accessions  ERS4584833 – ERS4584860, ERS4795109,  

    ERS4795110, ERS4795112 – ERS4795116. 

2. PRJEB40974, accessions  ERS5247348 – ERS5247384 

3. PRJEB44406, accessions  ERS6268756 – ERS6268798 

Genomes 

 Three C. difficile genomes were submitted to GenBank under the BioProject 

PRJNA679085, accessions JADPMU000000000 (C. difficile MAR225, model for erm(52)), 

JADPMT000000000 (C. difficile MAR272, model for mef(H)) and CP072118 (C. difficile 

MAR 286, a complete genome from the hybrid assembly). 

Other nucleotide sequences 

 Besides C. difficile genomes, three nucleotide sequences were also submitted to 

GenBank, including erm(52) (accession MW269959), mef(H) (accession MW269960) and 

transposon Tn6944 (accession BK013348).  
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Appendix V – Datasets 

 Chapters 7 and 8 of this thesis involve the use of genome datasets. 

 Dataset 1 – List of global C. difficile RT 017 genomes used in the Bayesian 

evolutionary analysis in Chapter 7 (n = 282) is available in Table S6 in the Supplementary 

Document. 

 Dataset 2 – List of global C. difficile genomes used to create a species-wide 

antimicrobial resistance atlas in Chapter 8 (n = 10,330) is available in Table S7 in the 

Supplementary Document. 
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Appendix VI – Thesis publications 

 This thesis includes 6 publications and 2 preprint manuscripts. The list in order of 

publication/submission is as follows, 
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of antimicrobial resistance in Clostridioides difficile. bioRxiv 2021.  
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Appendix VII – Non-thesis publications 

 Besides the publications/preprint articles listed above, 3 publications have also arisen 

during my PhD candidature, but are not included in this thesis. The list in order of 

publication/submission is as follows, 

1. Tai A, Putsathit P, Eng L, IMWATTANA K, Collins DA, Mulrennan S, Riley TV. 

Clostridioides difficile colonisation and infection in a cohort of Australian adults with 

cystic fibrosis. J Hosp Infect 2021;113:44-51. DOI: 10.1016/j.jhin.2021.03.018 

2. IMWATTANA K, Knight DR, Riley TV. Can sequencing improve the diagnosis and 

management of Clostridioides difficile infection? Exp Rev Mol Diagn 2021;21(5): 

429-31. DOI: 10.1080/14737159.2021.1915774 

3. Knight DR, IMWATTANA K, Kullin B, Guerrero-Araya E, Paredes-Sabja D, 

Didelot X, Dingle KE, Eyre DE, Rodríguez C, Riley TV. Major genetic discontinuity 

and novel toxigenic species in Clostridioides difficile taxonomy. eLife 2021;10: 

e64325. DOI: 10.7554/eLife.64325 
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Appendix VIII – Poster and oral presentations 

 Throughout the candidature, I have given 1 oral presentation and 5 poster 

presentations. The details of the presentations are as follows, 

May 2021 Australian Society for Microbiology (ASM) Annual Meeting 

  Melbourne, Australia 

  Oral Presentation The evolutionary adventures of Clostridioides  

     difficile ribotype 017 

      [2021 Nancy Millis Student Awards session] 

  Poster Presentation A species-wide genetic atlas of antimicrobial  

     resistance in Clostridioides difficile 

Nov 2020 29.5th Annual Combined Biological Sciences Meeting (CBSM) 

  Perth, Australia 

  Poster Presentation A species-wide genetic atlas of antimicrobial  

     resistance in Clostridioides difficile 

     Re-defining Clostridioides difficile using global  

     phylogenomic analyses 

Jul 2019 ASM Annual Meeting  

  Adelaide, Australia. 

  Poster presentation High diversity of TcdA-negative, TcdB-positive  

       and non-toxigenic Clostridium difficile in Thailand 

     Emergence of Clostridium difficile ribotype 106 in 

     Western Australia 
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a b s t r a c t

Studies on the prevalence and diversity of Clostridium difficile in Thailand have been limited to those
derived from a few tertiary hospitals in Central Thailand. In this study, 145 C. difficile isolates collected in
13 provinces in Thailand during 2006e2018 were characterized by ribotyping and detection of toxin
genes. Minimum inhibitory concentrations of eight antimicrobial agents were determined also for all 100
C. difficile strains collected from 2006 until 2015. Of the 145 strains of C. difficile, 71 (49%) were non-
toxigenic, 46 (32%) were toxin A-negative, toxin B-positive (A-Bþ) and 28 (19%) were AþBþ. No bi-
nary toxin-positive strain was found. The most common ribotype (RT) was RT 017 (A-BþCDT-, 19%, 28/
145). Besides RT 017, 20 novel non-toxigenic and A-Bþ ribotyping profiles, which may be related to RT
017 by the similarity of ribotyping profile, were identified. All C. difficile strains remained susceptible to
metronidazole and vancomycin, however, a slight increase in MIC for metronidazole was seen in both
toxigenic and non-toxigenic strains (overall MIC50/90 0.25/0.25mg/L during 2006e2010 compared to
overall MIC50/90 1.0/2.0mg/L during 2011e2015). There was a high rate of fluoroquinolone resistance
among RT 017 strains (77%), but there was little resistance among non-toxigenic strains. These results
suggest that RT 017 is endemic in Thailand, and that the misuse of fluoroquinolones may lead to out-
breaks of RT 017 infection in this country. Further studies on non-toxigenic C. difficile are needed to
understand whether they have a role in the pathogenesis of C. difficile infection in Asia.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction Bangkok, Thailand [6,7], reported a high prevalence of C. difficile RT
Clostridium difficile is an important cause of hospital-associated
diarrhea with symptoms ranging from self-limiting watery diar-
rhea to life-threatening colitis [1,2]. C. difficile infection (CDI) occurs
when the stability of intestinal microbiota is disturbed, often by
exposure to antimicrobial agents, allowing C. difficile spores to
germinate, multiply and eventually cause disease [1]. CDI is medi-
atedmainly by toxins and, to date, three toxins have been identified
as the major virulence factors: toxin A (TcdA), toxin B (TcdB) and
binary toxin (CDT) [3,4].

C. difficile can be classified into different ribotypes (RTs) based
on the banding patterns produced by PCR of the intergenic spacer
region between the 16S and 23S rRNA genes [5]. Previous studies in
es, The University of Western

ey).
017, a toxigenic strain of C. difficile with a deletion in the repeating
region of the tcdA gene, resulting in a non-functional toxin A (A-
BþCDT- C. difficile) [8]. Another recent study found a high preva-
lence of A-BþCDT- C. difficile in two different regions of Thailand,
but ribotyping was not performed [9].

C. difficile RT 017 has been associated with high rates of anti-
microbial resistance, which may have facilitated its successful
spread globally and promoted outbreaks in the past [10e14]. In
Thailand, RT 017 has also been associated with an accumulation of
antimicrobial resistance in addition to reports of multidrug-
resistant non-toxigenic C. difficile strains which may serve as a
reservoir for accessory resistance genes [15].

Previously, knowledge of C. difficile in Thailand was limited to a
few major hospitals in Bangkok. This study aimed to describe the
strains of C. difficile found in other parts of the country. The National
Institute of Health, Department of Medical Sciences, Ministry of
Public Health, Thailand (TH-NIH) is a reference laboratory that re-
ceives faecal specimens for C. difficile culture from medical centres,

mailto:thomas.riley@uwa.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.anaerobe.2019.03.008&domain=pdf
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K. Imwattana et al. / Anaerobe 57 (2019) 4e10 5
and secondary and tertiary hospitals, in various regions of Thailand.
The TH-NIH has the largest collection of C. difficile strains in
Thailand. Using this collection, which included some strains from a
previous study that had not been ribotyped [9], we hoped to report
on the diversity of C. difficile throughout Thailand.

2. Materials and methods

2.1. Study sites and C. difficile isolates

C. difficile strains used in this study were cultured at the TH-NIH.
When requested for C. difficile culture, a faecal specimen was
collected and sent to the TH-NIH at 4 �C within 24 h. Upon arrival,
specimens were treated with absolute ethanol at a 1:1 ratio for 1 h
before inoculation onto Wilkins-Chalgren blood agar (CM 619B;
Oxoid England). All agar plates were incubated anaerobically at
37 �C for 48 h and putative C. difficile colonies tested for phenotypic
properties consistent with C. difficile (glucose and fructose
fermentation, the presence of gelatinase and the positive result on
esculin hydrolysis test). C. difficile ATCC 43255 (AþBþCDT-, RT 087)
was used as a control strain. For long-term storage, all C. difficile
strains were suspended in 2mL of 15% glycerol broth and kept at -
70 �C. A total of 145 C. difficile strains from clinical specimens pro-
cessed from January 2006 to January 2018 were available in the TH-
NIH collection. The strains were originally from the regions high-
lighted in Fig. 1. For this study, C. difficile strains were inoculated on
Wilkins-Chalgren blood agar and incubated anaerobically at 37 �C
for 48 h before DNA extraction. DNA from all C. difficile strains was
extracted using the NucleoSpin® tissue extraction kit (Macherey-
Nagel, Germany). PCR for the tpi gene was initially done on all DNA
samples to ensure the adequate quality of DNA using primers
published by Lemee et al. [16]. All DNA samples were further sent to
a reference laboratory inWestern Australia for toxin gene detection
and PCR ribotyping.

2.2. Toxin gene detection and PCR ribotyping

At the reference laboratory, all strains were tested for the
presence of toxin A (tcdA), toxin B (tcdB) and binary toxin (cdtA and
Fig. 1. Source of C. difficile strains used in this study. Strains from Bangkok came from 7
provinces came from a single healthcare facility in each province.
cdtB) genes, and PCR ribotyped, as previously described [5,17e19].
Ribotypes were identified by comparison of the band profiles with
our reference library, that consisted of a collection of >50 ribotypes
that included 15 reference strains from the European Centre for
Disease Prevention and Control and the most prevalent PCR ribo-
types currently circulating in Australia (T. V. Riley et al., unpub-
lished data). Strains that did not match the reference strains but
had been previously described in our laboratory were given the
internal nomenclature prefix"QX". Novel strains found in this study
were given the prefix "KI".

2.3. Antimicrobial susceptibility testing

Antimicrobial susceptibility testing (AST) results were retrieved
from the TH-NIH database. Minimal inhibitory concentrations
(MICs) for eight antimicrobial agents (vancomycin, metronidazole,
clindamycin, moxifloxacin, levofloxacin, tetracycline, erythromycin
and chloramphenicol) were determined for all 100 C. difficile strains
isolated during 2006e2015 using the agar dilution method as
recommended by the Clinical and Laboratory Standard Institute
(CLSI) [20]. MIC breakpoints for metronidazole and vancomycin
were based on the European Committee on Antimicrobial Suscep-
tibility Testing (EUCAST) recommendations [21]. MIC breakpoints
for clindamycin, moxifloxacin, tetracycline and chloramphenicol
were based on CLSI recommendations [20] while the MIC break-
point for erythromycin was based on a previous publication [15].
There were no available MIC breakpoints for levofloxacin and so
MIC50 andMIC90 values for this antimicrobial were used to compare
the susceptibility of C. difficile strains.

3. Results

3.1. High prevalence of non-toxigenic and A-BþCDT- C. difficile in
Thailand

Table 1 summarises ribotypes and toxin gene profiles of
C. difficile strains investigated in this study. Seventy-one strains
(49%) were negative for all three toxin genes by PCR (A-B-CDT-).
Among the 74 toxigenic strains, 46 (62%) were A-BþCDT- C. difficile
different healthcare facilities (number of strains: 11, 4, 2, 2, 1, 1, 1). Strains from other



Table 1
Ribotypes and toxin gene profiles of C. difficile found in this study.

Ribotypes and toxin gene profiles Number of strains Proportion %

AþBþCDT- 28 19
014/020 10 7
QX 070 4 3
001, KI 001 2 (each) 1
046, KI 002, KI 003, KI 004, KI 007, KI 009, KI 010, KI 011, KI 012, KI 013 1 (each) 1
A-BþCDT- 46 32
017 28 19
KI 017, KI 005 3 (each) 2
KI 015, KI 020 2 (each) 1
KI 014, KI 016, KI 018, KI 019, KI 021, KI 022, QX 021a, QX 578a 1 (each) 1
A-B-CDT- (non-toxigenic) 71 49
QX 578 19 13
QX 500 13 9
QX 021 11 8
KI 026 7 5
KI 025 5 3
KI 005b, KI 023, KI 027, KI 028, QX 238 2 (each) 1
010, KI 024, KI 029, KI 030, QX 011, QX 511 1 (each) 1

Note:
a One strain each of ribotypes QX 021 and QX 578 was A-BþCDT- C. difficile.
b Three strains of ribotype KI 005 were A-BþCDT-while two were non-toxigenic.
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while 28 (38%) were AþBþCDT- C. difficile. No binary toxin-positive
C. difficile was found in this study. Table 2 shows the different dis-
tribution of common RTs in different regions of Thailand.

Forty different C. difficile RTs were found in this study (Table 1).
Only five RTs matched reference strains from the ECDC, seven had
been previously described in our laboratory reference database
(nomenclature "QX") and 28 had not been previously described
(nomenclature "KI"). The most common RT was C. difficile RT 017
(A-BþCDT-) [19%; 28/145], followed by the non-toxigenic RTs QX
578 [12%; 18/145], RT QX 500 [9%; 13/145] and RT QX 021 [8%; 11/
145]. The most common AþBþCDT- C. difficile belonged to RT 014/
020 [7%; 10/145].

Besides C. difficile RT 017, 13 new A-BþCDT- RTs were identified
in this study. All A-BþCDT- C. difficile strains in this study were
positive for the non-repeating region of tcdA gene but negative for
the repeating region of tcdA gene (Fig. 2).
3.2. Different C. difficile strains had very similar ribotyping pattern

Many novel RTs had ribotyping patterns similar to the RTs
previously described. Among these, several C. difficile strains had
similar patterns to RT QX 578 (A-B-CDT-) which are demonstrated
in Fig. 3. However, these strains of C. difficile had different toxin
profiles (1 AþBþCDT-strain, 3 A-BþCDT-strains and 2 non-
toxigenic strains). Besides these RTs, five RTs were similar to RT
Table 2
Distribution of common C. difficile ribotypes in Thailand.

Ribotypes Distribution (%)

Overall North Northeast West Centre East South

AþBþCDT- 28 (19) 7 (58) 2 (20) 6 (24) 5 (10) 8 (18) 0 (0)
014/020 10 (7) 5 (41) 1 (10) e 2 (4) 2 (5) e

Others 18 (12) 2 (17) 1 (10) 6 (24) 3 (6) 6 (13) e

A-BþCDT- 46 (32) 3 (25) 6 (60) 3 (12) 20 (38) 14 (31) 0 (0)
017 28 (19) 3 (25) 1 (10) e 16 (31) 8 (18) e

Others 18 (12) e 5 (50) 3 (12) 4 (7) 6 (13) e

A-B-CDT- 71 (49) 2 (17) 2 (20) 16 (64) 27 (52) 23 (51) 1 (100)
QX 578 19 (13) e e 6 (24) 7 (13) 5 (11) 1 (100)
QX 500 13 (9) e 1 (10) 2 (8) 5 (10) 5 (11) e

QX 021 11 (8) e e 4 (16) 5 (10) 2 (5) e

Others 28 (19) 2 (17) 1 (10) 4 (16) 10 (29) 11 (24) e

Total 145 12 10 25 52 45 1
QX 108 and two RTs were similar to RT 017.

3.3. All C. difficile remained susceptible to metronidazole and
vancomycin

Overall MIC and susceptibility data of 100 C. difficile strains from
Thailand is shown in Table 3. All C. difficile were susceptible to
metronidazole and vancomycin. Ninety-one C. difficile strains were
resistant to clindamycin, while 31 were resistant to moxifloxacin,
28 of which also had high MIC levels (�64mg/L) of levofloxacin.
Most strains remained susceptible to tetracycline and chloram-
phenicol (82% and 88%, respectively). MIC50 and MIC90 for eight
antimicrobials against C. difficile by different toxin gene profiles are
shown in Table 4. A-BþCDT- C. difficile had higher MIC50 values for
clindamycin, moxifloxacin and levofloxacin compared to other
C. difficile strains.

3.4. Fewer C. difficile RT 017 strains were susceptible to
fluoroquinolones and tetracycline

Susceptibility profiles of common C. difficile RTs are shown in
Table 5. A smaller proportion of C. difficile RT 017 strains was sus-
ceptible to moxifloxacin compared to other RTs (23% vs 72%; Chi-
square p< 0.001). This RT also had higher MIC50 and MIC90 values
for levofloxacin (128mg/L and 128mg/L, respectively) compared to
other RTs (4mg/L and 128mg/L, respectively). C. difficile RT 017 also
appeared to be less susceptible to tetracycline (55% vs 90%; Chi-
square p< 0.001).

4. Discussion

The high prevalence of C. difficile RT 017 in this study is sup-
ported previous publications suggesting that RT 017 is endemic in
South East Asia. C. difficile RT 017 has been reported as the most
prevalent toxigenic RT of C. difficile in other South East Asian
countries such as Indonesia andMalaysia [22e24] and is commonly
found in China [25] and South Korea [26]. In two previous studies in
Thailand, RT 017 was also among the most prevalent toxigenic
strains [6,7]. Besides the high prevalence of RT 017, we also found
13 novel toxigenic C. difficile RTs with a deletion in the repeating
region of tcdA gene (A-BþCDT-). This characteristic has been
described previously in C. difficile closely related to RT 017 [27e31],



Fig. 2. PCR product of tcdA gene in different C. difficile strains. (A) Both the non-repeating region (demonstrated by a 252 bp band) and the repeating region (demonstrated by
193 bp band) of tcdA were present in every AþBþCDT- C. difficile strains. (B) Only the non-repeating region of tcdA was present in A-BþCDT- C. difficile strains, indicating a deletion
in the repeating region of tcdA gene. (C) Non-toxigenic C. difficile strains do not have the tcdA gene.

Fig. 3. C. difficile strains with similar ribotyping patterns. (A) C. difficile RT QX 578
(A-B-CDT-) has eight distinct bands with the mirror-image arrangement. (B) An A-
BþCDT- C. difficile strain was classified as RT QX 578. (C) One AþBþCDT- C. difficile
strain had a similar banding pattern to RT QX 578 (RT KI 003). (D) and (E) Two A-
BþCDT- C. difficile strains and (F) one non-toxigenic C. difficile strain had similar
ribotyping pattern and were classified into the same ribotype (RT KI 005).

Table 3
Antimicrobial susceptibility for 100 C. difficile strains isolated in Thailand from 2006 unt

Antimicrobial MIC Range mg/l MIC50 mg/l MIC90 mg/

Vancomycina 0.25e1 0.5 0.5
Metronidazolea �0.125e2 0.25 2
Clindamycinb 0.5 e> 256 32 >256
Moxifloxacinb 1e32 2 32
Levofloxacin 1 e >128 4 128
Tetracyclineb �0.125e8 2 8
Erythromycinc �0.5 e >128 2 >128
Chloramphenicolb �0.5e64 4 16

Note:
a MIC breakpoints based on EUCAST recommendation (21).
b MIC breakpoints based on CLSI recommendation (20).
c MIC breakpoint based on a previous publication (15).
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suggesting that these novel RTs may also be related to RT 017. A
whole genome sequence (WGS) analysis will be needed to confirm
the relatedness of new RT 017-like isolates to RT 017.

C. difficile RT 017 belongs to the multilocus sequence type
(MLST) clade 4 of C. difficile [28]. It is believed that C. difficile
diverged into different clades millions of years ago and prior to the
acquisition of the pathogenicity locus (PaLoc) region of the genome
that contains the genes for toxins A and B. PaLoc acquisition has
subsequently occurred at different times in different geographical
areas of the world [28]. Clade 4 consists mainly of non-toxigenic
and A-BþCDT- C. difficile strains [27e31], similar to what was
found in the present study and several previous studies of C. difficile
in South East Asia [7,22e24]. These consistent findings of C. difficile
RT 017 endemicity in South East Asia and the significant diversity of
other clade 4 strains implies that the origin of RT 017 and clade 4 is
in this region and not North America as reported by Cairns et al.
[32]. In order to confirm that these C. difficile strains are related to
RT 017 and belong in the same clade, MLST will be required
following WGS.

PCR ribotyping has been used globally in prevalence studies to
determine strain relatedness due to its simplicity [33]. It is also
il 2015.

l MIC breakpoint mg/l Susceptibility (%)

S I R S I R

�2 e >2 100 e 0
�2 e >2 100 e 0
�2 4 �8 4 5 91
�2 4 �8 61 8 31
e e e e e e

�4 8 >16 82 18 0
e e >8 e e 35
�8 16 >32 88 4 8



Table 4
Summary of MIC data for eight antimicrobials against Thai C. difficile strains by their toxin gene profiles.

Antimicrobials AþBþCDT- (n ¼ 14) A-BþCDT- (n ¼ 31) A-B-CDT- (n¼ 55)

MIC50
mg/l

MIC90 mg/l MIC50 mg/l MIC90 mg/l MIC50 mg/l MIC90 mg/l

Vancomycin 0.5 1 0.5 0.5 0.5 0.5
Metronidazole 0.5 2 0.25 1 1 2
Clindamycin 32 >256 256 >256 32 >256
Moxifloxacin 2 32 16 32 2 16
Levofloxacin 4 >128 128 128 4 128
Tetracycline 1 8 4 8 1 4
Erythromycin 4 >128 16 >128 2 >128
Chloramphenicol 8 8 4 16 4 32

Table 5
Antimicrobial susceptibility rate of common C. difficile ribotypes in Thailand.

Ribotype (n) Antimicrobial

Clindamycin Moxifloxacin Tetracycline Chloramphenicol

017 (22) 14% 23% 55% 100%
Other toxigenic ribotypes (23) 0% 65% 78% 89%
QX 578 (18) 0% 79% 95% 63%
QX 500 (12) 0% 67% 83% 100%
QX 021 (11) 9% 73% 100% 82%
Other non-toxigenic ribotypes (13) 0% 77% 100% 92%
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used in Europe for CDI surveillance purposes [34], however, its
limitations should be noted [35,36]. This study reports several
novel C. difficile RTs with similar ribotyping patterns, as demon-
strated in Fig. 3. Some banding patterns were almost indistin-
guishable from one another highlighting the limits in
discriminatory power of this method. Also, similar banding pat-
terns do not guarantee strain relatedness as the banding pattern
relies mainly on differences in PCR amplicon size, not the actual
nucleotide sequence. The use of toxin gene profiles can help further
classify these strains, however, other methods, such as MLST and/or
whole genome sequencing (WGS), are needed to confirm strain
relatedness.

Though the number of strains from some parts of Thailand was
low, some differences in the distribution of C. difficile can be seen
(Table 2). In the Northern region, there was a higher prevalence of
AþBþCDT- C. difficile, primarily RT 014/020, and lower prevalence
of non-toxigenic strains. In the Western region, there was a lower
prevalence of A-BþCDT- C. difficile and no RT 017 was found.
Notably, the prevalence of C. difficile in a large tertiary hospital in
Central Thailand in previous studies was different from the prev-
alence found in this study. The previous studies reported a high
prevalence of RT 014/020 [6,7], similar to that found in Northern
Thailand in this study. Given the marked increase in the prevalence
of C. difficile RT 014/020 between two study periods (25% during
2006e2008 to 44% in 2015), it is possible that there was an
outbreak of RT 014/020 infection during the previous studies [6,7].
Strains fromNorthern Thailand in the present study also came from
a single tertiary hospital and the high prevalence of RT 014/020
could also be due to an outbreak. Also, Chiang Rai is one of the top
tourist destinations in Thailand, attracting significant numbers of
tourists from Europe, and this may have impacted on the appear-
ance of C. difficile RT 014/020 in the community (https://www.mots.
go.th/mots_en57/more_news.php?cid¼332&filename¼index).

Though the high prevalence of non-toxigenic C. difficile was
consistent with previous studies, the RTs and antimicrobial sus-
ceptibility patterns were different [15]. The most common non-
toxigenic C. difficile strains in a previous study belonged to RTs
010 (11%; 12/105), 039 (9%; 9/105) and 009 (6%; 6/105). Only one RT
010 and no RTs 039 and 009 were identified in this study, and the
three most common non-toxigenic RTs had rarely been isolated in
the previous studies. Only one RT QX 578 had been isolated in the
Southern part of Thailand in 2014 (Collins DA, unpublished data),
RT QX 021 was previously found in 5% of C. difficile in Malaysia [22]
and no RT QX 500 had been isolated in South East Asia before. It
appears that the population of non-toxigenic C. difficile in South
East Asia is more diverse than previously thought. Given that non-
toxigenic C. difficile may have a protective role against the devel-
opment of CDI which could result in a lower prevalence and
severity of disease in the region [37e39], further studies should be
conducted on these non-toxigenic strains.

The non-toxigenic C. difficile isolated in this study also had low
rates of antimicrobial resistance in contrast to previous reports [15].
This could be due to the difference in the time when C. difficile
strains were isolated. The AST data in this study was from C. difficile
strains isolated from 2006 to 2015, while a previous study reported
AST data on C. difficile isolated during 2015 [15]. This difference in
time-frames may have contributed to the apparent differences in
susceptibility pattern. However, with the exception of metronida-
zole, the strains of C. difficile isolated from 2011 to 2015 in this study
were not less susceptible than strains from 2006 to 2010 as shown
by a comparison of MIC50 and MIC90 data in Table 6. Another
possible explanation is the difference in the study sites. C. difficile
strains in this study came from different levels of healthcare facil-
ities where patients may have been exposed to fewer antimicrobial
agents. The previous study [15] was conducted in a large tertiary
hospital in Bangkok where there is a higher rate of antimicrobial
use.

While all C. difficile in this study remained susceptible to
metronidazole and vancomycin, similar to the earlier study [15],
there did appear to be some creep in metronidazole MICs similar to
that described by Baines et al. [40]. How this increase in metroni-
dazole MIC may affect the outcome of CDI treatment in Thailand is
unknown. However, despite updates in the international guideline
for the treatment of CDI [41], metronidazole and vancomycin
remain the treatment of choice in Thailand. The most recent clinical
study of CDI in Thailand was conducted in 2008 and most patients
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Table 6
Comparison of MIC50/90 between C. difficile strains from 2006 to 10 and 2011e15.

Antimicrobials Strains from 2006 to 2010 Strains from 2011 to 2015

Toxigenic (n¼ 22) Non-toxigenic (n¼ 22) Toxigenic (n¼ 23) Non-toxigenic (n¼ 33)

MIC50 MIC90 MIC50 MIC90 MIC50 MIC90 MIC50 MIC90

Vancomycin 0.5 1 0.5 0.5 0.5 0.5 0.5 0.5
Metronidazole �0.125 0.25 0.25 0.25 0.5 2 1 2
Clindamycin 128 >256 64 >256 128 >256 32 >256
Moxifloxacin 16 32 2 32 4 32 2 32
Levofloxacin 128 128 128 128 8 128 4 128
Tetracycline 4 8 4 8 4 8 0.125 4
Erythromycin 4 >128 2 >128 8 >128 2 256
Chloramphenicol 4 32 4 32 4 8 4 8
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responded well to either metronidazole or vancomycin with low
mortality and recurrence [37]. It should also be noted that the
metronidazole MICs remained low in the previous study, while
there was a slight increase in vancomycin MICs, suggesting that
different treatment regimens may have been used in different
hospitals [15]. MICs of fidaxomicinwere not determined as the drug
is not available in Thailand, however, since fidaxomicin has not
been used previously, it is likely that C. difficile in Thailand remain
susceptible to this agent. This was shown in the previous study
which reported low MIC (0.004e0.25mg/L) of fidaxomicin in
C. difficile strains from Bangkok, Thailand in 2015 [15].

The rates of resistance to clindamycin, erythromycin and mox-
ifloxacin in this studywere similar to the previous study in Thailand
[15]. Most fluoroquinolone-resistant strains belonged to C. difficile
RT 017, which is also consistent with earlier reports in several
countries [12,13,15,42]. For many years, antimicrobial use in
Thailand has been loosely regulated [43], and the misuse of anti-
microbials, especially fluoroquinolones in diarrhoeal patients, is
common [44]. Fluoroquinolone resistance provides RT 017 with a
survival advantage and this was a factor that led to an outbreak of
CDI caused by RT 017 in Ireland [45,46]. This could also happen in
Thailand given that no regulation in antimicrobial usage has been
implemented [47].

A limitation of this study is that all C. difficile strains were from
an existing collection. The TH-NIH is a reference laboratory which
does not have any records of patients’ information or other diag-
nostic tests which may have been done in the referring hospital.
Thus, it was impossible to tell whether the strains were from pa-
tients with CDI or asymptomatic carriers. However, the aim of this
study was to describe the diversity of C. difficile strains in Thailand,
not the prevalence of CDI in the country nor the characteristics of
patients. Since the TH-NIH had the largest collection of C. difficile
from various locations, it was suitable for this study.

5. Conclusion

There was a high prevalence of non-toxigenic C. difficile and
C. difficile RT 017 (A-BþCDT-) in Thailand, similar to many countries
in South East Asia, suggesting that these C. difficile strains are
endemic to the region. There were also high rates of antimicrobial
resistance among Thai toxigenic C. difficile strains, especially fluo-
roquinolone resistance in RT 017. Given the common misuse of
fluoroquinolone in Thailand, there is a significant risk that an
outbreak of CDI caused by RT 017 will occur in this country.
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ABSTRACT
Clostridium difficile ribotype (RT) 017 is an important toxigenic C. difficile RT which, due to a deletion in the repetitive region
of the tcdA gene, only produces functional toxin B. Strains belonging to this RT were initially dismissed as nonpathogenic
and circulated largely undetected for almost two decades until they rose to prominence following a series of outbreaks in
the early 2000s. Despite lacking a functional toxin A, C. difficile RT 017 strains have been shown subsequently to be
capable of causing disease as severe as that caused by strains producing both toxins A and B. While C. difficile RT 017
strains can be found in almost every continent today, epidemiological studies suggest that the RT is endemic in Asia
and that the global spread of this MLST clade 4 lineage member is a relatively recent event. C. difficile RT 017
transmission appears to be mostly from human to human with only a handful of reports of isolations from animals. An
important feature of C. difficile RT 017 strains is their resistance to several antimicrobials and this has been
documented as a possible factor driving multiple outbreaks in different parts of the world. This review summarizes
what is currently known regarding the emergence and evolution of strains belonging to C. difficile RT 017 as well as
features that have allowed it to become an RT of global importance.
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Introduction

Clostridium difficile is an important cause of antimicro-
bial-associated diarrhoea (AAD) in both humans and
animals [1]. In humans, the disease can progress
from watery diarrhoea to life-threatening pseudomem-
branous colitis (PMC) and toxic megacolon [2].
C. difficile infection (CDI) is a toxin-mediated disease
and major virulence factors include toxin A (TcdA,
308 kDa) and toxin B (TcdB, 270 kDa) [3]. An
additional binary toxin (C. difficile transferase, CDT)
is produced by some strains only. CDT-producing
strains of C. difficile account for an increasing pro-
portion of human infections in some parts of the
world (currently ca. 20% of CDI cases in non-outbreak
situations) but are common in animals [4,5]. C. difficile
can be classified into different PCR ribotypes (RTs)
using banding patterns of the amplified intergenic
spacer region between the 16S and 23S rRNA genes
[6]. Currently, over 600 RTs exist in the United King-
dom-based C. difficile Ribotyping Network (CDRN)
database [7].

C. difficile RT 017 ranks among the most successful
RTs of C. difficile. A toxigenic strain that produces only
TcdB [8], RT 017 causes disease as severe as other toxi-
genic strains [9–12]. Although C. difficile RT 017
appears to have originated in Asia, it has spread glob-
ally and been responsible for multiple outbreaks
around the world [13–23]. Few studies have been con-
ducted to identify factors that may have contributed to
the success of RT 017 [16,18]. This review summarizes
what is known about C. difficile RT 017 regarding its
history, characteristics, evolution, emergence and glo-
bal dissemination.

Brief history of C. difficile infection and the
emergence of C. difficile RT 017

C. difficile (then named Bacillus difficilis) was first
described in 1935 as part of neonatal gut flora. It pro-
duced a potent cytotoxin that caused tissue oedema,
convolution and death when injected subcutaneously
into guinea pigs and rabbits [24]. However, there
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were no reports of human gastrointestinal infections
associated with C. difficile until 1978 when, after a
period of intense trans-Atlantic competition between
researchers, C. difficile was identified in faecal speci-
mens from patients with PMC [25].

Not all strains of C. difficile produce toxins and
cause disease. Initially, it was thought that all toxigenic
strains of C. difficile produced both major toxins [26].
For two decades after the association between
C. difficile and PMC was shown, it was believed that
TcdA was required to cause initial damage to the intes-
tinal mucosa before TcdB could exert its potent cyto-
toxic effect [27], and the significance of TcdA-
negative, TcdB-positive (A-B+) stains was not apparent
[17]. To further support this belief, the first few strains
of C. difficile isolated with an A-B+ phenotype were
associated only with asymptomatic carriage [28].
During this same period, there was a move away
from using the faecal TcdB cytotoxicity assay and/or
culture of C. difficile for diagnostic purposes due to
the time and expense involved in maintaining and
using cell lines, and the long turnaround time of cul-
ture. Concomitantly, there was an emphasis on devel-
oping rapid immunoassays for the detection of TcdA
[29]. TcdA was chosen because of the continued mista-
ken belief that C. difficile produced either both TcdA
and TcdB, or no toxins, because it was easier to manu-
facture antibodies against TcdA, and because detection
of TcdA had greater sensitivity compared to detection
of TcdB [30]. These tools made the detection of
C. difficile easier, but with far less overall sensitivity,
and further obscured the significance of A-B+
C. difficile strains.

The importance of A-B+ strains of C. difficile was
finally appreciated at the end of the twentieth century
when 16 patients in a Canadian tertiary-care hospital
developed PMC with an A-B+ strain. Stool samples
from these patients tested negative for C. difficile
TcdA but were later shown via a cytotoxin assay to
contain C. difficile that produced a functional TcdB
only [17]. Similar findings were published from other
countries [13,16] and further studies confirmed these
strains as A-B+ C. difficile RT 017 [8]. At the same

time, a study reported that not only could TcdB exert
its cytotoxic effect in the absence of TcdA, but also
that human intestinal mucosa was around 10 times
more sensitive to TcdB than TcdA [31]. This was the
first time that the clinical significance of A-B+
C. difficile became evident [32]. Over the last 20
years, C. difficile RT 017 has been isolated from many
parts of the world, however, it is likely that C. difficile
RT 017 originated from a single geographical region
and its global dispersal has been a relatively recent
event [33].

Characteristics of C. difficile RT 017

Epidemiological typing of C. difficile RT 017

Currently, PCR ribotyping is a method of typing
C. difficile that is widely used in many parts of the
world due to its relative simplicity and high discrimina-
tory power [34]. However, ribotyping requires com-
parison of banding patterns with those of standard
strains present in a library of patterns that was estab-
lished in 1999 [6]. Thus, reports of C. difficile before
or around that time classified C. difficile by various
other methods [17,35]. Table 1 summarizes these
different methods used when referring to C. difficile
RT 017. Early ribotyping studies in Japan used their
own nomenclature and assigned “fr” to RT 017 [36].

Before genotype-based methods, C. difficile was
classified using phenotypic methods that, in general,
had poor reproducibility, low typeability, and lacked
sufficient discriminatory power to be applied to epide-
miological studies [42]. However, serogrouping was
widely used early and showed a good correlation with
toxigenicity [43]. Serogrouping classified C. difficile
RT 017 as either serogroup F or X [37].

Many genotypic methods, including ribotyping, use
unique banding patterns of different PCR products to
classify C. difficile strains. Toxinotyping detects differ-
ences in the Pathogenicity Locus (PaLoc) and classifies
C. difficile RT 017 as toxinotype VIII [38]. Pulsed-field
gel electrophoresis is more commonly used in North
America and classifies C. difficile RT 017 as North
American pulsed-field gel electrophoresis type 9
(NAP 9) [39]. Restriction endonuclease analysis
(REA) typing has greater discriminatory power than
ribotyping and divides C. difficile RT 017 into several
REA types which are grouped as REA groups CF and
CG [37].

Multi-locus sequence typing (MLST) is another gen-
otype-based method involving 7 housekeeping genes.
However, it is not based on banding patterns but rather
the unique sequences of these genes and thus has been
used mainly in evolutionary studies. This method clas-
sifies C. difficile RT 017 as sequence type (ST) 37
belonging to evolutionary clade 4 [40]. MLST has
good discriminatory power, however, it is relatively

Table 1. C. difficile RT 017 categorized by other classification
methods.
Classification Method Type(s) Reference

Serogrouping F, X [37]
Toxinotyping VIII [38]
NAP typing NAP 9 [39]
REA grouping CF1, CF2, CF3, CF4, CF5,CF6,

CG1, CG3
[37]

MLST ST 37, ST 45* [40]
Ribotyping (internal
nomenclature)

RT fr [36]

Note: NAP; North American pulsed-field gel electrophoresis, REA; restriction
endonuclease analysis, MLST; multilocus sequence typing, ST; sequence
type, * a study in Thailand [41] performed MLST using a different data-
base and classified RT 017 as ST 45.
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more complicated to perform [34]. The advent of next-
generation sequencing makes in silicoMLST now more
accessible [44].

A recent study in China reported that RT 017 can
also be identified using matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-
TOF MS) with high sensitivity and specificity [45].
However, this study did not include other C. difficile
strains from clade 4 and another Chinese study
suggested that different clade 4 strains may not be dis-
tinguishable by this method [46].

C. difficile RT 017 toxin

C. difficile RT 017 is classified as A-B+ C. difficile as it
produces only a functional TcdB [8]. Its TcdB also
gives a different cytopathic effect (CPE) in cell cyto-
toxin assays using various cell lines compared to
other strains that is often referred to as a variant CPE
[16,47]. Studies on the tcdA gene of C. difficile RT
017 revealed a 1.8 kb deletion in the repeating region
(3′ end) (Figure 1) and a point mutation in the
5′ end which results in a premature stop codon
[49,50]. The 1.8 kb deletion corresponds to a deletion
of the carboxy repetitive oligopeptide (CROP) region
of TcdA, which is the recognition site of many TcdA
enzyme immunoassays (EIAs), making the toxin
undetectable by these EIAs [47]. The nonsense
mutation at 5′ end corresponds with a loss of catalytic
action of the TcdA, thus making the toxin non-func-
tional [47,49].

Notably, despite lacking a functional TcdA, most of
the tcdA gene in C. difficile RT 017 remains intact and
can be detected by PCR if primers specific to the non-
repeating region of the tcdA gene are used. In such
cases, C. difficile RT 017 could be incorrectly detected
as both tcdA- and tcdB-positive C. difficile [51].

While these primers are efficient for detection of toxi-
genic strains in clinical practice, the results may appear
confusing in an epidemiological study. An additional
primer set is needed to identify the deletion in the
repeating region of tcdA gene and differentiate
C. difficile RT 017 from true A+B+ C. difficile strains
[28,52].

Interestingly, the TcdB of RT 017 (TcdB-F) is differ-
ent from the TcdB commonly found in most C. difficile
strains. TcdB-F behaves as a “functional hybrid,” com-
bining characteristics of both TcdB and the Clostridium
sordellii lethal toxin, TclS. While TcdB-F binds to the
same cellular receptors as TcdB, the two proteins dis-
play differences in their target specificity, with TcdB
primarily glucosylating Rho, Rac and Cdc42 targets,
and TcdB-F glucosylating Rac and Ras targets
(Figure 2) [48]. The difference in cellular targets is
thought to be responsible for the different CPE
observed for the two toxins [50].

Infection due to C. difficile RT 017

Despite producing toxin B only, several studies suggest
that C. difficile RT 017 causes clinical disease that is
indistinguishable from that caused by other
C. difficile RTs [9,12]. In addition, C. difficile RT 017
causes disease as severe as that caused by “hyperviru-
lent” C. difficile RT 027 [10]. In an outbreak setting,
mortality due to C. difficile RT 017 can be as high as
37.5% [47], but this high mortality rate may have
been due to the exclusion of mild cases. There have
been no clinical studies of C. difficile RT 017 infection
in South East Asia, where there is a high prevalence of
RT 017 [41,53,54]. Given that CDI in this region was,
in general, associated with low mortality and recur-
rence [55], it will be interesting to see whether the
less severe CDI in this region is specifically associated
with C. difficile RT 017 or if there are other unknown
protective factors in the population or region, such as
a high prevalence of carriage of non-toxigenic strains,
which may occupy the same niche and competitively
exclude toxigenic strains from the gut [53,56,57].

Evolution and transmission of C. difficile RT
017

Based on MLST and Bayesian evolutionary model
analysis (Figure 3), C. difficile has evolved into at
least five clades and three cryptic clades. This clade
divergence occurred more than a million years ago
[34]. C. difficile RT 017 (ST 37; red arrowhead in
Figure 3) is a member of C. difficile clade 4 along
with many non-toxigenic, and some similar toxigenic,
strains [46,58–61]. Despite limited data, it is clear
that both A-B+CDT- and non-toxigenic strains of
C. difficile (orange and green, respectively, in Figure 3)
are equally distributed throughout clade 4, indicating

Figure 1. Comparative analysis of the PaLoc from C. difficile RT
017 and A + B + C. difficile strains. Arrows indicate open read-
ing frames (ORFs) and the direction of transcription. The differ-
ent enzymatic domain of the tcdB gene is responsible for the
different CPE [48]. The nonsense mutation near the 5′ terminal
of the tcdA gene is responsible for the loss of function of TcdA
[49]. The 1.8 kb deletion near the 3′ terminal of the tcdA gene
makes TcdA undetectable by many toxin EIAs [47].
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that the clade 4 ancestor could either be a toxigenic (A-
B+CDT-) or non-toxigenic strain. A recent study
analyzed time-scaled core-genome phylogenies and
suggested that the clade 4 ancestor was a non-
toxigenic strain of C. difficile, and that acquisition of
the PaLoc in C. difficile RT 017 occurred around 500
years ago [59].

To date, the genomes of twoC. difficileRT017 strains
(CF5, isolated in Belgium in 1995, and M68, isolated in
Ireland in 2006) have been completely sequenced, pro-
viding important reference chromosomes for whole
genome sequencing (WGS) studies of this lineage
[62]. Figure 4 shows the genome of C. difficile strain
M68. Using WGS, Cairns et al. showed that 23 of 24
of C. difficile RT 017 strains from one hospital were clo-
sely related and formed a single cluster. The only unre-
latedC. difficileRT017 strainwas isolated fromapatient
with community-acquired CDI and this belonged to a
cluster from outer London hospitals. These findings
suggested thatC. difficileRT017wasmostly transmitted
betweenpatients in the sameward and betweenwards in
the samehospital. The study further found that environ-
mental contamination with clinical isolates was possible
and that RT 017 could withstand decontamination with
hydrogen peroxide vapour [22].

Another WGS study of 277 different C. difficile RT
017 strains isolated from around the world, including
24 from animals (cattle, dogs, and horses) showed
that C. difficile RT 017 could be transmitted between
humans and animals, and also reported that deletions
and insertions found in RT 017 genomes were distrib-
uted throughout all geographical areas [33]. The
finding of little genetic diversity implies that
C. difficile RT 017 originated in a single geographical

area and that global spread occurred relatively recently,
however, it remained unclear where that single geo-
graphical area was. Cairns et al. [33] concluded that
C. difficile RT 017 originated in North America and
then spread to Europe, Asia and other parts of the
world [33]. This conclusion contradicts many epide-
miological studies (see below) that, taken collectively,
suggest that the origin of C. difficile RT 017 is in Asia.
The Cairns et al. study included only a limited number
of historic C. difficile RT 017 isolates from Asia (2
strains from Korea and 1 strain from Japan, all isolated
in 1995) and a greater number of C. difficile RT 017
strains from North America (9 strains from the United
States isolated from 1990 to 1996).

Global dissemination of C. difficile RT 017

Despite producing only one toxin, C. difficile RT 017
has successfully spread throughout the world with evi-
dence of human infection in North America
[17,39,47,63–66], Europe [8,13,16,20,22,23,67,68],
Asia [9,14,15,19,69–76], South America [18], Africa
[77], and Australia [78–81]. Figure 5 summarizes
chronologically the major events surrounding the
detection of C. difficile RT 017 from around the
world, comparing studies of prevalence during out-
breaks to studies in non-outbreak settings.

Reports on C. difficile RT 017 infection started in the
late 1990s with a series of outbreaks in Poland [13],
Japan [14,15], the Netherlands [16], Canada [17], and
Argentina [18]. During the early 2000s, there were out-
breaks of so-called “hypervirulent” C. difficile RT 027
in Europe and North America [82], and the number
of RT 017 reports appeared to subside

Figure 2. The cytotoxic effect of TcdB and TcdB-F on VERO cells. VERO cells were treated with the supernatant of 72-hour-old cul-
tures of C. difficile strain 2149 (RT 014/020 which produces TcdB), C. difficile strain 1470 (RT 017 which produce TcdB-F), and
C. difficile ATCC 700057 (RT 038 which is non-toxigenic) and incubated at 37°C for 24 hours before inspection under a light micro-
scope. TcdB glycosylates Rho, Rac, and Cdc42 targets resulting in arborization of cells while TcdB-F glycosylates Rac and Ras targets
resulting in rounding of cells without arborization.
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[39,63,67,68,83–85]. Still, there were further outbreaks
of RT 017 infection in Ireland and Taiwan during 2003
and 2004 [19–21], and in Sweden in 2008 [23]. The
most recent documented outbreak of RT 017 infection
started in 2009 in England and persisted for at least 3
years [22].

Among these C. difficile RT 017 outbreaks, clinical
characteristics of the patients were described only in
reports from the outbreak in Canada, with 18.8% (3/
16) of cases having PMC, 31.3% (5/16) of cases being
recurrent and a 37.5% (6/16) mortality rate [17,47].
Outbreaks of C. difficile RT 017 infection have been

Figure 3. Sequence type diversity in evolutionary clade 4. Maximum-likelihood MLST phylogeny. Sequences were aligned using
MUSCLE and tree was generated in MEGA7 with evolutionary distances calculated using the Tajima-Nei model. The scale shows
the number of nucleotide substitution per site, based on concatenated MLST allele sequences (7 loci, 3501 bp). The tree is mid-
point rooted and supported by 500 bootstrap replicates (only values >50 are shown). For global phylogenetic context, well-charac-
terised representatives of MLST clade 1 (ST 54), 2 (ST 1), 3 (ST 22), 5 (ST 11), C1 (ST 181), C2 (ST 200), and C3 (ST 204) are also shown
(*). Branches for clade 4 are shown in blue. Known toxin profiles of clade 4 strains are indicated by orange (A-B+CDT-) and green (A-
B-CDT-) colour. RT 017 (ST 37) is indicated with a red arrowhead.
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linked to the use of clindamycin [16] and fluoroquino-
lones [21]. In both outbreaks, discontinuation of the
offending agent resulted in a rapid decline in the num-
ber of CDI cases due to C. difficile RT 017 [16,21]. This
suggests that these outbreaks were associated with the
use of specific antimicrobials and that antimicrobial
stewardship helped to control spread.

Besides many outbreaks, there have also been non-
outbreak reports of C. difficile RT 017 throughout the
world. The majority of these reports with high preva-
lence figures were from Asia, while reports from non-
Asian countries mostly recorded low prevalence
figures. Data summarizing the prevalence of C. difficile
RT 017 in Asia and non-Asian countries can be found
in Tables S1 and S2 in the supplementary document.

C. difficile RT 017 in Asia

It is likely that C. difficile RT 017 is endemic in Asia and
has been resident in this region for a long time, for

three different reasons. First, in contrast to non-Asian
countries, RT 017 appeared mainly in non-outbreak-
related prevalence studies [41,53,54,69,71–75,86–88].
Second, there have been reports of A-B+CDT-
C. difficile RTs in the region other than C. difficile RT
017 with similar deletions in the tcdA gene, some of
which have also been classified in MLST clade 4
[46,58,60,61,71,89]. Third, the earliest Asian isolates
of RT 017 in humans can be dated back to 1993 in
Indonesia, where five strains of RT 017 were isolated
from healthy infants [15]. The high prevalence and
diversity of A-B+CDT- C. difficile in Asia and the evi-
dence of old C. difficile RT 017 isolates suggest that the
origin of this RT is in Asia. While Asia is a very large
continent, current information suggests that
C. difficile RT 017 is endemic in at least two different
regions of the continent: parts of East Asia, and
South East Asia [90].

East Asia
East Asia can be geographically divided into Japan and
the mainland section which consists of China (includ-
ing Hong Kong), North and South Korea, and the
island of Taiwan. The prevalence of different
C. difficile RTs in these two areas varies with RT 017
being a predominant strain only in the mainland sec-
tion plus Taiwan [9,19,69–75]. Historically, RT 017
has been responsible for ca. 15–40% of patients with
CDI in South Korea [9,69–71], China [72–74], and Tai-
wan [19,75]. In Taiwan, there was an increase in the
prevalence of C. difficile RT 017 that resembled an out-
break in 2004 (73.3%; 11/15), but the prevalence even-
tually decreased to an endemic rate of 23.9% (11/46) in
2007 [19].

In contrast to these reports, Japan saw an outbreak
of C. difficile RT 017 infection in 1996 [14,15], perhaps
coincidentally, around the same time as RT 017 out-
breaks in Poland, the Netherlands and Canada
[13,16,17,67]. However, there have been no major
reports of C. difficile RT 017 infection in Japan since.
Interestingly, in 2001, there was an outbreak of CDI
caused by an A-B+ strain of C. difficile with an RT pat-
tern resembled C. difficile RT 017 [91]. This strain was
later identified as the novel C. difficile RT 369, a strain
that is closely related to C. difficile RT 017 [36], and
that was recently identified in China as ST 81, a single
loci variant of ST 37 [92]. To date, RT 369 remains
among the most common toxigenic strains isolated in
Japan while only a small number of C. difficile strains
belonging to RT 017 have been detected [93].

South East Asia
Most epidemiological studies in South East Asia have
been conducted in Thailand [41,53,89] with additional
reports from Indonesia [54], Laos [86], Malaysia
[56,87] and Singapore [88]. Although the information
is limited, based on these publications, and some

Figure 4. A. Circular representation of the genome of
C. difficile strain M68 (RT 017, ST 37, GenBank accession num-
ber NC017175.1). From outside to inside, the concentric circles
represent (1) and (2) all coding sequences (CDS) transcribed in
clockwise and counter-clockwise, (3) all rRNA, (4) all tRNA, (5)
transposons (Tn6194 containing ermB gene represented in
red and Tn6190 containing tetM gene represented in purple)
and prophages (counterclockwise from top; ΦCDHM19
[58,163 bp, GC% = 31.34%], ΦCDHM13 [39,325 bp, GC% =
29.34%], and ΦMMP01 [55,106 bp, GC% = 28.87%]), and (6)
GC content. B. Key characteristics of the genome.
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publications from Thailand that detected a high preva-
lence of A-B+ C. difficile [94–96], it is likely that RT 017
is endemic throughout this region.

Despite isolating C. difficile RT 017 strains as early
as 1993 [15], there were no epidemiological studies in
the region until 2006 [41]. All studies thereafter
reported similar results. In Thailand, three studies
confirmed that C. difficile RT 017 ranks among the
most common toxigenic strains present (ca. 30.8% –
41.5%) [41,53,89]. In Indonesia, C. difficile RT 017
was the most prevalent RT isolated from patients
[54]. C. difficile RT 017 has been isolated in Laos
[86], although only five patients were included in this
report. The most recent report from South East Asia
came from Malaysia where the prevalence of
C. difficile RT 017 was 20.0% [56]. In contrast to
other South East Asian countries, a study in Singapore
reported a low prevalence of RT 017 of 4.9% (3/61),
and an RT distribution more like European countries.
The comment was made that this possibly reflected
the international population of Singapore, both resi-
dent and passing through [88].

C. difficile RT 017 in non-Asian countries

Outside Asia, C. difficile RT 017 is mostly associated
with outbreaks. The first group of outbreaks was
reported from 1995 to 1998 in Poland [13], the Nether-
lands [16] and Canada [17]. These outbreaks occurred

during the same time-frame as the Japanese outbreak
[14,15]. Since 2000, there have been four outbreaks of
C. difficile RT 017 infection outside Asia [18,20–23].
Even though there have been non-outbreak reports of
RT 017 in some parts of the world, the prevalence is
low in most areas (≤10%) when compared to Asia
[8,13,16,20,22,39,63,67,68,78–81].

North America
After 2002, C. difficile RT 017 was rapidly oversha-
dowed by the emergence of the “hyper-virulent”
C. difficile RT 027 in this region [82]. The prevalence
of C. difficile RT 017 in Canada decreased from 5.4%
(58/1,080) during 2004–2006 [63] to 1.3% (17/1,310)
during 2013–2015 [83]. The prevalence of C. difficile
RT 017 in the United States was ca. 2–3% during
2010–2012 [64–66]. In 2011, the overall prevalence of
RT 017 in North America was reported at 4.3% (15/
350) of toxigenic strains [39].

Europe
Apart from obvious outbreaks, reports of RT 017 in
Europe were scarce. During the late 1990s, the preva-
lence of RT 017 was 2.5% (9/364) in France [67].
During 2008–2009, RT 017 was responsible for 4.9%
(2/41) of severe CDI cases in Germany [84]. In 2012,
only one out of 171 (0.6%) C. difficile isolates from
Austria was classified as C. difficile RT 017 [68]. A
pan-European study reported an overall prevalence of

Figure 5. Timeline of C. difficile RT 017 reports around the world. Outbreaks refer to an increase in the regional prevalence of RT
017, which is confirmed either to be clonal or with evidence suggesting that isolates came from the same source. Endemic presence
refers to prevalence reports that were not associated with outbreaks.
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C. difficile RT 017 during 2011–2014 of 1.8% (16/866)
[85]. Portugal was the only European country to report
a prevalence of C. difficile RT 017 higher than 10% [97].

Australia
Several epidemiological studies conducted in various
regions of Australia with C. difficile RT 017 being
found at a much lower prevalence compared to Asia.
The prevalence of C. difficile RT 017 infection was ca.
3% [78–81] suggesting that those cases are are more
likely to be imported rather than caused by endemic
strains.

Africa
The number of studies on CDI in Africa is very lim-
ited. To date, the only country with reported
C. difficile RT 017 infection is South Africa, where a
very high prevalence of RT 017 among diarrhoeal
patients in tuberculosis hospitals was seen
[77,98,99]. Historically, Cape Town in South Africa
has been an important port city where ships coming
from and going to Asia, Australia and Europe
stopped during their voyages. The introduction of
C. difficile RT 017 may merely reflect travel between
these regions, however, it appears that C. difficile
RT 017 has now become established within the hos-
pital system in South Africa. Patients testing positive
for C. difficile are at high risk of mortality, and tuber-
culosis is an additional risk factor for CDI in popu-
lations with HIV [100].

C. difficile RT 017 in animals

Recently, many C. difficile strains associated with CDI
in humans have also been isolated from animals or ani-
mal products suggesting that CDI may be transmitted
from animals [101]. Despite its high prevalence in
the Asian human population [102], there have never
been any reports of C. difficile RT 017 in animals in
this region [103,104], and it has rarely been reported
in animals elsewhere. C. difficile RT 017 has been iso-
lated from calves in Canada [105] and rabbits in Italy
[106]. The WGS study undertaken in the United King-
dom by Cairns et al. involving 277 C. difficile RT 017
strains only included 24 strains of animal origin [33].
The reasons why RT 017 is apparently not prevalent
in animals have not been elucidated.

Role of antimicrobial resistance in the
outbreaks of C. difficile RT 017

AMR plays an important role in the dissemination of
many C. difficile RTs. Being resistant to antimicrobials
while the intestinal microbiota is disrupted allows
C. difficile to survive, produce toxins and eventually
cause disease [2]. Furthermore, being intrinsically
resistant to alcohol and desiccation, C. difficile as a

spore can survive within the hospital environment
and spread to patients. Antimicrobial resistance has
been associated with CDI outbreaks in the past; in par-
ticular, the outbreaks of “epidemic” C. difficile RT 027
in North America and Europe were associated with
fluoroquinolone and rifampicin resistance.

Outbreaks of infection with C. difficile RT 017 have
been linked with clindamycin- and fluoroquinolone-
resistant strains [13,16,18,21]. Besides these antimi-
crobials, C. difficile RT 017 also has higher rates of
resistance to tetracyclines and rifaximin [107–109].
Tetracycline resistance was associated with an out-
break of C. difficile RT 078 [110,111]. Rifaximin is a
derivative of rifampicin which was also associated
with the outbreak of C. difficile RT 027 [112,113].
There is no doubt that misuse of these antimicrobials
may lead to the future outbreaks of C. difficile RT
017, given that it is endemic in East and South East
Asia, where tetracycline and rifampicin are commonly
prescribed for many tropical infections and tubercu-
losis, respectively.

Conclusions

C. difficile RT 017 is one of the most successful RTs of
C. difficile in the world. It was the first A-B+ C. difficile
shown to cause CDI following several outbreaks. This
discovery led to a better understanding of the patho-
genesis of CDI in general, together with the roles of
TcdA and TcdB, and eventually lead to changes in
the way the laboratory diagnosis of CDI was made.
The high rate of resistance to many antimicrobial
agents provides hints as to how C. difficile RT 017
spread throughout the globe. It also gives us a warning
that antimicrobial stewardship is needed to prevent
further outbreaks.

The ancestral home of C. difficile RT 017 remains
controversial, however, the weight of epidemiological
evidence suggests that this strain originated in Asia
and spread to other regions of the world long before
the much-publicised spread of RT 027. Particular clini-
cal characteristics of C. difficile RT 017 infection have
yet to be determined. Why C. difficile RT 017 is not
found more commonly in animals despite successful
human spread also remains unclear, however, this
may just reflect a lack of animal studies in Asia. Also,
there has been no study comparing phenotypic charac-
teristics of C. difficile RT 017, such as sporulation, ger-
mination and motility, with other epidemic strains.
Since these properties are related to the spread of
C. difficile, such studies may uncover important factors
that help in the control of C. difficile RT 017 spread and
prevent further outbreaks.
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ABSTRACT
Introduction: Antimicrobial resistance (AMR) played an important role in the initial outbreaks of
Clostridium difficile infection (CDI) in the 1970s. C. difficile ribotype (RT) 017 has emerged as the major
strain of C. difficile in Asia, where antimicrobial use is poorly regulated. This strain has also caused CDI
outbreaks around the world for almost 30 years. Many of these outbreaks were associated with
clindamycin and fluoroquinolone resistance. AMR and selective pressure is likely to be responsible for
the success of this RT and may drive future outbreaks.
Areas covered: This narrative review summarizes the prevalence and mechanisms of AMR in C. difficile RT
017 and transmission of these AMR mechanisms. To address these topics, reports of outbreaks due to
C. difficile RT 017, epidemiologic studies with antimicrobial susceptibility results, studies on resistance
mechanisms found in C. difficile and related publications available through Pubmed until September 2019
were collated and the findings discussed.
Expert opinion: Primary prevention is the key to control CDI. This should be achieved by developing
antimicrobial stewardship in medical, veterinary and agricultural practices. AMR is the key factor that
drives CDI outbreaks, and methods for the early detection of AMR can facilitate the control of
outbreaks.
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1. Introduction

Clostridium difficile is an important cause of diarrhea associated
with antimicrobial use worldwide [1]. This anaerobic Gram-posi-
tive bacillus is capable of producing spores that can withstand
desiccation and heat, and persist in the environment for long
periods of time [2]. The organism has been recently renamed
Clostridioides difficile [3], however, both Clostridium difficile and
Clostridioides difficile remain valid names, and either can be used
when referring to the bacterium [4]. Disease caused by C. difficile
ranges from self-limiting diarrhea to life-threatening pseudo-
membranous colitis (PMC), toxic megacolon and death. Since
the early 2000s, C. difficile has been a major public health threat
worldwide, responsible for almost half a million cases of diarrhea
and 29,000 deaths annually in the United States alone [5].

C. difficile infection (CDI) is mainly mediated by toxins in the
gastrointestinal tract (GIT). Currently, there are threemajor toxins
recognized: toxin A, toxin B and binary toxin [6,7]. Growth of
C. difficile in the GIT is generally suppressed by the intestinal
microbiota, a process known as colonization resistance, and it
does not cause disease under normal circumstances. It is only
when the patient is exposed to antimicrobials, or some other
agent that disturbs the intestinal microbiota, that surviving
ingested C. difficile spores can germinate, replicate, produce
toxins and cause disease [1]. Antimicrobial resistance (AMR) has
been an important factor contributing to the pathogenesis of

CDI and the spread of C. difficile, and intrinsic cephalosporin
resistance was critical in the rise of CDI as a hospital-acquired
infection in the 1980s [8–10].

Besides intrinsic resistance to cephalosporins, acquired
AMR has been a key factor in driving genetic diversity and
epidemiological changes in CDI around the world, with many
well-publicized outbreaks. Acquired resistance to clindamycin
was associated with early CDI outbreaks in the USA [11–13].
Since the early 2000s, strains belonging to the ‘hyper-virulent’
C. difficile ribotype (RT) 027 have caused multiple outbreaks of
CDI, initially in North America and subsequently Europe
[14,15]. These outbreaks were driven by fluoroquinolone and
rifampicin resistance [16,17]. Outbreaks of infection with
C. difficile RT 078, another epidemic RT commonly associated
with zoonotic transmission, have been associated with tetra-
cycline resistance [18,19]. More recently epidemic strains of
C. difficile RT 018 have been reported in Italy, and in Korea,
with both reports noting high-level fluoroquinolone and clin-
damycin resistance [20,21]. Lastly, a recent outbreak of CDI in
Costa Rica was caused by a multidrug-resistant (MDR) lineage
of C. difficile carrying multiple resistance genes on various
mobile genetic elements, including Tn5397 (containing tetM)
and Tn5398 (containing ermB) [22].

C. difficile RT 017 is another epidemic RT of C. difficile that has
caused outbreaks globally since the late 1990s, with disease
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severity no different to other epidemic C. difficile RTs [23]. Many
of these past outbreaks caused by C. difficile RT 017 were also
associated with AMR [24–28]. In non-outbreak settings, C. difficile
RT 017 has also been reported to have higher rates of resistance
to many antimicrobial agents [29–31]. This review summarizes
AMR found in C. difficile RT 017, its role in outbreaks and global
spread during the preceding decades, the risk it poses for future
outbreaks and the problems it may cause in the treatment of CDI
in the future. It should be noted that C. difficile RT 017 is more
prevalent in Asia and the number of reported strains from other
regions is limited [23].

2. Literature search methodology

A literature search was performed looking for publications that
either (1) reported outbreaks of CDI (both in general and spe-
cifically caused by C. difficile RT 017) with comments on the role
of AMR, (2) reported the prevalence of resistance in C. difficile RT
017 to at least one of the key antimicrobials (clindamycin,
moxifloxacin, meropenem, linezolid, doxycycline and rifaximin),
or (3) reported the mechanisms of resistance of C. difficile to
these agents and cephalosporins. This review included studies
published up to September 2019 that were available through
Pubmed, as well as relevant articles cited in those studies.

3. Intrinsic resistance to cephalosporins

Cephalosporins are beta-lactam antimicrobials which inhibit bac-
terial cell wall synthesis. These antimicrobials, especially third-gen-
eration cephalosporins, are among the most commonly misused
antimicrobials in both medical and agricultural practices due to
their broad-spectrum activity [32]. Exposure to cephalosporins is
also a significant, perhaps the most significant, risk factor for the
development of CDI [9,33]. All C. difficile are intrinsically resistant to

penicillins and cephalosporins, and a recent study suggested that
this resistance is conferred by multiple mechanisms, one of which
relates to C. difficile class D beta-lactamases (CDD-1 and CDD-2) [8].
Genes encoding putative CDD-1 and CDD-2 beta-lactamases are
found in the majority of sequenced C. difficile genomes, including
RT 017 strains, and the purified proteins were shown to have
catalytic activity against a broad range of beta-lactam antimicro-
bials, including penicillins and first- to fourth-generation cephalos-
porins. They have limited catalytic activity against cephamycins
and carbapenems [8]. Even thoughwhether CDD-1 andCDD-2 can
be inhibited by beta-lactamase inhibitors, such as clavulanic acid,
was not specified in the study, C. difficile has been previously
reported to be susceptible to the amoxicillin-clavulanate combina-
tion [29], suggesting that the enzymes may be inhibited by beta-
lactamase inhibitors, a characteristic which is different from other
class D beta-lactamases [34].

4. Acquired AMR genotypes in C. difficile

To date, various studies have investigated the mechanisms of
AMR in C. difficile. A number of acquired resistance genes
targeting various classes of antimicrobial agents has been
identified. Table 1 summarizes common resistance genotypes
found in C. difficile with examples that can be found in
C. difficile strain M68, a whole-genome sequenced reference
strain of C. difficile RT 017 [35]. Resistance genotypes can be
divided into two groups. Resistance can be conferred by
accessory genes located on mobile genetic elements such as
conjugative transposons (Tns) [36–41]. These elements are
capable of changing their position within the genome and
can be transferred horizontally both within and between spe-
cies, e.g. between C. difficile and Enterococcus faecalis [42].
Resistance can also be conferred by point mutations in exist-
ing chromosomally located genes [28,43–47]. Although incap-
able of horizontal transfer, these mutations can be transferred
vertically and cause clonal outbreaks of resistant organisms.

4.1. Clindamycin

Clindamycin belongs to the macrolide-lincosamide-streptogra-
min B (MLSB) group of antimicrobial agents. These agents
target the bacterial 50S ribosome and inhibit bacterial protein
synthesis. The MLSB resistance phenotype is common in
C. difficile; 65.9% – 90.9% of C. difficile strains in Asia and

Article highlights

● Most outbreaks of C. difficile infection (CDI) in the past have been
associated with antimicrobial resistance (AMR).

● C. difficile ribotype (RT) 017 displays a higher prevalence of AMR than
other RTs.

● An increase in AMR prevalence in C. difficile RT 017 increases the risk
of future outbreaks and may complicate treatment options for CDI.

Table 1. Common acquired antimicrobial resistance genotypes in C. difficile.

Resistance genotypes Reference strain

Antimicrobials Accessory genes Mutations of existing genes C. difficile M68 *

MLSB group ermB - ermB in Tn6194
Fluoroquinolones - gyrA and gyrB (QRDR) D426V in GyrB
Carbapenems - pbp1 and pbp3 -
Linezolid cfr rplC -
Tetracyclines tet family - tetM in Tn6190
Rifaximin - rpoB -

MLSB group; macrolide-lincosamide-streptogramin B group, ermB; erythromycin ribosomal methylase B – acts by methylating
23S rRNA and protecting the protein from the antimicrobials, gyrA and gyrB; DNA gyrase subunits A and B, QRDR; quinolone
resistant determining region, pbp1 and pbp3; penicillin-binding proteins 1 and 3, cfr; chloramphenicol-florfenicol resistance,
rplC; ribosomal protein L3, tet family; tetracycline family – encodes a protein that protects the ribosome against anti-
transitional activity of tetracyclines, rpoB; beta subunit of RNA polymerase, * C. difficile strain M68 is a reference strain for
genomic studies of C. difficile RT 017 (GenBank accession number: FN668375)
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49.6% – 56.6% in Europe are resistant to clindamycin
[29,30,48–51]. Resistance is principally conferred by a 23S
rRNA methyltransferase encoded by the ermB (erythromycin
ribosomal methylase B) gene [30]. Methylation of the 23S
rRNA of the bacterial 50S ribosomal subunit reduces the bind-
ing affinity of MLSB class antimicrobials. This ermB gene is
carried on Tn6194, Tn6215, Tn6218 and Tn5398 [36], the latter
having two copies [37]. In C. difficile strain M68, the ermB gene
is found on Tn6194 – a 28k bp Tn, which is the most common
ermB-containing element found in European clinical isolates of
C. difficile [52]. The ermB gene is capable of horizontal transfer
and C. difficile can acquire ermB from different sources, making
it possible for C. difficile in different regions of the world to
independently acquire an MLSB resistance phenotype. Besides
the ermB gene, a recent study reported a novel ermG gene in
11 C. difficile RT 017 isolates. This gene also confers an MLSB
resistance phenotype and is located on a mobile genetic
element capable of interspecies horizontal gene transfer [53].

The prevalence of clindamycin-resistant C. difficile RT 017 is
high throughout the world (Figure 1(a)). Almost all (92.9–100.0%)
C. difficile RT 017 strains from studies in China, Korea and Europe
were resistant to clindamycin [30,48,49]. In Thailand, the preva-
lence of resistance was lower (66.7% – 86.4%), and comparable

to other C. difficile RTs in the same study, such as C. difficile RT
014/020 and non-toxigenic strains [29,54]. In Europe, C. difficile
RT 017 was reported to have a higher average MIC for clindamy-
cin than other common RTs [51].

Clindamycin was the first antimicrobial agent to be associated
with CDI. It was introduced into the clinical environment in the
late 1960s as the improved 7-chloro derivative of lincomycin [55].
Only a few years after its release, clindamycin was reported to be
associated with PMC and toxic megacolon [56], before it was
known that C. difficilewas the major causative agent of PMC [57].
Indeed, the apparent transmissibility of PMC sparked an interna-
tional search for the cause that finally resulted in C. difficile being
implicated [58,59]. In the case of C. difficile RT 017, clindamycin
resistance was most likely the major factor driving a number of
outbreaks of CDI that occurred during the period 1995 to 2000
[24–26]. Evidence of clindamycin resistance is documented in at
least three out of five outbreaks during this period. Studies of the
outbreaks in Poland and Argentina reported a high prevalence of
ermB positive strains [24,25]. In addition, despite lacking genetic
information, an investigation of the Netherlands outbreak sug-
gested an association between the use of clindamycin for anti-
microbial prophylaxis and the development of C. difficile RT 017
infection [26].

Figure 1. Resistance prevalence of C.difficile RT 017 (dark blue bars) and other RTs in the studies (light blue bars) from Europe and Asia against four major
antimicrobial groups: (a) macrolide-lincosamide-streptogramin B (MLSB) group (represented by clindamycin), (b) third- and fourth-generation fluoroquinolones (FQ;
represented by moxifloxacin), (c) carbapenems and (d) tetracyclines.
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4.2. Fluoroquinolones

Fluoroquinolones are bactericidal antimicrobials which inhibit
bacterial DNA synthesis by targeting DNA gyrase. Although
older fluoroquinolones, such as ciprofloxacin, have limited activ-
ity against anaerobic bacteria, including C. difficile, third- and
fourth-generation fluoroquinolones, such as moxifloxacin, have
greater activity [30]. However, exposure of C. difficile to these
agents creates selective pressure that drives the rapid develop-
ment of resistance [60]. During 1991–1997, before the introduc-
tion of moxifloxacin [61], only 6.6% (13/198) of C. difficile strains
from Europe were resistant to moxifloxacin [62]. The prevalence
of moxifloxacin resistance among C. difficile increased to 37.5%
(131/349) in 2005 [63], and subsequently to 39.9% (total n = 918)
in 2011–2012 [50]. In Asia, the prevalence of resistance was
higher, 46.4% (26/56) in China in 2007–2008 and over 80% in
some Korean studies [64,65].

Resistance to fluoroquinolones in C. difficile is typically due
to a missense mutation in the quinolone resistance determin-
ing region (QRDR) of the DNA gyrase subunit genes (gyr),
either gyrA or gyrB [28,43,44]. The gyrA mutation is responsible
for the majority of fluoroquinolone resistance with the most
frequent amino acid substitution in GyrA being at T82I [43],
which is close to the S83Y and S83I substitutions found in
Escherichia coli [66]. This substitution is responsible for fluor-
oquinolone resistance in the greatest proportion of C. difficile
RT 017 [43]. The same substitution was also found in two
epidemic lineages of C. difficile RT 027 and thought to be
the main factor that drove outbreaks in North America and
Europe [16]. In 2003, a novel substitution in GyrB was discov-
ered in C. difficile RT 017 (D426V) which was thought to be
driving an outbreak in Ireland [27,28]. C. difficile strain M68,
which was isolated from Ireland in 2006, also has a D426V
substitution in GyrB [35].

The prevalence of fluoroquinolone-resistant strains of
C. difficile RT 017 is higher than in other RTs (Figure 1(b)). More
than half the C. difficile RT 017 isolates from China in 2012–2013
(58.8%; 20/34), Thailand in 2010–2015 (83.3%; 10/12 and 77.3%;
17/22), South Korea in 2000–2009 (85.3%; 29/34) and South
Africa in 2014–2015 (97.6%; 124/127) were resistant to moxiflox-
acin [29,48,49,54,67]. The study in South Korea also reported an
association between the introduction of moxifloxacin in 2003
and a shift in the molecular epidemiology of CDI in that country
where the prevalence of C. difficile RT 001 (9.6%; 5/52 moxiflox-
acin resistance) decreased and C. difficile RT 017 (85.3%; 29/34
moxifloxacin resistance) increased [49]. Although the number of
isolates was low (19 isolates), all European C. difficile RT 017
isolates in 2005 were resistant to moxifloxacin [63]. In a later
study focussing on the period 2011–2014, C. difficile RT 017 had
the highest average MIC for moxifloxacin compared to other
common RTs in Europe [51].

Fluoroquinolones are among themost commonly abused anti-
microbials due to their broad-spectrum and bactericidal activity
[68,69]. Third- and fourth-generation fluoroquinolones are also
considered antimicrobials at high risk of causing CDI, partly
because of the outbreaks of C. difficile RT 027 infection in North
America and Europe [33]. The risks associated with third- and
fourth- generation fluoroquinolones aremore related to the devel-
opment of resistance in C. difficile than other factors. Given the

evidence of outbreaks associated with the use of moxifloxacin in
the past and the increase in moxifloxacin resistance in both
C. difficile RT 017 and other RTs, the use of third- and fourth-
generation fluoroquinolones should be carefully monitored.

4.3. Carbapenems

Carbapenems are bactericidal antimicrobials which inhibit
bacterial cell wall synthesis by targeting penicillin-binding
proteins. They are broad-spectrum and are generally used for
the treatment of nosocomial infections caused by MDR patho-
gens. Historically, C. difficile has been susceptible to imipenem
and other carbapenems, however, recent studies suggest that
many strains, including C. difficile RT 017, are developing
resistance (Figure 1(c)). C. difficile RT 017 in China and South
Korea was reported to have a higher rate of resistance to
imipenem compared to C. difficile RTs 001, 012 and 014,
although the resistance rates remained low (8.0% – 12.0%)
[48,49]. As carbapenems are commonly used for treating noso-
comial infections, carbapenem resistance may promote the
spread of C. difficile in hospitals in the future.

A recent study identified two missense mutations (A555T
and Y721S) near the active site of the penicillin-binding pro-
tein genes (pbp1 and pbp3) that are associated with imipenem
resistance in C. difficile RT 017. This study also reported a new
class of penicillin-binding protein gene (pbp5) that was unique
to C. difficile RT 017. However, pbp5 was found in both resis-
tant and susceptible C. difficile RT 017 strains and a role for this
gene was not identified [45].

4.4. Linezolid and cadazolid

Linezolid is the first oxazolidinone antimicrobial agent that inhi-
bits bacterial protein synthesis at an early stage [70]. It is com-
monly used to treat infections caused by MDR Gram-positive
bacteria [71]. In general, C. difficile is susceptible to linezolid
and only a few C. difficile strains have been reported to be
resistant. A study in Germany suggested an overall rate of resis-
tance to linezolid in C. difficile of 5.7% (11/192) [72], while in Spain
only one of 44 C. difficile strains (2.3%)was linezolid-resistant [73].
In a follow-up study that included 891 C. difficile strains, there
were only nine linezolid-resistant strains (1.0%), however, six of
these (66.7%) were C. difficile RT 017 [41]. Further study revealed
that all six linezolid-resistant C. difficile RT 017 strains harbored
a cfr (chloramphenicol-florfenicol resistance) methyltransferase
gene found on mobile genetic elements [41]. The cfr methyl-
transferase gene is the only linezolid resistance determinant
known to be transferred horizontally. Besides linezolid, methyla-
tion of 23S rRNA by Cfr also confers resistance to phenicols,
lincosamides, pleuromutilins and streptogramin A [74]. Given
the increased use of linezolid for the treatment of MDR gram-
positive bacterial infections, and the transferable property of the
cfr gene, it is possible that linezolid resistance will drive an out-
break of C. difficile RT 017 in the future [75]. Besides the acquisi-
tion of the cfr gene, a point mutation in the rplC (ribosomal
protein L3) gene was also reported to be associated with line-
zolid resistance in C. difficile [46].
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A close relative of linezolid, cadazolid, has been developed
for the treatment of CDI [76]. Resistance mechanisms for line-
zolid and cadazolid are different and linezolid-resistant
C. difficile may remain susceptible to cadazolid [46], however,
in a recent phase III trial the clinical cure rate for cadazolid was
inferior to that of vancomycin, the current standard treatment
[77], and the future of cadazolid use in the treatment of CDI is
now uncertain [78].

4.5. Tetracyclines

Tetracyclines inhibit bacterial growth by targeting the 30S
ribosome. Resistance to these agents is common in C. difficile
and mediated by efflux and ribosomal protective proteins
encoded by an array of tet (tetracycline) genes such as tetM,
tetW, tetA(P) and tetB(P) [79]. These genes encode proteins
that mimic ribosomal elongation factors thus protecting
against the anti-translational activity of tetracyclines. The
tetM gene is the most common element associated with tetra-
cycline resistance and can be found on Tn5397, Tn5398 and
Tn916-like elements [38–40,80]. These are among the most
widespread Tns that can be transferred between different
bacterial species in the colon [81]. Tetracycline-resistance in
C. difficile RT 017 is most commonly associated with a Tn916-
like element carrying tetM [40]. In C. difficile strain M68, the
tetM gene is found on an 18kb element, Tn6190, one of the
Tn916-like elements.

Tetracycline resistance is more prevalent in Asian compared
to European C. difficile RT 017 (Figure 1(d)). More than half the
C. difficile RT 017 isolates from two studies in China (85.7%; 12/
14 and 82.4%; 28/34) and 45.5% (10/22) of strains in Thailand
were resistant to tetracycline [30,48,54], while only 27.8% of
European isolates were tetracycline-resistant. Nevertheless, the
latter was still higher than the prevalence among other RTs
from the same region (0.0% – 3.4%) [63].

The overuse of tetracycline has been reported to be
a major driver of a clonal expansion of tetracycline-resistant
C. difficile. A recent study reported that the rapid spread of
tetracycline-resistant C. difficile RT 078 was associated with the
presence of the tetM gene and increased agricultural use of
tetracycline [19]. The high prevalence of tetracycline resistance
in C. difficile RT 017 in Asia is also likely associated with the
high usage of these agents in the region. Tetracyclines are
agents of choice for the treatment of many tropical infections
endemic in South-East Asia especially, as well as sexually-
transmitted infections [82–84]. These infections are usually
caused by non-culturable pathogens and treatment is com-
monly prescribed without laboratory confirmation of causative
pathogens, leading to an overuse of tetracyclines. In addition,
doxycycline is recommended as a chemoprophylactic agent
for malaria in various guidelines [85].

4.6. Rifaximin

Rifaximin is a derivative of rifampicin, an antimicrobial that
inhibits RNA synthesis. Initially, it was proposed as adjunctive
therapy for CDI due to its potent in vitro activity against
C. difficile and low systemic absorption [86]. However, the
prevalence of rifampicin and rifaximin resistance has gradually

increased and resistance was associated with CDI outbreaks in
the United States [17,87]. C. difficile RT 017 has been reported
to have a higher prevalence of resistance to rifaximin than
other common RTs in both Europe and Asia [29,51]. Missense
mutations in the rpoB gene, which encodes a beta subunit of
the RNA polymerase enzyme, reduce the affinity of the
enzyme to both rifaximin and rifampicin and confer cross-
resistance to the agents. Several amino acid substitutions in
rpoB have been associated with rifaximin resistance in
C. difficile [47]. A genomic study of C. difficile RT 017 docu-
mented R505K and H502N substitutions in a third of C. difficile
RT 017 strains (32.5%; 90/277 and 33.2%; 92/277, respectively).
Interestingly, one isolate in this study remained susceptible to
rifampicin despite having both the R505K and H502N
substitutions [88].

Rifampicin is one of the main agents used for the treatment
of tuberculosis [89]. Patients with tuberculosis are exposed to
rifampicin for at least 6 months and this exposure places
selective pressure on any C. difficile that may be colonizing
these patients. There have been reports of a high prevalence
of C. difficile RT 017 in tuberculosis hospitals in South Africa
[67,90,91]. There is also a high prevalence of tuberculosis in
South-East Asia [92]. This and rifampicin usage may be impact-
ing rifaximin resistance among C. difficile RT 017 and compro-
mising the possible use of rifaximin for the treatment of CDI
due to C. difficile RT 017. An example has been reported in
Staphylococcus aureus, where a rifampicin-resistant subpopu-
lation of colonizing bacteria proliferated within only 2 weeks
of the initiation of antituberculous therapy [93].

4.7. Multidrug-resistant (MDR) C. difficile RT 017

MDR C. difficile refers to C. difficile isolates that have acquired
resistance to at least three antimicrobial agents [29]. MDR
C. difficile RT 017 has been a growing problem for more than
a decade. A study in European countries in 2005 revealed that
C. difficile RT 017 was the second most common RT associated
with MDR (18.3%; 15/82) with seven isolates (8.5%) being resis-
tant to the MLSB group of antimicrobials (represented by clinda-
mycin and erythromycin) and moxifloxacin, while eight isolates
(9.8%) were also resistant to rifampicin [94]. In 2015, two-thirds
(8/12) of C. difficile RT 017 isolates in ThailandwereMDR [29]. This
number was higher than other toxigenic strains in the same
study. Furthermore, three clinical studies of C. difficile RT 017
infection concluded that resistance to many antimicrobial
agents, such as clindamycin, rifampin, co-trimoxazole, first-gen-
eration cephalosporins and fluoroquinolones, had a stronger
association with C. difficile RT 017 compared to other C. difficile
strains [95–97]. This suggests that the rate of resistance to these
antimicrobial agents is higher in C. difficile RT 017 than in other
RTs in the same region.

5. Impact of AMR on CDI outbreaks

From the first descriptions of C. difficile as a cause of PMC and
antimicrobial-associated diarrhea, outbreaks of CDI have been
associatedwith AMR [11–13,16–18,20–22]. Antimicrobial overuse
provides selective pressure on C. difficile often at a timewhen the
gut microbiota has been depleted. AMR can be easily acquired
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via horizontal transfer of accessory genes from either another
strain of C. difficile or other bacteria sharing the gut environment.
Some examples include the acquisition of the ermB gene and
clindamycin resistance phenotype that was associated with mul-
tiple CDI outbreaks in the late 1990s [11–13,24–26], or the acqui-
sition of the tet gene family and tetracycline resistance
phenotype that has shaped the evolution of C. difficile RT 078
into an important epidemic RT [18,19].

Some AMR is acquired by point mutations that can be
transferred vertically and these have importance in the evolu-
tion of various C. difficile lineages. The most significant example
of this has been the emergence of fluoroquinolone-resistant
lineages of C. difficile RT 027 that caused outbreaks in the
northern hemisphere in the early 2000s following mutations
in the gyrA gene that occurred in the early to mid-1990s [16].
Point mutations conferring resistance to both fluoroquinolones
and rifamycins are often associated with a low fitness cost that
facilitates maintenance of the resistance phenotype in the
absence of selective pressure [98,99].

An increase in the prevalence of MDR bacteria is inevitable as
more broad-spectrum antimicrobials are used to treat infections.
Resistance to these antimicrobials will provide a survival advan-
tage to C. difficile and shape its evolution. There is already
evidence that this is occurring in C. difficile RT 017. C. difficile RT
017 is resistant to many antimicrobials [29–31], and it is highly
prevalent in Asia where the use of antimicrobials is poorly con-
trolled [23,100]. This could easily lead to further expansion of RT
017 in the region and possible outbreaks in the future. Besides
clindamycin and fluoroquinolones that have already been asso-
ciated with RT 017 outbreaks [24–28], resistance to other anti-
microbials, notably carbapenems and linezolid, has the potential
to drive outbreaks as there has been greater use of these anti-
microbials due to the increased prevalence of MDR organisms
[101]. The mechanisms of resistance against these antimicrobials
have already been described for RT 017 [41,45], and such an
outbreak would be a serious public health threat further compli-
cating a disease that already has a high morbidity and mortality
rate [102]. Thus, it is likely that C. difficile RT 017 will continue to
be a successful RT, not only in Asia but around the world.

6. Conclusion

C. difficile RT 017 is associated with a high prevalence of resis-
tance to multiple antimicrobials. Most resistance can be trans-
ferred either horizontally (including between species residing in
the colon) or vertically. Some resistance has a low fitness cost and
can persist even without selective pressure. AMR has been the
major factor behind the success of C. difficile RT 017 and it is likely
that the high rates of AMR in C. difficile RT 017 will drive future
outbreaks of infection caused by this RT. In addition, rifaximin
resistance may also limit the treatment options for CDI due to
C. difficile RT 017 in the future.

7. Expert opinion

This narrative review focuses on the role of AMR in promoting
the spread of C. difficile and the development of CDI, especially
CDI due to C. difficile RT 017, rather than antimicrobials for the
treatment of CDI. The regulation of these inciting antimicrobials

is the key to the primary prevention of CDI. CDI is difficult to
treat and patients can suffer multiple recurrences even after
receiving appropriate treatment [77]. The development of new
antimicrobials is underway, but the efficacy of some of these
new treatment options remains questionable and they may not
make it to market. Thus, an effective primary prevention strat-
egy, such as antimicrobial stewardship, may be a better
approach to resolve the problem of CDI.

AMR plays an important role in the spread of C. difficile and
outbreaks of CDI. By identifying key inciting antimicrobials,
a strategy can be developed to control the use of these antimi-
crobials and subsequently reduce the spread. A successful exam-
ple of this can be seen in Australia, where fluoroquinolones are
strictly regulated resulting in a relatively low prevalence of fluor-
oquinolone-resistant organisms [103]. However, the regulation of
each key antimicrobial has its own difficulties. For example, reg-
ulation of tetracyclines will require a change in guidelines for the
diagnosis and treatment of many tropical infections, and rifampi-
cin regulation may impact on the control of tuberculosis.

Besides medical practice, antimicrobial use must also be
controlled in veterinary and agricultural practices, as C. difficile
is a pathogen of One Health importance. Currently, antimicro-
bial use in production animals and crops is poorly regulated
and is believed to be the major source of antimicrobial con-
tamination. Exposure of environmental C. difficile to these
antimicrobials drives the development of resistance in these
strains that then spread to humans and eventually cause CDI.

Currently, detection of AMR determinants is done retrospec-
tively in large research facilities. Now that major determinants
are known, as discussed in this review, it is possible to develop
detection methods that can be used in real-time clinical set-
tings. This will identify drug-resistant C. difficile with a high risk
of spread that can then trigger prevention protocols.

CDI involves the interaction between the pathogen (toxi-
genic C. difficile), host immunity and intestinal microbiota.
While this review focuses on the pathogen and AMR, there
are other factors that contribute to the successful spread of
C. difficile. Thus the pathogen C. difficile RT 017 is commonly
found in Asia, however, the prevalence of CDI is still poorly
documented and the disease itself appears to be less severe
and with lower mortality. This suggests that there may be
unknown host- or microbiota-related factors in this population
that are protective against CDI. Currently, very little is known
about the C. difficile population in Asia and further studies may
reveal key factors for the prevention of CDI.

In conclusion, by understanding AMR in C. difficile, both in
general and in high-risk RTs such as C. difficile RT 017, it is possible
to develop preventive strategies for CDI, by both regulation of
high-risk antimicrobials in humans, animals and environment,
and by early detection of AMR C. difficile in clinical settings.
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ABSTRACT Little is known about the clinical characteristics of Clostridium difficile in-
fection (CDI) in Asia in general, and Thailand specifically, with a few studies suggest-
ing that the disease may be milder than elsewhere. This study aimed to describe
CDI in Thailand, evaluate treatment options and their outcomes, and explore possi-
ble protective factors responsible for any unique disease characteristics. From 2015
to 2018, 469 patients were included in the study. All patients had their stools tested
for the tcdB gene by direct PCR and detection of toxigenic C. difficile by culture. C.
difficile isolates were subjected to toxin gene profiling and ribotyping, and patient
medical records were reviewed retrospectively. There were 248 and 221 patients in-
cluded in CDI and control groups, respectively. The CDI group had a higher overall
30-day mortality rate than the control group (21% versus 14%, P � 0.046), but only 2
deaths (1%) were directly attributable to CDI. Metronidazole treatment was not infe-
rior to vancomycin in this population, and vancomycin was associated with a higher
30-day mortality rate (P � 0.047). The prevalence of severe CDI and disease out-
comes were not different between patients infected with A–B� C. difficile and
A�B� C. difficile strains or between patients with and without colonization by non-
toxigenic C. difficile. Besides C. difficile-specific tests, neither a single laboratory result
nor a combination of results was predictive of CDI. In conclusion, CDI in Thailand
was relatively mild, and metronidazole remained an effective treatment option for
these mild infections.

KEYWORDS Clostridium difficile infection, Thailand, clinical characteristics

Clostridium difficile (also known as Clostridioides difficile) infection (CDI) has been a
major public health problem in high-income countries for more than 2 decades. In

the latest antimicrobial resistance threats report by the U.S. Centers for Disease Control
and Prevention, C. difficile remains in the group of pathogens posing an urgent threat
in the United States, having caused at least 12,800 deaths in 2017 (1). CDI was
responsible for almost half the nosocomial gastrointestinal infections and around 8% of
all nosocomial infections in a 2012 pan-European study (2). In both North America and
Europe, CDI often results in severe colitis with high mortality, as well as a high
recurrence rate among surviving patients (1, 3).

In Asia, the characteristics of CDI are less well described, although it appears that CDI
in the region is associated with milder disease. Two clinical studies in Thailand (4) and
South Korea (5) reported recurrence rates of 3% and 16%, respectively, compared to
around 20% worldwide (6) with an increasing rate in North America (7). The mortality
rate in Asia was also low (1% and 3% in the two studies) (4, 5). Previously, it was
believed that milder presentations of CDI in Asia were due to the absence of “hyper-
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virulent” C. difficile ribotypes (RTs), such as RT 027; however, more recent studies have
suggested that C. difficile RT 027 does not necessarily cause more severe CDI (8). C.
difficile RT 017 is often a dominant strain in Asia and has caused outbreaks of severe CDI
globally (9). Thus, it is unlikely that these differences in C. difficile epidemiology would
account for differences in clinical characteristics.

Recently, there has been an update in the Infectious Diseases Society of America
(IDSA)/Society for Healthcare Epidemiology of America (SHEA) treatment guidelines for
CDI. Vancomycin is now recommended as the sole agent of choice for the treatment of
both mild and severe CDI (10); however, metronidazole continues to be the primary
agent used in Thailand. Whether metronidazole treatment is inferior to vancomycin in
this population remains unclear. Furthermore, recently in Thailand, there were out-
breaks caused by vancomycin-resistant enterococci (VRE) in many tertiary care hospitals
that were directly due to the overuse of vancomycin (11, 12). The 30-day mortality rate
for VRE infection was 58% in one study (12), much higher than that of CDI in Thailand
(4). Whether the presence of VRE has an impact on the outcomes of patients treated for
CDI with vancomycin remains unknown.

This study describes the clinical characteristics of CDI in a tertiary care hospital in
Thailand, the treatment regimens used, and the outcomes of disease. It also explores
factors that may be responsible for milder disease presentations, such as colonization
with nontoxigenic C. difficile (NTCD).

MATERIALS AND METHODS
Study population and specimen transfer. This study was conducted at Siriraj Hospital, a 2,061-bed

tertiary care teaching hospital in central Thailand, from 2015 tot 2018. The study population included all
diarrheal patients above 15 years of age who (i) had a complete medical record of the diarrheal episode,
(ii) had a stool sample submitted for the detection of toxigenic C. difficile, and (iii) had a sufficient amount
of stool sample for further testing at the reference laboratory. A diarrheal episode was defined as a new
onset of �3 unformed stools within 24 h. The diarrheal episode was considered resolved when the
patient started producing formed stools or the stool frequency decreased to �2 stools in 24 h. At the
hospital, each stool sample was tested for the presence of the C. difficile tcdB gene using the BD MAX
Cdiff assay (Becton, Dickinson, USA) and was then sent at ambient temperature by courier (transit time
of �72 h) to a reference laboratory in Perth, Western Australia, Australia, for isolation and characteriza-
tion of C. difficile. Patients whose diarrheal episodes were not due to other causes (e.g., other gastroin-
testinal infections, laxatives, or the effects of other drugs) who tested positive by both PCR detection of
tcdB and culture of toxigenic C. difficile were classified in the CDI group. Patients who tested negative by
either test or whose diarrheal episodes were due to other causes were classified in the control group.

C. difficile culture and strain characterization. At the reference laboratory, stool samples were
cultured anaerobically for C. difficile on ChromID C. difficile agar (bioMérieux, France) (13) and in an
enrichment broth as previously described (14), and all C. difficile isolates were characterized using toxin
gene profiling and PCR ribotyping (15–18). Because of the high prevalence of NTCD in South-East Asia
(19, 20), each stool sample was also tested for the presence of NTCD. Briefly, the stool samples were
inoculated into Robertson’s cooked meat broth supplemented with 5 mg/liter gentamicin, 8 mg/liter
cefoxitin, and 250 mg/liter cycloserine (CMB-GCC) (PathWest Media, Australia) and incubated at 35°C for
at least 5 days. After incubation, 1 ml of CMB-GCC was treated with 1 ml of absolute ethanol for 1 h. A
10-�l aliquot of the ethanol-shocked CMB-GCC was then inoculated onto horse blood agar and
incubated anaerobically for 48 h. DNA extraction of all the growth on each plate was performed using
5% Chelex suspension (Sigma-Aldrich, Australia). Each DNA sample was screened for NTCD using
lok1-lok3 PCR as described by Braun et al. (21). All stool samples testing positive by lok1-lok3 PCR were
recultured, and a strain of NTCD from each sample was isolated and characterized as described above.
These patients were considered to be colonized by NTCD.

Patient data collection. All patient data were acquired from the Siriraj Hospital patient database. If
the patient had multiple episodes of diarrhea, only the details of the first episode were recorded.
Charlson’s comorbidity index was used to compare the severity of comorbid disease (22). The severity of
CDI was evaluated using both Zar criteria (23) and the recommended IDSA/SHEA method (10). For the
Zar criteria, each patient was given 1 point for each of the following parameters: body tempera-
ture � 38.3°C, age � 60 years, total white blood cell (WBC) count � 15,000 cells/mm3, and plasma albu-
min � 2.5 mg/dl. Each patient was also given 2 points if he or she required admission in an intensive care
unit and another 2 points if pseudomembranous colitis (PMC) was identified. Patients were considered
to have severe CDI if they had at least 2 points (23). For the recommendation by IDSA/SHEA, patients
were considered to have severe CDI if they had an increase of plasma creatinine level of �1.5-fold from
their baseline or if they had a total WBC count of �15,000 cells/mm3 (10). Laboratory results at the onset
of diarrhea were recorded. Three outcomes were assessed, the 30-day mortality rate, the total length of
stay (LOS) in the hospital among surviving patients, and the recurrence rate of CDI. Recurrent CDI was
defined as a CDI episode which occurred after the resolution of the previous CDI episode.
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Statistical analysis. All statistical analyses were performed using IBM SPSS Statistics for Windows
version 26.0 (IBM, New York, USA). A P value of �0.05 was considered statistically significant.

Human research ethics approval. This study was approved by the Human Research Ethics Com-
mittee of The University of Western Australia (reference file RA/4/20/4704) and the Siriraj Institutional
Review Board (protocol number 061/2558 [EC1]).

RESULTS
Patient characteristics. A total of 469 patients were included in the study, 248

patients in the CDI group and 221 patients in the control group. Eleven and nine
patients in the CDI and control groups, respectively, underwent colonoscopy. PMC was
confirmed in two patients in the CDI group and none in the control group. More
patients in the CDI group were admitted to the hospital to undergo surgery (18%
versus 11%, P � 0.047), and more patients in the control group were admitted for
nonoperative procedures (10% versus 4%, P � 0.02). These differences did not contrib-
ute to the difference in the outcomes of the two groups (P � 0.71). Other basic
characteristics were similar between both groups (Table 1). Compared to the culture
method (14), the BD MAX Cdiff assay had a positive predictive value of 88% (95%
confidence interval [CI], 84% to 91%) and a negative predictive value of 91% (95% CI,
87% to 95%).

Comparison of the severity assessment methods. Using the severity assessment
method published by Zar et al. in 2007 (23) and the 2017 IDSA/SHEA guidelines (10),
115 (46%) and 87 (35%) CDI cases, respectively, were classified as severe in our patient
population. The 30-day mortality rate was higher in severe CDI cases classified by both
the Zar and IDSA/SHEA methods (P � 0.001 and 0.01, respectively). The categorical
agreement between both methods was 69% (Cohen’s kappa � 0.37). Comparing the
two methods, the Zar method was better at predicting 30-day mortality (McNemar’s
P � 0.001). Thus, the Zar method was used to classify the severity of CDI throughout
this study.

Comparison of the overall 30-day mortality rate. The overall 30-day mortality
rate was significantly higher in the CDI group than the control group (21% versus 14%,

TABLE 1 Basic demographic characteristics of patients in the CDI and control groups

Characteristic

Data for patients in:

P valueCDI group (n � 248) Control group (n � 221)

Average age (yrs) � standard deviation 67.78 � 2.04 65.57 � 2.41 0.17
Sex (no. of male patients) 107 (43%) 98 (44%) 0.87
Charlson’s comorbidity index (range)a 2 (1–4) 2 (1–4) 0.60
Outpatient cases 16 (6%) 10 (5%) 0.48

No. of cases in each department
Internal medicine 192 (77%) 180 (81%) 0.34
Surgery 41 (17%) 31 (14%) 0.53
Other 15 (6%) 10 (5%) 0.60

No. of cases that underwent colonoscopy 11 (4%) 9 (4%) 0.97

Reason for hospital visit (no. of patients)
Medical treatment 168 (68%) 154 (70%) 0.72
Surgery 44 (18%) 24 (11%) 0.047
Nonoperative procedure 10 (4%) 22 (10%) 0.02
Chemotherapy 22 (9%) 19 (8%) 0.95
Other 4 (1%) 2 (1%) 0.69

Province of residence (no. of patients)
Bangkok 134 (54%) 124 (56%) 0.72
Metropolitan regionb 47 (19%) 41 (19%) 0.99
Other 67 (27%) 56 (25%) 0.76

LOS (days) (range)a 22 (11–40) 20 (10–35.75) 0.35
aCharlson’s index and LOS are expressed as median (interquartile range).
bMetropolitan region refers to 5 provinces surrounding Bangkok (Nakhon Pathom, Nonthaburi, Pathum Thani, Samut Prakan, and Samut Sakhon).
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P � 0.046). When stratified by severity using the Zar method, patients with severe CDI
had a higher 30-day mortality rate than patients with nonsevere CDI (36% versus 8%,
P � 0.001). After applying the Zar method to the control group (see discussion below),
patients with severe CDI also had a higher 30-day mortality rate than patients in the
control group with severe host status (36% versus 19%, P � 0.009) and those without
(36% versus 10%, P � 0.001). Figure 1 shows the Kaplan-Meier survival curves for both
groups. The most common cause of death in both groups was the complication of
non-CDI nosocomial infection, followed by complications associated with the patients’
underlying diseases and other intrahospital complications. In the CDI group, CDI was
the direct cause of death in two patients (1%).

Comparison of the treatment outcomes between patients receiving metroni-
dazole and vancomycin. A total of 216 (87%) patients received specific treatment for
CDI. Oral metronidazole was chosen as the sole therapeutic agent in 156 patients (63%).
Oral vancomycin was given as the main treatment to 60 patients (24%), 28 of whom
(11%) also briefly received oral metronidazole before switching to vancomycin. In
addition to oral antimicrobial therapy, the inciting antimicrobials were discontinued in
19 patients (8%). The remaining patients (32, 13%) did not receive any specific treat-
ment for CDI.

Table 2 compares the clinical outcomes of CDI patients treated with oral metroni-
dazole (n � 156) and oral vancomycin (n � 60). Overall, metronidazole was not inferior
to vancomycin in terms of recurrence rate and LOS. Interestingly, the metronidazole
group had a lower 30-day mortality rate compared to the vancomycin group. Among
18 deaths in the vancomycin group, 15 (83%) were due to other nosocomial infections.
Causative agents were identified in 11 cases, 1 of which was a strain of vancomycin-
resistant Enterococcus faecium.

In a logistic regression analysis (Fig. 2), a higher 30-day mortality rate was associated
with both severe disease (as assessed by the Zar method) (odds ratio [OR], 8.21 [2.90 to

FIG 1 Kaplan-Meier curve comparing 30-day survival rates between CDI (red) and control (blue) groups. (A)
Overall, CDI patients had a lower survival rate than the control group (P � 0.046). (B) When stratified by host
severity according to Zar et al. (23), patients with severe CDI (dark red) had a much lower survival rate than
the control group with severe host status (dark blue) (P � 0.009), as well as both patients with nonsevere CDI
(light red) and the control group without severe host status (light blue) (P � 0.001 for both groups).
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23.24]; P � 0.001) and vancomycin treatment (as opposed to metronidazole treatment
[OR], 4.30 [1.14 to 16.29]; P � 0.032) without significant interaction between these two
parameters (OR, 0.29 [0.06 – 1.41]; P � 1.24).

Characteristics of C. difficile in the study groups. A total of 325 nonduplicate C.
difficile strains were isolated (Fig. 3), 267 (82%) of which were toxigenic (250 [94%]
isolated directly from ChromID agar and an additional 17 [6%] isolated from enrichment
broth). The most common toxin profile was tcdA-positive, tcdB-positive, binary toxin-
negative (A�B�CDT–, 67%), followed by A–B�CDT– (14%), while three strains (1%)
were binary toxin-positive (A�B�CDT�). All A–B�CDT– C. difficile isolates belonged to
RT 017, and one of the A�B�CDT� C. difficile isolates was the epidemic strain RT 078.

A total of 44 (18%) patients were infected with A–B� C. difficile. CDI due to A–B�

C. difficile did not differ from CDI due to A�B� C. difficile in terms of case severity
(severe CDI prevalence of 36% versus 49%, P � 0.19), 30-day mortality rate (23% versus
20%, P � 0.85), recurrence rate (11% versus 8%, P � 0.73), and LOS (median 18.5 versus
20 days, P � 0.41).

Colonization by NTCD was found in 26 (10%) CDI cases and 32 (14%) controls
(P � 0.24). In the CDI group, the prevalence of severe CDI was slightly lower in the
patients colonized by NTCD, although this difference was not statistically significant
(27% versus 49%, P � 0.06). There were no differences in clinical outcomes between the
two groups, including 30-day mortality (15% versus 21%, P � 0.61), recurrence rate (8%
versus 9%, P � 1), and LOS (median 22 versus 19 days, P � 0.56).

TABLE 2 Clinical outcomes of CDI patients treated with metronidazole and vancomycin
regimens

Clinical outcome

Patient data for regimen (no. of
patients):

P valueMetronidazole Vancomycin

30-day mortality rate 26/156 (16%) 18/60 (30%) 0.047
Recurrence rate 16/156 (10%) 5/60 (8%) 0.80
LOS (days) (range)a 22 (10–38.75) 22 (11–39) 0.82
Prolonged LOSb 62/122 (51%) 20/37 (54%) 0.88
aLOS is expressed as median (interquartile range).
bProlonged LOS is defined as LOS above the median LOS (21 days).

FIG 2 Univariate logistic regression analysis of factors associated with a 30-day mortality rate among CDI
patients receiving appropriate treatment. A forest plot of the odds ratio shows that both severe CDI
according to Zar’s method (dark blue) and treatment with vancomycin (green) were associated with a
higher 30-day mortality rate without significant interactions between disease severity and treatment
regimen (red).

Characteristics of C. difficile Infection in Thailand Journal of Clinical Microbiology

September 2020 Volume 58 Issue 9 e01217-20 jcm.asm.org 5

 on A
ugust 24, 2020 at U

N
IV

 O
F

 W
E

S
T

E
R

N
 A

U
S

T
R

A
LIA

 M
209

http://jcm
.asm

.org/
D

ow
nloaded from

 

https://jcm.asm.org
http://jcm.asm.org/


DISCUSSION

Overall, CDI in Thai patients was associated with relatively mild disease. Most
patients experienced watery diarrhea, and only 12% had evidence of red blood cells in
the stool sample. Only two cases (1%) were confirmed to have PMC. Also, only two
deaths (1%) were directly attributable to CDI within 30 days. The overall recurrence rate
(10%) was also lower than that reported in other regions of the world (20%) (6). Even
though CDI was relatively mild, patients in the CDI group still had a higher overall
30-day mortality rate compared to the control group, suggesting that CDI may have
indirectly affected the patients’ outcomes. This could be either because CDI further
complicated the patients’ hydration or nutritional status. It could also be due to a
complication arising from the CDI treatment.

The Zar criteria are an effective tool for predicting 30-day mortality (23). However,
the parameters used in this method are not specific for CDI, and it may predict the
severity of the host status rather than of CDI, especially in cases where CDI is not the
primary disease. Thus, the Zar criteria were applied to both CDI and control groups to
evaluate the host status at the onset of diarrhea. After applying the Zar method (Fig.
1B), CDI was associated with higher 30-day mortality only in the group with a severely
ill host status. This was supported by the logistic regression analysis in Fig. 2.

It remains unclear why CDI in Thailand is milder than that in other regions of the
world. Initially, this was thought to be due to the lack of “hypervirulent” strains of C.
difficile in South-East Asia; however, this may not be correct. Several studies have
reported that differences in C. difficile RT do not necessarily predict severity of disease
or outcome of CDI (5, 8, 24). This study provides further evidence to refute this idea, as
it showed a high prevalence of C. difficile RT 017, an RT responsible for outbreaks of CDI
around the world with a mortality rate as high as 38% in one study (25). In a
nonoutbreak setting, RT 017 was also associated with severe CDI with high mortality in
a study in Germany (26). In the present study, CDI due to RT 017 was similar to CDI due
to other RTs and was mostly mild, as described in an earlier study in South Korea (5).
Thus, it appears that when C. difficile RT 017 causes CDI outside Asia, the disease can

FIG 3 Summary of the C. difficile toxin profiles and common RTs of isolates recovered from both CDI and
control patients. There were a total of 325 nonrepeating C. difficile strains categorized into A�B�CDT–
C. difficile (218 strains [67%]; the most common RTs included RTs 014 [n � 46], 020 [n � 19], and 046
[n � 14]), A–B�CDT– C. difficile (46 strains [14%], all belonging to RT 017), A–B–CDT– C. difficile (58 strains
[17%]; the most common RTs included RTs 010 [n � 16], 009 [n � 6], and 039 [n � 5]), and A�B�CDT�
C. difficile (3 strains [1%], one belonging to RT 078).

Imwattana et al. Journal of Clinical Microbiology

September 2020 Volume 58 Issue 9 e01217-20 jcm.asm.org 6

 on A
ugust 24, 2020 at U

N
IV

 O
F

 W
E

S
T

E
R

N
 A

U
S

T
R

A
LIA

 M
209

http://jcm
.asm

.org/
D

ow
nloaded from

 

https://jcm.asm.org
http://jcm.asm.org/


be severe compared to CDI in Asia, which appears mild, suggesting perhaps that
regional protective factors may be important.

To investigate one possible protective factor, the effect of colonization by NTCD on
subsequent CDI severity was evaluated. In animal studies, colonization by NTCD can be
protective against recurrence of CDI, most likely due to competition with toxigenic
strains to colonize the colon (27, 28). Although the number of colonized patients was
low in this study (26 cases, 10%) and there was no significant difference, there was a
trend toward less severe disease in CDI patients colonized by NTCD. The control group
in this study also had a slightly higher prevalence of colonization by NTCD. These
findings suggest that NTCD may prevent colonization by toxigenic C. difficile and the
subsequent development of CDI, as reported previously (27, 28); however, a larger
study is needed to properly evaluate the effects of colonization by NTCD in humans.

Recently, it was suggested that metronidazole is inferior to vancomycin for the
treatment of CDI (29). As a result, metronidazole was removed from the list of first-line
agents for treating CDI in the 2017 IDSA/SHEA guidelines (10). However, in a publica-
tion that may have contributed to this recommendation, the prevalence of severe CDI
was higher in the metronidazole group (92/278, 33% versus 65/259, 25%) (29). Metro-
nidazole is known to be associated with lower efficacy in severe CDI (23), and the higher
prevalence of severe cases in the metronidazole group may have contributed to its
overall poorer performance. In the present study, metronidazole was not found to be
inferior to vancomycin, though this study had 27% power to detect the inferiority of
metronidazole according to the previous study (29), and further studies with sufficient
power are needed to confirm this. Somewhat surprisingly, vancomycin was associated
with a higher 30-day mortality rate in this study. Anecdotally, clinicians were more likely
to prescribe vancomycin in cases that were perceivably more severe, many of whom
died due to unrelated causes, resulting in the higher mortality rate in the vancomycin
group. Also, vancomycin use poses a risk of prompting the emergence of VRE, which
has recently caused outbreaks in Thailand (11, 12, 30). Indeed, a strain of VRE was later
isolated from one of our CDI patients and likely contributed to the patient’s death. This
study highlights a situation when the benefit of vancomycin treatment does not
outweigh its risks (30). In such cases, clinicians should consider prescribing metronida-
zole for the treatment of CDI unless there is compelling evidence of severe CDI, such
as the presence of PMC.

In conclusion, CDI in Thailand was associated with milder disease, and there is a
possibility that the colonization by nontoxigenic C. difficile is protective against CDI.
Metronidazole remained an effective drug for CDI and should still be considered a
first-line agent.
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a b s t r a c t

Despite being incapable of causing Clostridium difficile infection, non-toxigenic C. difficile (NTCD) may still
be relevant. This study explored the role of NTCD as a reservoir of accessory antimicrobial resistance
(AMR) genes in NTCD from Southeast Asia. This region has high rates of antimicrobial use, a high
prevalence of NTCD and phenotypic AMR in such strains. More than half of the 28 NTCD strains inves-
tigated had at least one accessory AMR gene on mobile genetic elements (MGEs) which were similar to
the elements found in other bacteria, including Erysipelothrix rhusiopathiae and Streptococcus suis, both of
which are found in the pig gut. Thus, C. difficile may facilitate the movement of AMR genes between
different hosts within a wide range of pathogenic bacteria. C. difficile b-lactamases were not located on
MGEs and were unlikely to be transferred. Concordance between the MLSB resistance genotype and
phenotype was low, suggesting multiple resistance mechanisms, many of which remain unknown. On
the contrary, there was a high concordance between resistance genotype and phenotype for both flu-
oroquinolones and rifaximin. From an epidemiological perspective, NTCD populations in Southeast Asia
comprised members of evolutionary clades 1 and 4, which are thought to have originated from Europe
and Asia, respectively. This population structure reflects the close relationship between the people of the
two regions.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Clostridium (Clostridioides) difficile is an anaerobic spore-
forming bacterium of great public health importance. Toxigenic
C. difficile is a major cause of antimicrobial-associated colitis and
kills more than 12,000 people annually in the United States [1].
Though incapable of causing C. difficile infection (CDI), non-
toxigenic C. difficile (NTCD) may have clinical relevance. NTCD
colonization may protect against the development of CDI and
therefore form the basis of potential preventative and treatment
options [2]. On the other hand, NTCD may also act as reservoirs of
antimicrobial resistance (AMR) genes.
, Engineering and Education,
stern Australia, Australia.
.R. Knight).
C. difficile can acquire accessory AMR genes, many of which can
be horizontally transferred both within and between species, as has
been proven between C. difficile and Enterococcus spp [3]. Some
strains of C. difficile also carry genes associatedwith aminoglycoside
resistance despite being inherently resistant to these antimicrobials
[4], suggesting that these genes came from, and may be transferred
to, other bacteria.

NTCD are highly prevalent in Southeast Asia, a region of the
world where C. difficile MLST clade 4 predominates [5]. The prev-
alence of NTCD varies between 9% to almost 50% among clinical
isolates [6e10]. In a study in piglets and piggeries in Thailand and
Malaysia, all C. difficile strains were NTCD [11]. Antimicrobial use is
inadequately regulated in the region [12], and this may drive the
development of drug-resistant NTCD carrying multiple AMR genes.
Indeed, NTCD in Thailand showed much phenotypic AMR [13],
however, the genotypic determinants of this resistance in the re-
gion have not been explored.
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2. Material and methods

A total of 28 C. difficile strains from five countries in Southeast
Asia (Indonesia [n ¼ 6], Laos [n ¼ 1], Malaysia [n ¼ 9], Singapore
[n ¼ 2] and Thailand [n ¼ 10]), representing 12 common non-
toxigenic PCR ribotypes (RTs) in the region [6e9,14], were
randomly selected from previous studies. Complete details about
the origins of these strains are given in Supplementary Table 1.
Seven toxigenic C. difficile (TCD) strains from the same region (ST37,
clade 4) were also included for comparative analysis. Genomic DNA
extraction, de novo genome assembly and annotation, and in silico
MLST and AMR genotyping were performed as previously
described [15]. C. difficile strains 630 (ST 54, clade 1, accession
AM180355) and M68 (ST 37, clade 4, accession NC017175) were
used as reference genomes for clades 1 and 4, respectively. Using a
database of known gyrA, gyrB and rpoB alleles compiled from
PubMLST (pubmlst.org/cdifficile/) and a list of published amino
acid substitutions associated with fluoroquinolone and rifaximin
resistance [16], resistance genotypes for fluoroquinolones and
rifaximin were determined in silico with SRST2 version 0.2.0 [17].
Annotated genomes were further interrogated using Artemis
version 17.0.1 [18] and BLAST [19] to confirm the presence of the
accessory genes, to look for putative mobile genetic elements
(MGEs) associated with these genes and to investigate for other
potential genotypic resistance determinants. Whole-genome
sequence data have been submitted to the European Nucleotide
Archive under BioProject PRJEB38501, sample accessions
ERS4584833 e ERS4584860, ERS4795109 e ERS4795110 and
ERS4795112e ERS4795116. Genomemetric summaries for both the
28 NTCD and the seven TCD comparator strains are given in
Supplementary Tables 2 and 3, respectively.

Antimicrobial susceptibility testing was performed on all NTCD
strains using the agar dilution method as described by the CLSI
[13,20]. Resistance genotypes and phenotypes were compared for
macrolide-lincosamide-streptogramin B (MLSB: clindamycin and
erythromycin), fluoroquinolones (moxifloxacin) and rifamycins
(rifaximin).

3. Results

3.1. Epidemiology of NTCD in Southeast Asia

The 28 C. difficile strains comprised 13 different STs, six and
seven each belonged to evolutionary clades 1 and 4, respectively.
Five new STs were identified in this study: STs 556 (clade 4), 557
(clade 4), 559 (clade 4), 560 (clade 4) and 561 (clade 1)
(Supplementary Table 1).

3.2. AMR determinants in NTCD

Of the 28 C. difficile strains, 19 (67.9%) had at least one accessory
AMR gene, and 11 (39.3%) had more than one accessory gene. The
most common accessory gene was tetM, conferring tetracycline
resistance by protecting the ribosomal protein against the anti-
translational activity of this antimicrobial, found in 13 strains
(46.4%), followed by ermB encoding a methylase enzyme that
protects the 23S rRNA from the binding of the macrolide-
lincosamide-streptogramin B (MLSB) group antimicrobials, in
eight strains (28.6%). Other accessory genes included tetO (n ¼ 2)
and tetB(P) (n ¼ 2), both conferring tetracycline resistance, an
ant(6)-Iaeaph(30)-IIIesat4A cluster (n¼ 3) and aac(60)-Ie-aph(200)-Ia
(n ¼ 2), conferring aminoglycoside resistance, and catP (n ¼ 2),
conferring chloramphenicol resistance. No known elements
conferring resistance to metronidazole or vancomycin were found.
Table 1 summarises all accessory AMR genes found in this study.
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Out of seven accessory AMR gene clusters identified in this
study, three were not matched with any known C. difficile elements
(Table 1). Based on the BLAST database, the closest element for the
tetO gene was Campylobacter jejuni plasmid pGMI16-002 (99.9%
nucleotide identity). The closest elements for the ant(6)-
Iaeaph(30)-IIIesat4A cluster were Enterococcus faecium plasmid
pHVH-V2937-2 (100% nucleotide identity) and Erysipelothrix rhu-
siopathiae element ICEEr0106 (99.9% nucleotide identity). The
closest elements for the aac6-aph2 gene were segments of Staph-
ylococcus aureus plasmid pSA01-tet (100% nucleotide identity, 17%
of the element), the Enterococcus faecalis plasmid pR712_01 (100%
nucleotide identity, 7% of the element) and the E. faecium plasmid
pVVEswe-R1 (99.8% nucleotide identity, 2% of the element).

Genomes of seven TCD strains from the same region (all
belonged to ST37, clade 4) were included to compare the AMR
determinants between TCD and NTCD. The results are summarized
in Table 2, and show that both TCD and NTCD carried similar MGEs.
For instance, all tetM-positive strains from Indonesia carried Tn916,
all aac6-aph2-positive strains from Indonesia and Thailand carried
the gene on the pSA01-tet plasmid, and the majority of ermB-
positive strains from Thailand had the gene located on Tn6189.

Besides accessory AMR genes, all C. difficile strains carried a copy
of C. difficile class D b-lactamase (CDD) [21], all 22 clade 4 strains (15
NTCD and 7 TCD) carried CDD-1, five clade 1 strains carried CDD-2
and the remaining eight clade 1 strains carried an uncharacterised
CDD variant. These three proteins are very similar, but share only
30e32% amino acid identity with OXA-156 and BPU-1, the two
closest b-lactamases (Supplementary Figs. 1 and 2). No MGE-
related genes were found in the vicinity of the genes encoding
these b-lactamases.

3.3. Correlation between AMR genotype and phenotype

Table 3 summarises the MICs and the published genotypic de-
terminants in all NTCD strains. There was 90.0% (9/10) and 100% (5/
5) concordance between fluoroquinolone and rifaximin resistance,
respectively, and the known mutations in gyrA, gyrB and rpoB. One
FQR strain (THP147) had an S366A substitution in GyrB without any
accompanying substitution in GyrA. Among 21 strains resistant to
either clindamycin or erythromycin, only nine were positive for the
ermB gene (42.9%), and all nine had high-level resistance to both
agents. The ermB gene was not found in any MLSB-susceptible
strains. Among ermB-negative MLSB-resistant strains, one strain
had high-level clindamycin and erythromycin resistance. Upon
inspection of the genome of this strain (I0014), a 930 bp gene
encoding an rRNA methyltransferase enzyme was identified. This
enzymewas identical to an rRNA adenine N-6-methyltransferase in
the NCBI database (accession AYM48329.1), and was different to all
Erm class methyltransferases. The remaining 11 ermB-negative
MLSB-resistant strains were interrogated for other known MLSB-
resistance genotypes [16]. All strains had normal rplD (653 bp) and
rplV (335 bp) genes, as well as other genes in the rpl cluster. All
resistant strains carried at least one copy of the 23S rRNA genewith
C656T mutation. However, this mutation could also be detected in
MLSB-susceptible strains. No other genotypic determinants were
found.

4. Discussion

Through WGS analysis of a unique C. difficile strain collection,
this study provides novel insights into the AMR repertoire of NTCD
circulating in Southeast Asia. More than half the NTCD strains
examined carried at least one accessory AMR gene, many of which
were located on known MGEs. Some of the identified MGEs were
also found in TCD strains from the same region, suggesting the

https://pubmlst.org/cdifficile/


Table 1
Accessory AMR genes and their associated bacterial species.

Accessory gene(s) Strains (n) Associated bacteria (MGEs [accession])

MLSB resistance
ermB 8 Clostridium difficile (Tn6189 [MK895712.1], Tn6215 [KC166248.1], Tn6218 [HG002387.1])

Akkermansia muciniphila (unknown [CP025833.1])
Enterococcus faecalis (unknown [CP045045.1])
Enterococcus faecium (unnamed plasmid [CP040238.1])
Streptococcus suis (ICESsuYS66 [MK211814.1])

Tetracycline resistance
tetM 13 Clostridium difficile (Tn5397 [AF333235.1], Tn916 [U09422.1])

Enterococcus durans (unknown [CP042597.1])
Enterococcus faecium (unknown [CP041261.3])
Lactobacillus salivarius (pCTN1046 [CP007650.1])
Staphylococcus aureus (unknown [CP033114.1])
Streptococcus suis (unknown [FM252032.1])

tetO 2 Clostridium difficile (unknown, this study)
Campylobacter jejuni (pGMI16-002 [CP028186.1])

tetB(P) 2 Clostridium difficile (unknown [CP012323.1])
Paeniclostridium sordellii (unknown [BK010701.1])

Aminoglycoside resistance
ant(6)-I, aph-III and sat4 cluster 3 Clostridium difficile (unknown, this study)

Enterococcus faecium (pHVH-V2937-2 [CP044276.1])
Erysipelothrix rhusiopathiae (ICEEr0106 [MG812141.1])

aac6-aph2 2 Clostridium difficile (unknown, this study)
Enterococcus faecalis (pR712_01 [CP036247.1])
Enterococcus faecium (pVVEswe-R1 [CP041262.3])
Staphylococcus aureus (pSA01-tet [CP053076.1])

Chloramphenicol resistance
catP 2 Clostridium difficile (Tn4453a [AF226276.1])

Clostridium perfringens (Tn4451 [U15027.1])

Note: MLSB, macrolide lincosamide streptogramin B; MGE, mobile genetic element; ICE, integrative conjugative element; p, plasmid; Tn, transposon; square brackets,
associated Genbank accession numbers.

Table 2
Comparison of MGEs in seven TCD and nine NTCD.

Strain ID Toxin status Accessory AMR genes

tetM ermB aac6-aph2 catP

Indonesia
I0021 toxigenic Positive

Tn916
Positive
Tn6218

Positive pSA01-tet Positive
Tn4453a

I0037 toxigenic Positive
Tn916

Positive
Tn6218

Positive pSA01-tet Positive
Tn4453a

I0005 non-toxigenic Positive
Tn916

Positive
Tn4453a

I0014 non-toxigenic Positive
Tn916

Positive
Tn4453a

I0015 non-toxigenic Positive
Tn916

I0024 non-toxigenic Positive
Tn916

Thailand
THP047 toxigenic Positive unknown* Positive pSA01-tet
THP051 toxigenic Positive

Tn916
Positive
Tn6189

Positive pSA01-tet

THP057 toxigenic Positive unknown*
THP114 toxigenic Positive

Tn916
Positive
Tn6194

Positive pSA01-tet

THP127 toxigenic Positive
Tn6189

Positive pSA01-tet

TAP005 non-toxigenic Positive
Tn5397

THP018 non-toxigenic Positive
Tn5397

Positive
Tn6189

THP046 non-toxigenic Positive
Tn6189

THP093 non-toxigenic Positive unknown* Positive
Tn6215

Positive pSA01-tet

THP143 non-toxigenic Positive
Tn6189

THP192 non-toxigenic Positive
Tn916

Positive
Tn6189

Note: * no significant hit with known MGEs in the C. difficile-specific and BLAST database the pairwise nucleotide identities of the tetM gene were 98.9% (THP057 v THP093),
97.2% (THP047 v THP093) and 96.9% (THP047 v THP057).
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Table 3
Comparison of MICs and genotypic determinants.

Strain ID Antimicrobials

MLSB Rifaximin Moxifloxacin

MIC (mg/L) Genotype MICs (mg/L) Genotypeb MIC (mg/L) Genotypec

Clindamycin Erythromycin

I0005 8 >256 e 0.06 e 2 e

I0014 >32 64 transferasea >64 R505K 32 T82I(A)
I0015 2 2 e >64 R505K 2 e

I0024 2 1 e 0.03 e 2 e

I0050 8 256 e 0.03 e 4 e

I0058 4 2 e 0.03 e 32 T82I(A)
LAOS005 8 2 e 0.03 e 2 e

MA001 4 1 e 0.015 e 2 e

MA002 8 1 e 0.03 e 2 e

MA029 >32 >256 ermB 0.03 e 2 e

MA042 2 1 e 0.015 e 2 e

MA043 >32 >256 ermB 0.03 e 2 e

MA059 >32 >256 ermB >64 H502Y 0.5 e

MA105 8 >256 e 0.03 e 2 e

MA108 8 2 e 0.03 e 2 e

MP001 4 1 e 0.015 e 4 e

SI0025 8 2 e 0.03 e 2 e

SI0035 16 >256 ermB 0.015 e 32 T82I(A)
TAP005 8 >256 e 0.002 e 32 T82I(A)
TEP009 8 2 e 0.004 e 2 e

THP018 >32 >256 ermB 0.015 e >32 T82I(A)
THP030 32 2 e 0.015 e 2 e

THP046 >32 >256 ermB >64 H502N, R505K 32 T82I(A)
THP093 >32 >256 ermB >64 R505K 16 D426N(B)
THP143 >32 >256 ermB 0.002 e 16 T82I(A)
THP147 2 0.25 e 0.004 e 16 e

THP192 8 >256 ermB 0.004 e 2 e

THP196 8 >256 e 0.002 e 32 T82I(A)

Note: Underlined values indicate in vitro resistance phenotypes.
a An rRNA adenine N-6-methyltransferase (accession AYM48329.1).
b Known point-substitution in RpoB.
c Known point-substitution in GyrA (A) and GyrB (B).
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possibility of horizontal gene transfer between NTCD and TCD.
Many of the AMR gene-carrying elements also had high homology
to elements found in various pathogenic bacteria, most notably
Enterococcus spp. Indeed inter-species transmission between
C. difficile and Enterococcus spp. has been documented previously
[3]. This highlights the potential risk of using NTCD for therapeutic
and preventative purposes, should this be implemented in the
future [2]. Interestingly, three human isolates harboured a cluster
containing ant(6)-I, aph-III and sat4 genes that was very similar to a
cluster found in E. rhusiopathiae. Also, an ermB gene in one strain
was found on an element resembling an integrative conjugative
element found in S. suis. These two species cause infections in both
pigs and humans, and are commonly found in the pig gut [22],
suggesting that NTCD may facilitate transfer of these genes be-
tween different species.

A major mechanism for intrinsic cephalosporin resistance is the
production of CDDs [21]. Many b-lactamase genes are located on
MGEs and capable of horizontal transfer [23], however, this is un-
likely the case for CDDs. In contrast to accessory AMR genes, CDD
genes were not surrounded by any known MGE-related genes,
suggesting that they are not located on MGEs. Clade-specificity of
the CDDs suggests that intra-species exchange of the protein is
unlikely. Also, CDDs were only distantly related to other b-lacta-
mases in the CARD database [24]. Thus, it is unlikely that CDDs can
be transferred between species.

There was a high concordance between known missense mu-
tations in gyrA, gyrB and rpoB and their respective resistance phe-
notypes, suggesting that these are the main mechanisms C. difficile
uses to resist fluoroquinolones and rifaximin. We performed in
4

silico FQR and RpoB typing from short reads based on the known
point substitutions [16], a method adapted from the widely-used
SRST2 approach [17]. This method can accurately detect resis-
tance genotypes and, as it does not rely on assembled genomes,
give results within 30 min which might aid in outbreak in-
vestigations in the future. There was discordance between FQR
genotype and phenotype in one strain with a S366A substitution in
GyrB, however, this substitution was reported to confer resistance
only when accompanied by a GyrA substitution [16]. Our study
further supports the findings of this report; as a S366A substitution
in GyrB was found in 12 fluoroquinolone-susceptible strains. Serine
and alanine are very similar in structure, with alanine having a
hydrogen atom in place of a hydroxyl group in the methyl side
chain of serine. Though the loss in a hydroxyl group results in a loss
in the polarity of the amino acid, this difference may not affect the
overall structure of GyrB, and thus does not confer resistance.
Further investigation is needed to confirm this hypothesis. No other
significant determinant was found in this strain.

There was a poor concordance between the presence of ermB
and an MLSB resistance phenotype as seen in other studies [25].
This poor concordancemay be becauseMLSB resistance in C. difficile
can be due to many well-characterised mechanisms including
methylase genes encoded by other erm class genes (e.g., ermG,
ermQ, ermC), point mutations on the 23S rRNA gene and truncation
of ribosomal proteins [16]. A C656T mutation on the 23S rRNA gene
was identified in all ermB-negative MLSB-resistant strains, but it
was also identified in almost all MLSB-susceptible strains in this
study. This is likely because C. difficile can carry more than one copy
of the 23S rRNA gene and the MIC depends on the number of
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resistant 23S rRNA copies in the genome. Besides this, there is a
possibility of other uncharacterised resistance mechanisms. It is
unlikely that such resistance is due to efflux pumps [26], however,
to elucidate the underlyingmechanismwill require a genome-wide
association study on a larger collection of C. difficile strains.

It is believed that various C. difficile clades evolved in different
geographical regions of the world, with clade 1 strains originating
from Europe and clade 4 strains from Asia. In this study, NTCD in
Southeast Asia belonged to both clades 1 and 4, in keeping with the
epidemiology of CDI in the region where the two most common
strains isolated have been RTs 014 (ST2, clade 1) and 017 (ST37,
clade 4) [7e9,14]. This mixture of clades 1 and 4 C. difficile, included
in this study, can be explained by frequent connections between
the two regions through trade and colonialism, established in the
early 16th century [27].

Though the number of strains in this study was relatively small,
the majority of common NTCD strains circulating in Southeast Asia
[6e10] were represented. There have been only very limited studies
on NTCD, presumably because they do not cause CDI, and the
majority have focused on the potential protection provided by
NTCD against CDI [2,28]. Indeed, in the review published by
Natarajan et al. in 2013 [23], only one sequenced genome of a NTCD
strain was available at the time. The potential for NTCD to be a
reservoir of AMR genes, particularly in Southeast Asia, was first
mentioned in 2017 [13], however, there remains a paucity of
sequence data for these strains, as only around 6.7% of C. difficile
genomes in the NCBI Sequence Read Archive (https://www.ncbi.
nlm.nih.gov/sra/) were NTCD. Most recently, a plasmid associated
with metronidazole resistance was reported in a small group of
NTCD RT 010 strains [29], providing further support for the reser-
voir hypothesis. The current study widens the genotypic context of
AMR in NTCD to other antimicrobial classes, as well as character-
ising the associated MGEs. However, these data warrant further
investigations to confirm the transmissibility these MGEs both
within C. difficile and between different species of intestinal
microbiota, as described for some elements in a previous study [3].

All clinical C. difficile strains in this study were isolated from
adult patients in healthcare settings [6e10], and production ani-
mals (piglets in Malaysia and Thailand) [11]. In Western society
children are known to be more frequently colonized by NTCD
compared to adults, however, such data are lacking for Asian chil-
dren.What we do know is that Asian adults have much higher rates
of colonization with NTCD than “Western” adults [6e10]. Addi-
tional studies on strains from other populations, such as children in
Asia, patients from community settings, or companion animals,
may be useful to compare differences between C. difficile strains
from different origins.
5. Conclusion

NTCD can act as a reservoir for many AMR genes which may be
transferred to TCD strains, as well as other pathogenic bacteria. The
epidemiology of NTCD supports the paradigm that different
C. difficile clades originated from different geographical areas
(phylogeographical tropism) with themixed community of clades 1
and 4 in the region being a result of the sustained relationship
between the people of Europe and Southeast Asia.
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Molecular Characterization of,
and Antimicrobial Resistance in, Clostridioides difficile

from Thailand, 2017–2018

Korakrit Imwattana,1,2,* Papanin Putsathit,3 Daniel R. Knight,1,4

Pattarachai Kiratisin,2 and Thomas V. Riley1,3–5

Antimicrobial resistance (AMR) plays an important role in the pathogenesis and spread of Clostridioides
difficile infection (CDI). Many antimicrobials, such as fluoroquinolones, have been associated with outbreaks
of CDI globally. This study characterized AMR among clinical C. difficile strains in Thailand, where antimi-
crobial use remains inadequately regulated. Stool samples were screened for tcdB and positives were cultured.
C. difficile isolates were characterized by toxin profiling and PCR ribotyping. Antimicrobial susceptibility
testing was performed by agar incorporation, and whole-genome sequencing and AMR genotyping were per-
formed on a subset of strains. There were 321 C. difficile strains isolated from 326 stool samples. The most
common toxigenic ribotype (RT) was RT 017 (18%), followed by RTs 014 (12%) and 020 (7%). Resistance to
clindamycin, erythromycin, moxifloxacin, and rifaximin was common, especially among RT 017 strains. AMR
genotyping revealed a strong correlation between resistance genotype and phenotype for moxifloxacin and
rifaximin. The presence of erm-class genes was associated with high-level clindamycin and erythromycin
resistance. Point substitutions in the penicillin-binding proteins were not sufficient to confer meropenem re-
sistance, but a Y721S substitution in PBP3 was associated with a 4.37-fold increase in meropenem minimal
inhibitory concentration. No resistance to metronidazole, vancomycin, or fidaxomicin was observed.

Keywords: Clostridioides difficile, antimicrobial resistance, epidemiology, genotype, Thailand

Introduction

Clostridioides (Clostridium) difficile is a major cause
of antimicrobial-associated diarrhea.1 C. difficile infec-

tion (CDI) is a toxin-mediated disease and there have been
three different major toxins identified: toxin A (TcdA), toxin
B (TcdB), and binary toxin (C. difficile transferase [CDT]).
The tcdA and tcdB genes are located on a 19.6 kb patho-
genicity locus (PaLoc)2 and the genes for CDT (cdtA and
cdtB) are located on a different locus, the CDT locus.3 In
nontoxigenic C. difficile (NTCD), the PaLoc is replaced by a
fixed 115 bp locus.2 The toxin genes in toxigenic C. difficile
(TCD) can be detected by PCR.4,5 Some C. difficile strains
have a deletion in the repeating region of the tcdA gene,
resulting in a truncated and nonfunctional toxin A.6

C. difficile can be separated into different ribotypes (RTs)
by amplifying the intergenic spacer region between the 16S
and 23S rRNA genes.7 This method has been used widely
due to its simplicity and high discriminating power.8 Im-
portant C. difficile RTs include C. difficile RT 027, an
A+B+CDT+ strain associated with outbreaks of severe CDI
in North America and Europe in the early 2000s,9 C. difficile
RT 078, another A+B+CDT+ strain, was associated with
the zoonotic transmission,10 and C. difficile RT 017, a tcdA-
negative (A-B+CDT-) strain, was associated with global
outbreaks since 1995.6

Although resistance to the antimicrobials used for the
treatment of CDI (metronidazole, vancomycin, and fidax-
omicin) is rare,11 resistance to other antimicrobials plays an
important role in the pathogenesis and spread of CDI. While
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intrinsic resistance to cephalosporins was probably respon-
sible for an increase in the rate of CDI worldwide in the
1980s,12 resistance to clindamycin, new-generation fluor-
oquinolones, rifamycins, and tetracyclines has been associ-
ated with CDI outbreaks.13 These antimicrobials are also
associated with an increased risk of developing CDI in gen-
eral.14 Strict regulation of antimicrobials is a successful mea-
sure to control CDI. In the United States, such regulation has
lead to a significant decrease in CDI cases and CDI-related
deaths over the last decade.15 Fluoroquinolone regulation
in Australia has resulted in a relatively low prevalence of
fluoroquinolone-resistant organisms,16 including C. difficile.17

Several studies have reported an association between
antimicrobial resistance (AMR) genotypes and phenotypes
for various antimicrobials. The most common clindamycin
resistance determinant is the erm(B) gene, which methylates
and protects 23S rRNA from the antimicrobial.13 However,
concordance between the presence of the erm(B) gene and
the resistance phenotype is low.18 A subsequent study sug-
gested that erm(B) may only be associated with high-level
clindamycin resistance and thus the mechanism underlying
low-level clindamycin resistance remains unknown.19 Car-
bapenem resistance is also poorly described. So far, only
imipenem resistance has been characterized and is associ-
ated with point mutations on the penicillin-binding proteins
PBP1 and PBP3.20 On the contrary, fluoroquinolone and ri-
faximin resistance are well characterized and are associated
with point substitutions in the quinolone resistance deter-
mining region on the DNA gyrase subunits (GyrA and GyrB)
and RNA polymerase subunit B (RpoB), respectively.21

In previous studies, the epidemiology of CDI in Thailand
has been characterized by a high prevalence of A-B+CDT-
and an absence of A+B+CDT+ strains, as well as a high
prevalence of NTCD, which may play a protective role
against the development of CDI.22–24 C. difficile strains iso-
lated in Thailand, especially C. difficile RT 017, had a high
prevalence of resistance to many antimicrobial groups,
similar to other pathogenic bacteria in the country25,26 re-
flecting possibly poor antimicrobial stewardship in the coun-
try.27 This study provides an update on the characterization
and antimicrobial susceptibility of C. difficile isolated from
a tertiary hospital in Bangkok, Thailand.

Materials and Methods

Isolation and characterization of C. difficile

This study was undertaken on 326 diarrheal stool samples
collected from patients with a high index of suspicion
of CDI at Siriraj Hospital, a large teaching hospital in
Bangkok, Thailand, during 2017–2018. All stools were first
positive for tcdB using the BD Max Cdiff assay (Becton
Dickinson), as a part of routine investigations at Siriraj
Hospital, and these were sent to a reference laboratory in
Perth, Western Australia, for further investigation.

At the reference laboratory, stools were processed as pre-
viously described.28 Briefly, a portion of each stool sample
was directly inoculated on ChromID C. difficile agar (bio-
Mérieux, Marcy I’Etoile, France) and incubated anaerobi-
cally for 48 hours before the putative C. difficile colonies
were identified. The remainder of each sample underwent
enrichment culture in supplemented brain/heart infusion
broth, followed by ethanol shock to increase the sensitivity

of the culture process. C. difficile isolates were characterized
by PCR ribotyping, performed as described by Stubbs et al.,
with a QIAxcel Advanced System capillary gel electro-
phoresis platform (QIAGEN, Venlo, The Netherlands).7 The
banding patterns were compared with a local database con-
sisting of 80 internationally recognized RTs, including 15
reference RTs from the European Centre for Disease Pre-
vention and Control. This method can differentiate similar
RTs, such as RTs 014 and 020 (Supplementary Fig. S1).
Patterns that did not match strains in the database were
given an internal nomenclature. Detection of tcdA and tcdB,
and the binary toxin genes, was performed as described by
Kato et al.29 and Stubbs et al.,5 respectively. All NTCD
isolates in this study were confirmed as such by PCR as
described by Braun et al. (lok PCR).2

All stool samples were tested also for colonization with
multiple C. difficile strains. Briefly, DNA extraction was
performed on all enrichment broths. DNA was then screened
with either tcdB29 or lok2 PCR based on the toxin profile of
the first C. difficile strain isolated from the specimen. For
example, a specimen previously positive for TCD was
screened with lok PCR for NTCD and vice versa. All PCR-
positive broths were recultured and up to 30 putative
C. difficile colonies per broth were selected and character-
ized by toxin gene profiling. An isolate with a different toxin
profile from the first strain was treated as the second strain
from the same sample and underwent further characteriza-
tion by PCR ribotyping.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing (AST) was performed
by agar incorporation, as described by the Clinical and
Laboratory Standards Institute, against the eight antimicro-
bials listed in Supplementary Table S1.30 C. difficile ATCC
700057, Bacteroides fragilis ATCC 25285, Eubacterium
lentum ATCC 43055, and B. thetaiotaomicron ATCC 29741
were included as controls. Susceptibility results were inter-
preted using the minimal inhibitory concentration (MIC)
breakpoints listed in Supplementary Table S1.30–34 C. dif-
ficile strains resistant to at least three antimicrobial classes
were classified as multidrug resistant (MDR). Resistance to
clindamycin and erythromycin was considered resistance to a
single class (macrolide/lincosamide/streptogramin B [MLSB]).

Whole-genome sequencing, high-resolution typing,
and antimicrobial resistance characterization

A subset of 37 C. difficile strains was selected for whole-
genome sequencing. Genomic DNA was extracted, sequen-
ced on an Illumina HiSeq platform that generated 150 bp
pair-end reads with a median coverage of 73 · , and char-
acterized by multilocus sequence typing (MLST) as previ-
ously described.35 Clade assignment of a new sequence
type (ST) was confirmed by comparing the average nucle-
otide identity (ANI) with C. difficile strains 630 (clade 1,
accession AM180355) and R20291 (clade 2, accession
FN545816) using FastANI.36 Accessory AMR genes were
identified by interrogating the read files with SRST2 version
0.2.0 against the ARG-ANNOT database version 3.37,38

Draft annotated genomes were interrogated on Artemis ver-
sion 17.0.1, and additional accessory genes identified.39

Known point substitutions associated with resistance to
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carbapenems (substitution in penicillin-binding proteins
PBP1 and PBP3), fluoroquinolones (substitution in the GyrA
and GyrB subunits of the gyrase enzyme), and rifaximin
(substitution in the RpoB enzyme)20,21 were also identified
using SRST2 as previously described.19

Data availability

All sequence data were submitted to the European
Nucleotide Archive under BioProject PRJEB40974, acces-
sions ERS5247348–ERS5247384 (Supplementary Tables S2
and S3). Two newly characterized resistance determinants
were submitted to the Nomenclature Center for MLSB

Genes,40 and the sequences were submitted to GenBank
(accessions MW269959 [erm(52) gene] and MW269960
[mef(H) gene]). Genomes containing the prototypes of
these genes were submitted to GenBank under BioProject
PRJNA679085, accessions JADPMU000000000 [MAR225,
carrying erm(52)] and JADPMT000000000 [MAR272, car-
rying mef(H)].

Statistical analyses

All statistical analyses were performed using online tools
by Social Science Statistics available at https://www.soc
scistatistics.com/ A p-value £0.05 was considered statisti-
cally significant.

Results

Characterization of Thai C. difficile

A total of 296 C. difficile strains were initially isolated
from the stools and another 25 strains were identified from
the cocolonization screening process, yielding a total of 321
C. difficile strains. Of these, 221 (68.85%) were positive for
tcdA and tcdB (A+B+CDT-), 58 (18.07%) were positive
for tcdB only and had a deletion in tcdA (A-B+CDT-),
3 (0.93%) were positive for all toxin genes (A+B+CDT+),
and 39 strains (12.15%) were negative for all toxin genes
(A-B-CDT-, NTCD). A list of samples with multiple
C. difficile strains is provided in Supplementary Table S4.

The 321 C. difficile strains belonged to 63 RTs, 19 of which
were internationally recognized. The remaining RTs were given
an internal nomenclature (prefix ‘‘QX-‘‘ or ‘‘KI-‘‘). The prev-
alence of the common RTs is summarized in Table 1. The most
common TCD strain was C. difficile RT 017 (A-B+CDT-),
followed by RTs 014 and 020 (both A+B+CDT-). The most
common NTCD was C. difficile RT 010.

Characterization of a novel binary toxin-positive
C. difficile strain

One C. difficile strain was positive for all three toxin
genes (A+B+CDT+) and had a unique ribotyping pattern.
According to the MLST scheme, this isolate was charac-
terized as the novel ST 692 within evolutionary clade 1.
However, pairwise ANI analysis showed that this strain was
more closely related to C. difficile R20291 (clade 2, ANI =
99.17%) than C. difficile 630 (clade 1, ANI = 98.89%).

Antimicrobial susceptibility of Thai C. difficile

AST results are shown in Table 2 and the MIC distri-
bution of selected six antimicrobial classes is displayed

in Fig. 1. Based on the MIC value, clindamycin-resistant
C. difficile strains could be divided into two groups: those
with MIC ‡32 mg/L (n = 97) and those with MIC <32 mg/L
(n = 166). There was a strong correlation between high-level
clindamycin resistance and erythromycin resistance: 95
strains (97.94%) that had clindamycin MIC ‡32 mg/L were
also resistant to erythromycin, while only 16 strains (9.64%)
in the other group were resistant to erythromycin (Cohen’s
k = 0.857).

When classified by toxin gene profiles, resistance to clin-
damycin, erythromycin, moxifloxacin, and rifaximin was
more prevalent among A-B+CDT- C. difficile, all belonging
to RT 017, than A+B+CDT- and NTCD (Fig. 1). Twenty-
nine (9.03%) C. difficile strains were MDR, 26 (8.10%) of
which were C. difficile RT 017. The remaining strains were
NTCD (n = 2) and A+B+CDT- C. difficile (n = 1). All MDR
strains were resistant to MLSB (both clindamycin and eryth-
romycin), moxifloxacin, and rifaximin. One MDR strain was
also resistant to meropenem (RT 017, MIC = 16 mg/L).

AMR genotypes in Thai C. difficile

A summary of MIC values and AMR genotypes of 37
sequenced C. difficile strains is available in Supplementary
Table S3. Thirty-one C. difficile strains had high-level re-
sistance to clindamycin: 23 strains carried erm(B), 5 carried
erm(G), and 3 carried a gene encoding an rRNA adenine
N(6)-methyltransferase protein. This gene was given the
name erm(52). Of the 23 erm(B)-positive strains, 19 carried
the gene on transposon Tn6194 (82.61%), while the other
4 (17.39%) carried the gene on Tn6189. No erm-class genes

Table 1. Ribotypes of Three Hundred Twenty-One

Clostridioides difficile Strains from Thailand,

by Toxin Profile

Toxin
profile Ribotype Number

% of toxigenic
strains

%
of all

A+B+CDT- Total 221 78 69
014 40 14 12
020 24 9 7
046 18 6 6
QX517 17 6 5
297 13 5 4
QX026 11 4 3
043 10 4 3
Others 88 31 27

A-B+CDT- Total 58 21 18
017 58 21 18

A+B+CDT+ Total 3 1 1
078 1 <1 <1
QX273 1 <1 <1
KI008 1 <1 <1

A-B-CDT- Total 39 — 12
010 7 — 2
QX002 5 — 2
009 4 — 1
QX011 4 — 1
Others 19 — 6

RTs designated with ‘‘QX’’ and ‘‘KI’’ were RTs that did not
match the internationally recognized RTs in the database and were
given internal nomenclature.

RT, ribotype.
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Table 2. Antimicrobial Susceptibility of Three Hundred Twenty-One C. difficile Strains from Thailand

Antimicrobial MIC range (mg/L) MIC50 (mg/L) MIC90 (mg/L)

Susceptibility (%)

S I R

Clindamycin 0.5 to >256 8 >256 26 (8%) 32 (10%) 263 (82%)
Erythromycin 0.5 to >256 2 >256 — — 109 (34%)
Moxifloxacin 0.5 to >64 2 32 242 (75%) 3 (1%) 76 (24%)
Meropenem 1–16 4 8 280 (87%) 39 (12%) 2 (1%)
Rifaximin £0.008 to >64 0.03 2 — — 31 (10%)
Metronidazole 0.06–1 0.25 0.25 321 (100%) — 0
Vancomycin 0.5–2 1 2 321 (100%) — 0
Fidaxomicin 0.03–0.25 0.125 0.25 — — 0

MIC, minimal inhibitory concentration.

FIG. 1. Minimal inhibitory concentration distribution for six antimicrobials against 321 strains of Clostridioides difficile
in Thailand. C. difficile strains were classified according to their toxin gene profiles: A+B+CDT-, red; A-B+CDT-, yellow;
A-B-CDT-, green. The number of A+B+CDT+ C. difficile was low (n = 3) and was excluded. Breakpoints for intermediate
resistance (I) and resistance (R) are shown by broken and solid lines, respectively. Color images are available online.
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were identified among strains with low-level clindamycin
resistance. The concordance between the presence of erm-
class genes and high-level clindamycin resistance was 100%.
A gene encoding a macrolide efflux protein was identified in
two strains with high-level erythromycin resistance (MIC
>256 mg/L) and only low-level clindamycin resistance, and
given the name mef(H). No significant genotypic resistance
determinants were identified in strains with low-level clin-
damycin resistance.

Twenty-five sequenced strains were resistant to moxi-
floxacin (MIC 8–32 mg/L). Of these, the T82I substitution
in GyrA and the D426V substitution in GyrB were found in
23 strains and 1 strain, respectively. No known point substi-
tutions were found in one strain with low-level moxifloxacin
resistance (MIC 8 mg/L), as well as in all moxifloxacin-
susceptible strains (97.37% concordance). There were H502N
and R505K substitutions in RpoB in all 23 rifaximin-
resistant strains and none in the susceptible strains (100%
concordance).

Twelve strains had an A555T substitution in PBP1 and
another seven had a Y721S substitution in PBP3. A multiple
linear regression analysis suggested that the Y721S substi-
tution in PBP3 was associated with a 4.37-fold increase in
meropenem MIC (95% confidence interval: 2.78–5.96, ad-
justed R2 = 0.516, t = 5.521, p < 0.0001), while the A555T
substitution in PBP1 was not associated with the change in
meropenem MIC (t = -1.127, p = 0.268).

Discussion

This study provides an update on the molecular epide-
miology and antimicrobial susceptibility of C. difficile
strains circulating in Thailand. It also explores the genomic
basis of important AMR in these strains. The overall epi-
demiology of C. difficile was similar to the previous stud-
ies.22–24 The majority of A+B+CDT- strains belonged to
C. difficile RTs 014 and 020, all A-B+CDT- strains be-
longed to C. difficile RT 017, and most NTCD belonged to
C. difficile RTs 009, 010, and 039. Three binary toxin-
positive strains were found in this study, one of which was
C. difficile RT 078. The epidemic C. difficile RT 027 re-
mained absent in Thailand despite its successful spread in
some other regions.41

Why C. difficile RT 027 has failed to spread and to es-
tablish in Thailand remains unknown. One possible reason is
that the successful spread of this RT was mainly due to its
resistance to fluoroquinolones, which provided a selective
advantage over other less resistant RTs.42 Although there is
high consumption of fluoroquinolones, such as levofloxacin,
in the country,43 Thailand already harbors C. difficile RT
017, another epidemic RT, many of which are resistant to
fluoroquinolones as well as other antimicrobials.13 Thus, it
may have been difficult for C. difficile RT 027 to compete
with this local RT compared with other regions.

Although C. difficile RT 027 was not identified, a possible
relative of this hypervirulent strain, ST 692, was isolated.
The MLST result was unusual, as it was classified into clade
1 despite carrying a complete CDT locus, a common feature
in C. difficile clades 2 and 5 but rare in clade 1.44 Thus, an
ANI analysis was performed. In a previous study, C. difficile
strains from the same clade generally shared >99% ANI.44

Thus, the ANI results suggested that this newly character-

ized strain was a member of clade 2 rather than clade 1, as
expected from the toxin gene profile. The average ANI
between clades 1 and 2 in a previous study was around
98%, which further supports the results.44 Clades 1 and 2
C. difficile are closely related and share a large proportion of
housekeeping gene alleles used in the MLST scheme. As a
result, it may be difficult to properly discriminate these two
clades by MLST. The use of ANI analysis, which involves
the whole genome rather than a specific set of housekeeping
genes, can help in the correct classification of some bor-
derline strains, as shown in a previous study.44 According to
the ANI analysis, it is more likely that C. difficile ST 692
belongs to clade 2 and is related to C. difficile RT 027.

A discordance between culture results and the result of a
conventional real-time tcdB PCR was observed in 44 stool
samples. The false-positive rate of the real-time PCR
method (13.50%) was comparable with the previous report
comparing tcdB PCR with a similar culture method but
without the colonization screening step,28 suggesting that
the additional screening step does not increase the yield of
the culture method, although it may help identify stool sam-
ples with multiple C. difficile strains. This false-positive rate
also highlights the importance of patient clinical data or
additional tests to improve the accuracy of CDI diagnosis. In
the latest guidelines for the treatment and diagnosis of CDI,
tcdB PCR in combination with another diagnostic test is
recommended, commonly a toxin antigen detection kit, for a
proper diagnosis of CDI and the use of stand-alone tcdB
PCR should be interpreted with caution.45

AMR in C. difficile mainly impacts the pathogenesis of
CDI. To cause the disease, C. difficile must tolerate the
presence of antimicrobials in the intestinal lumen while the
microbiota perishes.13 Many successful C. difficile lineages
have been characterized with increased resistance to at least
one major drug group.13 In this study, C. difficile RT 017,
the most prevalent RT, had greater resistance to MLSB (both
clindamycin and erythromycin), moxifloxacin, and rifax-
imin than other RTs. It was also the most common MDR
C. difficile strain. C. difficile RT 017 has been reported also
to be the most prevalent RT with significant resistance to
many antimicrobials in other parts of Thailand.24 This par-
ticular RT has been associated with resistance to at least six
antimicrobial groups,13 which may account for its successful
global spread.6 As regulation of antimicrobial use has re-
duced the impact of C. difficile in many countries,15,17 a
similar approach should be effective in Thailand.

All erm(B)-positive C. difficile strains carried the gene on
two well-characterized erm(B)-positive transposons: Tn6189
and Tn6194, the latter being found also in C. difficile M68, a
C. difficile RT 017 strain widely used as a reference in
genomic studies.13 Tn6194, the most prevalent transposon in
this study, is capable of interspecies transfer, most notably
between C. difficile and Enterococcus faecalis.46 This em-
phasizes another aspect of AMR in C. difficile; its possible
role as a reservoir of AMR genes for other pathogenic
bacteria residing in the colon.

Previously, the low concordance between the presence
of the erm(B) gene and an MLSB resistance phenotype was
reported,18 likely due to the presence of multiple resis-
tance mechanisms. However, another study suggested that
the erm(B) gene may be associated only with high-level
MLSB resistance.47 We also observed separation between
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C. difficile strains with high-level and low-level clindamycin
and erythromycin resistance (Fig. 1). Upon genomic anal-
ysis, there was a strong correlation between the presence of
an erm-class gene [erm(B), erm(G), and erm(52) genes] and
high-level clindamycin resistance, which is usually accom-
panied by high-level erythromycin resistance, supporting
the earlier study.47 Resistance determinants were not iden-
tified among strains with low-level clindamycin resistance,
however, this underestimation is likely irrelevant, as the me-
dian clindamycin MIC in this population (8 mg/L) remained
lower than the clindamycin level in stools (*240 mg/g of
stool).48 Besides MLSB, a separation between strains resis-
tant and susceptible to rifaximin and fluoroquinolones was
observed (Fig. 1). The concordance between resistant phe-
notype and known genotype was high, similar to a previous
study.18

Compared with the study at the same hospital in 2015,
there was no difference in the overall resistance preva-
lence,31 however, there was a slight increase in meropenem
MICs and the emergence of carbapenem resistance. Carba-
penem resistance in C. difficile is poorly characterized,
possibly due to its rare occurrence. A previous study re-
ported an association between point substitutions in PBP1
and PBP3 and high-level imipenem resistance, although
these substitutions do not confer meropenem resistance.20

We confirmed that neither the substitution on PBP1 nor
PBP3 was associated with meropenem resistance. However,
linear regression analysis suggested that the Y721S substi-
tution in PBP3 may have contributed to a 4.3-fold increase
in meropenem MIC. Thus, this substitution could be a part
of a multistep meropenem resistance mechanism. Indeed,
two C. difficile strains in this study had meropenem MICs
of 16 mg/L (resistance breakpoint ‡16 mg/L), one of which
was confirmed to have the Y721S substitution in PBP3.

C. difficile remained susceptible to metronidazole, van-
comycin, and fidaxomicin, similar to the other parts of the
world.49 Thus, these antimicrobials should remain effective
treatments for CDI. There was a slight increase in vanco-
mycin MIC reaching the clinical breakpoint, consistent with
a previous study,31 however, this should have little impact
on the treatment of CDI as the stool vancomycin concen-
tration remains far greater than the MIC (>2,000 mg/L vs.
2 mg/L).50 The increase in vancomycin MIC in this study is
in contrast to other hospitals in Thailand and this could
reflect usage of vancomycin at the study site.24 Overuse of
vancomycin can lead to the emergence of vancomycin-
resistant Enterococcus spp., which can have a devastating
effect on patients.51,52 Therefore, vancomycin usage should
be carefully monitored.

Conclusion

A-B+CDT- C. difficile and NTCD remained prevalent in
Thailand. Few binary toxin-positive strains (A+B+CDT+)
were identified; one belonging to a known epidemic lineage
and the other a novel strain related to C. difficile RT 027.
The most common strain was C. difficile RT 017 (A-B+CDT-),
a large proportion of which was resistant to MLSB, moxi-
floxacin, and rifaximin. Many strains were also MDR. Such
resistance may have played a role in the success of C. dif-
ficile RT 017 in Thailand. There was a strong concordance
between the presence of erm-class genes and high-level

clindamycin resistance, as well as a significant concordance
between point substitutions in gyrase subunits and RpoB
with fluoroquinolone and rifaximin resistance, respectively.
Resistance to antimicrobials suitable for the treatment of
CDI was not detected.
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Abstract 
 Antimicrobial resistance (AMR) plays an important role in the pathogenesis and spread 1 

of Clostridioides difficile infection (CDI), the leading healthcare-related gastrointestinal 2 

infection in the world. An association between AMR and CDI outbreaks is well documented, 3 

however, data is limited to a few ‘epidemic’ strains in specific geographical regions. Here, 4 

through detailed analysis of 10,330 publicly-available C. difficile genomes from strains isolated 5 

worldwide (spanning 270 multilocus sequence types (STs) across all known evolutionary 6 

clades), this study provides the first species-wide snapshot of AMR genomic epidemiology in 7 

C. difficile. Of the 10,330 C. difficile genomes, 4,532 (43.9%) in 89 STs across clades 1 – 5 8 

carried at least one genotypic AMR determinant, with 901 genomes (8.7%) carrying AMR 9 

determinants for three or more antimicrobial classes (multidrug-resistant, MDR). No AMR 10 

genotype was identified in any strains belonging to the cryptic clades. C. difficile from 11 

Australia/New Zealand had the lowest AMR prevalence compared to strains from Asia, Europe 12 

and North America (p<0.0001). Based on the phylogenetic clade, AMR prevalence was higher 13 

in clades 2 (84.3%), 4 (81.5%) and 5 (64.8%) compared to other clades (collectively 26.9%) 14 

(p<0.0001). MDR prevalence was highest in clade 4 (61.6%) which was over three times higher 15 

than in clade 2, the clade with the second-highest MDR prevalence (18.3%). There was a strong 16 

association between specific AMR determinants and three major epidemic C. difficile STs: ST1 17 

(clade 2) with fluoroquinolone resistance (mainly T82I substitution in GyrA) (p<0.0001), ST11 18 

(clade 5) with tetracycline resistance (various tet-family genes) (p<0.0001) and ST37 (clade 4) 19 

with macrolide-lincosamide-streptogramin B (MLSB) resistance (mainly ermB) (p<0.0001) 20 

and MDR (p<0.0001). A novel and previously overlooked tetM-positive transposon designated 21 

Tn6944 was identified, predominantly among clade 2 strains. This study provides a 22 

comprehensive review of AMR in the global C. difficile population which may aid in the early 23 

detection of drug-resistant C. difficile strains, and prevention of their dissemination worldwide. 24 

Impact statement 
 Utilising a publicly-available database of 10,330 sequence reads, this study provides 25 

the first species-wide evaluation of genotypic AMR in C. difficile. It reports the most common 26 
AMR determinants and their genomic neighbourhood, associations between important 27 
genotypes and specific strains or geographical regions, and rare AMR genotypes that may have 28 
been missed in earlier studies. 29 
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Data summary 
 This study utilises publicly-available raw sequence reads available at the NCBI 30 

Sequence Read Archive (SRA) as of January 2020. The details of all genomes are available in 31 
the Supplementary Document (10.6084/m9.figshare.14623533). 32 

Introduction 
 Antimicrobial resistance (AMR) is one of the biggest threats to modern medicine. 33 
Without focused interventions and collaborations across all government sectors, AMR could 34 
be responsible for an estimated 10 million deaths and the loss of up to US$210 trillion of annual 35 
global income by 2050 (1). The US Centers for Disease Control and Prevention (CDC) reported 36 

on AMR health threats in 2013 (2), with an update in 2019 (3), highlighting organisms with 37 
the highest AMR burden and threat (3). 38 
 Clostridioides (Clostridium) difficile infection (CDI) causes major gastrointestinal 39 
illness worldwide (4), responsible for as many as 14,000 deaths annually in the US (2). 40 
C. difficile has been classified by the CDC as an urgent threat, the highest threat level, in both 41 

the 2013 and 2019 CDC reports, responsible for the highest number of annual deaths among 42 
the pathogens listed (2, 3). In contrast to other pathogens, AMR in C. difficile has some unique 43 
features. AMR leads to difficulties in treating infections (5), and although the treatment of CDI 44 

is also a challenge (6), the challenge is not due to AMR per se as resistance to antimicrobials 45 

used for the treatment of CDI remains rare (7). Instead, AMR plays a significant role in the 46 
pathogenesis and spread of CDI (8). 47 
 Using multi-locus sequence typing (MLST), the population of C. difficile can be 48 

divided into five major clades (C1 – C5) and three smaller cryptic clades. The three cryptic 49 
clades are extremely divergent (Figures 1 and 2A) and likely represent independent species or 50 

subspecies (9). To date, extensive studies have been conducted on the role of AMR in the 51 
emergence and spread of two epidemic PCR ribotypes (RTs) of C. difficile RTs 027 and 078, 52 
which correspond to multilocus sequence types (STs) 1 and 11, respectively (10-12). A few 53 

studies have focused also on C. difficile RT 017 (ST 37) (13), a third epidemic lineage (14), 54 

which shows a high prevalence of resistance to many antimicrobial classes (8). Although these 55 
studies provided insights on how AMR impacts the spread of C. difficile, they are limited to a 56 
few strain types in specific geographical regions, and there has not been any study of AMR 57 

prevalence in the species-wide population of C. difficile. Here, through detailed analysis of 58 
10,330 publicly-available genomes from C. difficile isolated worldwide, we provide the first 59 

species-wide snapshot of AMR genomic epidemiology in C. difficile.  60 

Materials and Methods 
Genome collection and de-replication of clonal strains 61 
 The starting point for this analysis was an international collection of 12,098 C. difficile 62 

Illumina paired-end sequence reads sourced from the NCBI Sequence Read Archive (SRA, 63 
https://www.ncbi.nlm.nih.gov/sra/) in January 2020. All sequence reads were screened for 64 
contamination using Kraken2 v2.0.8-beta and only reads with >85% of sequences classified as 65 
C. difficile were included. MLST was confirmed on these raw sequence reads by SRST2 v0.2.0 66 

with the database available on PubMLST (https://pubmlst.org/organisms/clostridioides-67 
difficile) as previously described (9, 15). This dataset comprised a total of 270 STs spanning 68 
the eight currently described evolutionary clades with a relatively high number of reads from 69 

epidemic strains, particularly STs 1 (C2; n=2,532), 11 (C5; n=1,185) and 37 (C4; n=786), many 70 
of which were likely to be clonal. To adjust for this strain selection bias, pairwise average 71 
nucleotide identity (ANI) of reads from these three STs, as well as ST 2 (n=1,153), the most 72 
common strain in C1, were compared using the Sketch algorithm included in BBtools 73 
(https://sourceforge.net/ projects/bbmap/). Reads with an ANI of 99.98% or higher were 74 

https://doi.org/10.6084/m9.figshare.14623533
https://www.ncbi.nlm.nih.gov/sra/
https://pubmlst.org/organisms/clostridioides-difficile
https://pubmlst.org/organisms/clostridioides-difficile
https://sourceforge.net/%20projects/bbmap/


3 
 

considered to be clonal and only one genome from each clonal complex was included in the 75 

final analysis. Based on a small dataset of 240 C. difficile reads (28,680 possible pairs, 531 of 76 
which were clonal pairs), this cut-off point had a sensitivity of 70.1% and a specificity of 76.8% 77 
for the detection of clonal strains as defined by Didelot et al (data not shown) (16). The 10,330 78 
reads remaining in the dataset are summarised in Table 1. 79 

 

 
Table 1 – C. difficile strains in the de-replicated NCBI database (January 2020). 80 

C. difficile clade Number of genomes (%) Most prevalent STs 

C1 6,713 (65.0%) ST 2 (9.2%)* 

  ST 8 (6.0%)* 

  ST 3 (5.4%)* 

  ST 42 (4.1%)* 

  ST 6 (3.2%)* 

  ST 44 (2.5%)* 

  ST 14 (2.4%)* 

C2 1,951 (18.9%) ST 1 (16.6%)* 

  ST 41 (0.8%) 

C3 237 (2.3%) ST 5 (2.0%) 

  ST 22 (0.2%) 

C4 557 (5.4%) ST 37 (4.3%)* 

  ST 39 (0.2%) 

C5 847 (8.2%) ST 11 (7.6%)* 

  ST 167 (0.1%) 

Cryptic clades 25 (0.2%) ST 361 (<0.1%) 

  ST 177 (<0.1%) 

Total 10,330 - 

Note: * Ten most prevalent sequence types (STs) in this dataset. 

 

Identification of multidrug-resistant C. difficile 81 
Multidrug-resistant (MDR) C. difficile in this study refers to C. difficile strains with 82 

genotypic AMR determinants (both accessory genes and mutations in chromosomal genes) for 83 

at least three of the following antimicrobial classes: carbapenems, fluoroquinolones, 84 
glycopeptides (vancomycin), nitroimidazoles (metronidazole), oxazolidinones (linezolid), 85 

macrolide-lincosamide-streptogramin B (MLSB), phenicols, rifamycins, tetracyclines and 86 
sulfa-containing agents. Resistance determinants for aminoglycosides and cephalosporins were 87 
excluded from this definition as C. difficile is intrinsically resistant to these agents (17, 18). 88 

Detection of accessory AMR genes and associated transposons 89 
To detect the presence of accessory AMR genes, raw sequence reads were interrogated 90 

against ResFinder/ARGannot databases, with an addition of two newly-characterised AMR 91 
genes found in C. difficile, erm(52) and mefH, using SRST2 with default settings (15, 19-21). 92 

These databases contain over 500 different genes conferring resistance to 15 different 93 
antimicrobial classes, covering all AMR genes known to be carried by the C. difficile 94 
population analyzed so far (19, 20). The spectrum of β-lactamase enzymes detected was 95 
confirmed against the CARD 2020 database (22). To further characterise the genomic context 96 
of the most common accessory AMR genes, C. difficile strains with ermB, tetM and tet44 genes 97 
were interrogated using SRST2 against a database of C. difficile transposons carrying ermB 98 
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(Tn5398 [GenBank accession AF109075.2], Tn6189 [MK895712.1], Tn6194 [HG475346.1], 99 

Tn6215 [KC166248.1] and Tn6218 [HG002387.1]), tetM (Tn916 [U09422.1], Tn5397 100 
[AF333235.1] and Tn6190 [FN665653]) and tet44 (Tn6164 [FN665653]) (23, 24) with 80% 101 
minimum coverage and 10% maximum divergence (15), corresponding with 72% minimum 102 
nucleotide identity (NI). 103 

To detect the presence of a plasmid conferring metronidazole resistance (pCD-104 
METRO) (25), a custom database was created consisting of all eight coding sequences (CDS) 105 
of pCD-METRO. SRST2 was used with default settings on all sequence reads against this 106 
customised database (15). The 23 C. difficile genomes from the original study (25) were 107 
included in the analysis and used to evaluate the accuracy of the database. 108 

 

 
Table 2 – Summary of known non-synonymous chromosomal point mutations conferring AMR. 109 

Protein Substitution 
Clade distribution* 

Comment 
C1 C2 C3 C4 C5 Cryptic 

Fluoroquinolone resistance 

GyrA Val43Asp ○ ○ ○ ○ ○ ○ Absent in this dataset 

 Asp71Val ● ○ ○ ● ○ ○ Found in < 10 strains in this dataset 

 Asp81Asn ● ○ ○ ○ ○ ○ Found in < 10 strains in this dataset 

 Thr82Ile ● ● ● ● ● ○ Most common substitution 

 Thr82Val ● ○ ○ ○ ● ○ Found in < 10 strains in this dataset 

 Ala118Thr ● ○ ○ ○ ● ○ Found in < 10 strains in this dataset 

 Ala384Asp ● ○ ○ ○ ○ ○ Found in < 10 strains in this dataset 

GyrB Arg377Gly ○ ○ ○ ○ ○ ○ Absent in this dataset 

 Asp426Asn ● ● ○ ● ○ ○ Most common substitution 

 Asp426Val ● ○ ○ ● ○ ○ Mostly found in clade 4 C. difficile 

 Arg447Lys ● ● ○ ○ ● ○  

 Glu466Val ○ ○ ○ ○ ● ○ Found in < 10 strains in this dataset 

Rifamycin resistance 

RpoB Asp492Asn ○ ○ ○ ○ ○ ○ Absent in this dataset 

 Asp492Val ○ ○ ○ ○ ○ ○ Absent in this dataset 

 His502Asn ● ● ○ ● ○ ○  

 His502Arg ○ ○ ○ ○ ○ ○ Absent in this dataset 

 His502Leu ○ ○ ○ ○ ○ ○ Absent in this dataset 

 His502Tyr ● ○ ○ ○ ○ ○ Found in < 10 strains in this dataset 

 Arg505Lys ● ● ● ● ● ○ Most common substitution 

 Ser550Phe ● ● ○ ○ ● ○ Found in < 10 strains in this dataset 

 Ser550Tyr ● ● ○ ● ○ ○ Found in < 10 strains in this dataset 

Fidaxomicin resistance 

RpoB Gln1073Arg ○ ○ ○ ○ ○ ○ Absent in this dataset 

Carbapenem resistance 

Pbp1 Leu543His ● ○ ○ ○ ○ ○  

 Ala555Thr ● ● ○ ● ● ○ Most common substitution 

Pbp3 Tyr721Ser ● ○ ○ ● ○ ○  

Note: * Based on significant findings in this study. Solid circles refer to the presence of the substitution 

in the clade.  
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Detection of amino acid substitutions conferring AMR 110 

All genomes were screened for known point mutations in gyrA, gyrB, rpoB, pbp1 and 111 
pbp3 genes using customised databases in SRST2. The reference sequences for these genes 112 
were obtained from the PubMLST database (https://pubmlst.org/organisms/clostridioides-113 
difficile/) as well as reference C. difficile genomes (CD630 [C1, GenBank accession 114 

AM180355], CD196 [C2, FN538970], M68 [C4, FN668375] and M120 [C5, FN665653]). 115 
C. difficile strains were categorized as resistant to an antimicrobial if they carried a gene allele 116 
with at least one significant point mutation listed in Table 2 (23, 26, 27). 117 

Assessment of AMR prevalence in different geographical areas 118 
Data on geographical regions of isolation was available for 6,227 (60.3%) C. difficile 119 

strains: Asia (n = 355), Europe (n = 3,548), North America (n = 2,212) and Australia/New 120 
Zealand (n = 112). The clade distribution was notably different in these regions (Table 3). 121 
Thus, multiple logistic regression analyses were performed using R to assess the clade-adjusted 122 
AMR prevalence for major antimicrobial classes (MLSB, tetracyclines, fluoroquinolones and 123 

rifamycins), as well as MDR prevalence. From the initial analysis, the overall AMR prevalence 124 
was lowest in strains from Australia/New Zealand. Thus, they were used as the reference group 125 
in this analysis. 126 

 

 
Table 3 – Clade distribution in 4 major geographical regions. 127 

Region 
Clade 

C1 C2 C3 C4 C5 Cryptic 

Asia 76.6% 3.4% 3.9% 15.2% 0.6% 0.3% 

Europe 74.4% 11.0% 3.4% 2.7% 8.3% 0.2% 

North America 68.9% 24.7% 0.1% 2.1% 4.0% 0.2% 

Australia/New Zealand 39.3% 26.8% 1.8% 3.6% 28.6% 0.0% 

 

Results 
Summary of AMR and MDR prevalence 128 

Of the 10,330 C. difficile genomes evaluated, 4,532 (43.9%) contained acquired 129 
resistance genes for at least one antimicrobial class, with 89 STs across 5 major clades having 130 

at least one resistant strain (Figure 1). A total of 901 strains (8.7%) across 28 STs harboured 131 
resistance determinants for three or more antimicrobial classes and were therefore classified as 132 
MDR. Based on resistance prevalence, C. difficile could be divided into clades with an overall 133 

resistance prevalence of ≥ 50%, which included C2, C4 and C5, each of which contained an 134 
epidemic ST (ST 1 in C2, ST 37 in C4 and ST 11 in C5), and clades with an overall resistance 135 
prevalence of < 50%, which included C1 and C3, as well as all three cryptic clades. The 136 
prevalence of MDR C. difficile was highest in C4 C. difficile (61.6% compared to an overall 137 
5.7% in other clades), over three times higher than in C2 which had the second-highest 138 

prevalence of MDR strains (18.3%). The overall resistance prevalence of important 139 

antimicrobial classes is shown in Figure 2.  140 

https://pubmlst.org/organisms/clostridioides-difficile/
https://pubmlst.org/organisms/clostridioides-difficile/
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Figure 1 – Distribution of resistant and multidrug-resistant C. difficile. The UPGMA phylogenetic 

tree represents a total of 270 STs included in this study. The black sections indicate that at least one 

strain in the ST had acquired resistance (AMR) to at least one antimicrobial class. The red stars indicate 

that at least one strain in the ST was MDR (i.e. had acquired resistance to at least three antimicrobial 

classes). The pie chart in the middle shows the overall prevalence of MDR C. difficile (black), 

C. difficile resistance to 1-2 antimicrobial classes (dark grey) and pan-susceptible C. difficile (light grey) 

among 10,330 C. difficile strains. The bar charts below show the prevalence of resistant and MDR 

strains in each clade.
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Figure 2 – Summary of antimicrobial resistance genotype of C. difficile. (A) For evolutionary 

context, a neighbour-joining phylogeny based on MLST shows the global population structure of 

C. difficile. (B) The prevalence of C. difficile strains harbouring accessory AMR genes across different 

clades (leftmost) and the prevalence of resistance to important antimicrobial classes conferred mainly 

by accessory AMR genes. The presence of an aminoglycoside resistance gene (**) does not contribute 

to the definition of MDR C. difficile. (C) The prevalence of C. difficile strains having significant amino 

acid substitutions associated with AMR across different clades (leftmost) and the prevalence of 

resistance to important antimicrobial classes conferred mainly by amino acid substitution. 
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AMR prevalence in different geographical regions 141 

 Figure 3 shows the results of logistic regression analyses of the clade-adjusted AMR 142 
and MDR prevalence compared to strains from Australia/New Zealand as the reference. 143 
Overall, strains from Asia, Europe and North America all had higher AMR prevalence (p< 144 
0.0001). The difference in AMR prevalence was most pronounced for fluoroquinolones, where 145 

the prevalence of substitution associated with fluoroquinolone resistance (FQR) in the three 146 
continents (collectively 1,491/6,115; 24.4%) was estimated to be at least nine times higher than 147 
in Australia/New Zealand (3/112; 2.7%). In Asia, Europe and North America, AMR prevalence 148 
was not significantly different, with AMR prevalence in Asia (99/355; 27.9%) marginally 149 
higher than in Europe (814/3,548; 22.9%) and North America (578/2,212; 26.1%). 150 

 

 

Figure 3 – Difference in AMR prevalence in different geographical regions. Multiple logistic 

regression analyses were performed to compare the clade-adjusted AMR prevalence in four regions 

(Asia, Europe, North America and Australia/New Zealand). The Forest plot represents the estimated 

AMR prevalence in each continent compared to Australia/New Zealand. 

  151 
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Fluoroquinolone resistance 152 

Overall, 2,959 C. difficile strains (28.6%) carried known DNA gyrase substitutions 153 
associated with fluoroquinolone resistance (FQR). The prevalence of FQR was highest in clade 154 
C2 (82.3%), followed by C4 (53.1%). Most resistance was conferred by point substitutions 155 
solely within the GyrA subunit of the enzyme (2,771 strains, 93.7% of all resistant strains), 156 

followed by point substitutions solely within the GyrB subunit (104 strains, 3.5%). Only 84 157 
strains (2.8%) had substitutions on both gyrase subunits. The prevalence of GyrB subunit 158 
substitution (both alone and in addition to GyrA substitution) was highest in C4 (10.6%). The 159 
most common GyrA substitution was Thr82Ile (found in 2,843 strains, 99.6% of strains with 160 
GyrA substitution) and the most common GyrB substitution was Asp426Asn (131 strains, 161 

69.7% of strains with GyrB substitution), followed by Asp426Val (44 strains, 23.4%), the latter 162 
was almost exclusive to C4 (40/44 strains, 90.9%). Interestingly, a Ser416Ala substitution, a 163 
polymorphism that does not confer resistance, was found in a majority of C5 (825 strains, 164 
94.9%) and cryptic clades (20 strains, 80.0%), but in only one clade C1 strain and none of the 165 
other major clades.  166 

MLSB resistance 167 
Table 4 summarises the major genotypic determinants for MLSB antimicrobials 168 

detected in our survey. The most common determinants were ermB (1,775 strains, 17.2%) 169 
followed by erm(52) (145 strains, 1.4%) and ermG (25 strains, 0.2%). The erm class genes, 170 
which methylate 23S rRNA and prevent the binding of MLSB antimicrobials, are associated 171 
with high-level resistance to all MLSB antimicrobials, as shown by high-level resistance to both 172 

clindamycin and erythromycin (28). The most common non-erm genes were mefH (156 strains, 173 
1.5%), mefA (24 strains, 0.2%), msrD (21 strains, 0.2%) and lnuC (17 strains, 0.2%). In total, 174 

1,979 C. difficile strains (19.2%) across 65 STs (23.9%) in five major clades carried acquired 175 
MLSB resistance determinants.  176 

Among ermB-positive strains, known ermB-carrying transposons were identified in 177 

1,706 strains (96.5%) (range, 77.6% – 100.0% NI). Transposon diversity was highest in C1 178 
(Table 4). The most common ermB-positive transposon was Tn6194 (788 strains, 44.4%; 179 

81.9% – 100.0% NI), followed by Tn6189 (424 strains, 23.9%; 77.6% – 99.9% NI) and Tn6218 180 
(216 strains, 12.2%; 85.3% – 100.0% NI). Tn5398, which contains two copies of the ermB 181 

gene, was found in 170 strains (9.6%; 81.2% – 100.0% NI), most of which belonged to clade 182 
C1 (168 strains, 98.8%).  183 
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Table 4 – Summary of resistance determinants for MLSB antimicrobials. 184 

Gene 
Clade distribution [N (%)] 

Overall 
C1 C2 C3 C4 C5 Cryptic 

ermB 
953 

(14.2%) 

421 

(21.6%) 

0 

(0.0%) 

328 

(58.9%) 

73 

(8.6%) 

0 

(0.0%) 

1,776 

(17.2%) 

  Tn5398 
168 

(2.5%) 

1 

(0.1%) 

0 

(0.0%) 

0 

(0.0%) 

1 

(0.1%) 

0 

(0.0%) 

170 

(1.6%) 

  Tn6189 
259 

(3.9%) 

104 

(5.3%) 

0 

(0.0%) 

44 

(7.9%) 

17 

(2.0%) 

0 

(0.0%) 

424 

(4.1%) 

  Tn6194 
204 

(3.0%) 

270 

(13.8%) 

0 

(0.0%) 

268 

(48.1%) 

46 

(5.4%) 

0 

(0.0%) 

788 

(7.6%) 

  Tn6215 
106 

(1.6%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

2 

(0.2%) 

0 

(0.0%) 

108 

(1.0%) 

  Tn6218 
200 

(3.0%) 

4 

(0.2%) 

0 

(0.0%) 

10 

(1.8%) 

2 

(0.2%) 

0 

(0.0%) 

216 

(2.1%) 

  Unknown 
16 

(0.2%) 

42 

(2.2%) 

0 

(0.0%) 

6 

(1.1%) 

5 

(0.6%) 

0 

(0.0%) 

69 

(0.7%) 

Other erm genes 
86 

(1.3%) 

17 

(0.9%) 

1 

(0.4%) 

66 

(11.8%) 

4 

(0.5%) 

0 

(0.0%) 

175 

(1.7%) 

Non-erm genes 
76 

(1.1%) 

104 

(5.3%) 

1 

(0.4%) 

22 

(3.9%) 

18 

(2.1%) 

0 

(0.0%) 

222 

(2.1%) 

 

 

Tetracycline resistance 185 
Table 5 summarises the genotypic determinants found for tetracyclines. The most 186 

common tetracycline resistance determinant was tetM (1,447 strains, 14.0%), followed by tet40 187 
(214 strains, 2.1%) and tet44 (125 strains, 1.2%). These three genes encode ribosomal 188 

protection proteins which prevent the binding of tetracyclines to 16S rRNA. In total, 1,645 189 
C. difficile strains (15.9%) across 68 STs (25.0%) in five major clades carried at least one tet 190 

gene, with 333 strains (3.2%) carrying more than one gene, 271 of which (81.4%) belonged to 191 
clade C5. Five ST11 C. difficile strains (C5) carried four different tet genes, the highest number 192 
of tet genes per genome in this dataset. Interestingly, tet40 and tet44 were almost exclusively 193 
found in clade C5 C. difficile (94.9% and 98.4% of tet40- and tet44-positive C. difficile 194 

belonged to C5, respectively).  195 
Known tetM-positive transposons and their variants were detected in 1,245 (86.0%) 196 

tetM-positive C. difficile (78.0 – 100.0% NI). Transposon diversity was highest in clade C1 197 
(Table 5). The most common transposons were Tn916 (564 strains, 39.0%; 83.3% – 100.0% 198 
NI) and Tn6190 (456 strains, 31.5%; 81.5% – 100.0% NI). In contrast to the prevalence of 199 

ermB-positive transposons above, the distribution of tetM-positive transposons was different 200 
in clades C2, C4 and C5 (Figure 4A). Known tetM-positive transposons could not be identified 201 
in 78.1% of tetM-positive clade C2 C. difficile (100/128 strains). Analysis of the assembled 202 
genome of ST1 strain C00008355, a clinical isolate from the UK [SRA accession ERR347593], 203 
showed that the tetM gene was located on a 9,013 bp element with an overall 37.1% GC which 204 

did not match any transposons in the NCBI database or published literature (Figure 4B). The 205 
annotated sequence of this novel Tn, designated Tn6944 by the Liverpool transposon repository 206 

(29), was submitted to GenBank and is available in the DDBJ/ENA/GenBank databases under 207 
the accession number BK013348. Besides tetM, Tn6944 also carries mefH which encodes a 208 
macrolide efflux protein (21). Tn6944 was identified in an additional 156 C. difficile strains 209 
(78.0% – 100.0% NI), 97 of which belonged to clade C2 (Table 5). All tet44-positive 210 
C. difficile harboured Tn6164 (80.3% – 100.0% NI), a 100 kbp genomic island containing tet44 211 
and ant(6)-Ib, a streptomycin resistance determinant (30).  212 
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Table 5 – Summary of resistance determinants for tetracyclines. 213 

Gene 
Clade distribution [N (%)] 

Overall 
C1 C2 C3 C4 C5 Cryptic  

tetM 457 

(6.8%) 

128 

(6.6%) 

0 

(0.0%) 

402 

(72.2%) 

460 

(54.3%) 

0 

(0.0%) 

1,447 

(14.0%) 

  Tn916 146 

(2.2%) 

25 

(1.3%) 

0 

(0.0%) 

95 

(17.1%) 

298 

(35.2%) 

0 

(0.0%) 

564 

(5.5%) 

  Tn5397 215 

(3.2%) 

1 

(0.1%) 

0 

(0.0%) 

1 

(0.2%) 

8 

(0.9%) 

0 

(0.0%) 

225 

(2.2%) 

  Tn6190 7 

(0.1%) 

2 

(0.1%) 

0 

(0.0%) 

297 

(53.3%) 

150 

(17.7%) 

0 

(0.0%) 

456 

(4.4%) 

  Tn6944 52 

(0.8%) 

97 

(5.0%) 

0 

(0.0%) 

6 

(1.1%) 

1 

(0.1%) 

0 

(0.0%) 

156 

(1.5%) 

  Unknown 37 

(0.6%) 

3 

(0.2%) 

0 

(0.0%) 

3 

(0.5%) 

3 

(0.4%) 

0 

(0.0%) 

46 

(0.4%) 

tet44 2 

(<0.1%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

123 

(14.5%) 

0 

(0.0%) 

125 

(1.2%) 

  Tn6164 2 

(<0.1%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

123 

(14.5%) 

0 

(0.0%) 

125 

(1.2%) 

Other tet genes 129 

(1.9%) 

12 

(0.6%) 

2 

(0.8%) 

14 

(2.5%) 

336 

(39.7%) 

0 

(0.0%) 

493 

(4.8%) 

 

 

Vancomycin resistance  214 

A complete vanB operon (vanRB, vanSB, vanYB, vanW, vanHB, vanB and vanXB genes) 215 
was identified in one C. difficile strain, belonging to ST 11 (clade C5). This vanB operon was 216 
previously described to be phenotypically silent due to a ~2.1 kbp disruption of the vanRB gene 217 

which is a response regulator and part of a key two-component system (31, 32). This strain was 218 
thus considered susceptible to vancomycin.  219 

Metronidazole resistance 220 
SRST2 with the customised pCD-METRO plasmid database correctly identified the 221 

plasmid in 14 C. difficile genomes from the Boekhoud et al. study (25) (nine belonged to ST 222 
15 and five belonged to ST 2). Apart from these strains, the pCD-METRO plasmid was found 223 
in only one C. difficile strain belonging to ST15 (clade C1, RT 010, non-toxigenic), the same 224 

RT reported in the Boekhoud et al. study (25). In total, only 10 of 223 C. difficile ST 15 strains 225 
(4.5%) contained the pCD-METRO plasmid. 226 



12 
 

 

Figure 4 – Clade specificity of tetM-positive transposons in C. difficile. (A) Sankey diagram shows 

the prevalence of four tetM-positive transposons commonly found in C. difficile. The left and right axes 

represent C. difficile clades and the transposons, respectively. The height of the left axis corresponds to 

the number of tetM-positive C. difficile strains in each clade, excluding strains with unknown 

transposons (clade 1, n = 419; clade 2, n = 208; clade 4, n = 711; clade 4, n = 688). (B) The genetic 

structure of the novel tetM-positive Tn, Tn6944 [BK013348]. The amino acid sequences of the key 

elements in this transposon were compared to the elements found in Tn916 [U09422.1]. 

 

Rifamycin resistance 227 

Points mutation in rpoB were found in 688 C. difficile strains (6.7%), with the highest 228 
prevalence in clade C4 (32.1%), followed by C2 (16.8%). The most common substitution was 229 
Arg505Lys found in 94.0% of the resistant strains, followed by His502Asn (49.4%), with 306 230 
strains (44.5% of the resistant strains) having both substitutions. Besides rifamycins, a 231 
Gln1073Arg substitution in RpoB was also reported to be associated with reduced 232 
susceptibility to fidaxomicin (27). This substitution was not detected in this dataset. 233 
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Carbapenem resistance 234 

A total of 643 C. difficile strains (6.2%) had substitutions in either Pbp1 or Pbp3 235 
conferring imipenem resistance, with the prevalence slightly higher in clades C2 and C4 236 
(21.6% and 19.4%, respectively, p = 0.2786) than the other clades (collectively 1.4%, 237 
p<0.0001); 504 C. difficile strains had a substitution in Pbp1 (492 having A555T and 12 having 238 

L543H), 125 strains had a Y721S substitution in Pbp3 and 12 strains from ST 37 (C4) had 239 
substitutions on both Pbp1 (all A555T) and Pbp3.  240 

In addition to the detection of point substitutions, carbapenemase-encoding genes were 241 
identified in two C. difficile strains; an unnamed strain [accession ERR2703875; ST 2, C1] 242 
carried SHV-1 and CD72 [accession SRR5367248; ST 81, C4] carried PER-1. By NCBI 243 

BLAST approach, the SHV-1 encoding gene was found on an element resembling a Klebsiella 244 
pneumoniae plasmid tig00001208_pilon [CP036443.1, 99.7% sequence identity, 35% 245 
coverage] and the PER-1 encoding gene was found on an element resembling 246 
Acinetobacter haemolyticus plasmid pAHTJR1 [CP038010.1, 99.8% sequence identity, 5% 247 
coverage].  248 

Other resistance types 249 
Genotypic resistance determinants for five other antimicrobials were also identified. 250 

First, 124 C. difficile strains (1.2%) were positive for the cfrB gene which confers linezolid 251 
resistance (33). Resistance determinants for trimethoprim were identified in 147 (1.4%) 252 
C. difficile strains, six of which also harboured sulphonamide resistance determinants. Ninety-253 
eight C. difficile strains (1.0%) carried chloramphenicol resistance determinants. The most 254 

common determinant was catP (92 strains, 93.9%). 255 
In addition to the C. difficile class D β-lactamases which confer intrinsic cephalosporin 256 

resistance in C. difficile (17), a few C. difficile strains also had other classes of β-lactamases. 257 
Forty-three C. difficile strains carried genes encoding extended-spectrum β-lactamases 258 
(ESBL), the most common type belonging to the TEM family (36 strains), and five strains 259 

carried AmpC β-lactamase genes.  260 
Finally, 1,250 C. difficile strains (12.1%) carried various aminoglycoside-resistance 261 

determinants. The most common determinants were aac6-aph2 (666 strains, 6.5%), aph-III 262 
(279 strains, 2.7%) and sat4 (271 strains, 2.6%) genes. Notably, 270 strains carried a locus 263 

containing aph-III and sat4 genes adjacent to one another, 184 (68.2%) of which belonged to 264 
clade C5 (183 ST 11 strains and one ST 163 strain). This locus had 99.91% nucleic acid identity 265 
to a gene cluster found in Erysipelothrix rhusiopathiae, as described in a previous study (34). 266 
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Discussion 
The success of several epidemic C. difficile strains is thought to be associated with an 267 

AMR phenotype which provides a survival advantage for these C. difficile strains in the 268 
presence of antimicrobials while imposing little fitness cost (35-37). Resistance to several 269 
antimicrobial classes has been associated with specific C. difficile lineages: fluoroquinolone 270 
and rifamycin resistance and C. difficile ST 1 (C2) (10, 12), tetracycline resistance and C. 271 
difficile ST 11 (C5) (11), as well as resistance to various antimicrobial classes and MDR and 272 

C. difficile ST 37 (C4) (8). This study provides genotypic evidence to support these 273 
associations, demonstrated by the higher resistance prevalence and, especially in the case of 274 
tetracycline resistance in C. difficile ST 11, a higher diversity of resistance determinants in the 275 
associated clades.  276 

Although the metadata was not complete (only 60.3% of strains had information on 277 

geographical origin and there was inadequate information on host species), some interesting 278 
findings can be seen in this genome subset. Figure 3 demonstrates the difference in AMR 279 
prevalence in different continents which may reflect the use of antimicrobials in these regions. 280 

The most prominent example is fluoroquinolones which are strictly regulated in Australia and 281 
New Zealand but widely used elsewhere (38). Consequently, there was a stark difference in the 282 
prevalence of FQR between Australia and the other three regions. Besides fluoroquinolones, 283 

the high prevalence of MLSB and tetracycline resistance, especially in Asia, is suggestive of 284 
the overuse of these antimicrobials in the region (39).  285 
 Based on a large sample size, which should give an accurate representation of the 286 

C. difficile population, this study provides a global atlas of genotypic AMR determinants in 287 
C. difficile. In general, one resistance determinant appeared to dominate in most antimicrobial 288 

classes. For example, ermB and tetM genes were found in almost 90% of C. difficile strains 289 
with genotypic resistance to MLSB and tetracycline, respectively. Fluoroquinolone and 290 
rifamycin resistance was also mainly determined by a single substitution in GyrA (Thr82Ile) 291 

and RpoB (Arg505Lys), respectively. This is similar to other Gram-positive bacteria, such as 292 
Staphylococcus aureus (40), where one genotypic determinant is responsible for a resistance 293 

phenotype in a majority of the bacterial population and is in contrast to many Gram-negative 294 
bacteria, such as several members in the Enterobacteriaceae (41), where resistance to an 295 

antimicrobial class can be conferred by several genotypic determinants. The dominance of a 296 
single genotypic determinant accommodates the development of genotype-based rapid 297 

detection kits for drug-resistant C. difficile, similar to real-time PCR assays for methicillin-298 
resistant S. aureus (42). Such tools can be beneficial for surveillance for C. difficile outbreaks 299 
in the future. 300 

 Another benefit of a large sample size and next-generation sequencing (NGS) is the 301 
power to detect rare genotypic determinants. The most notable finding was the detection of 302 

carbapenemase-encoding genes in two C. difficile strains, STs 2 and 81, comprising 303 
approximately 0.02% of the population. Previously, carbapenem resistance in C. difficile has 304 
been mainly associated with point substitutions on Pbp1 and Pbp3 which cannot be transferred 305 

horizontally and only confer imipenem resistance (26). On the contrary, many carbapenemases 306 
provide resistance to a wide range of carbapenem antimicrobials and are capable of horizontal 307 

transfer (43). The detection of carbapenemase-encoding genes is concerning, as C. difficile 308 
mainly resides in the colon, the same habitat as many pathogenic Enterobacteriaceae, and 309 

transfer of these genes could give rise to carbapenem-resistant Enterobacteriaceae (CRE), 310 
another urgent threat in AMR (3). Conversely, C. difficile can also serve as a reservoir of these 311 
resistance genes. Indeed, the gene encoding SHV-1, one of the carbapenemases found in this 312 
study, was found on an element similar to a K. pneumoniae plasmid (tig00001208, GenBank 313 
accession CP036443.1; 99.7% NI), suggesting a possible inter-phylum transfer event between 314 
these two organisms, although this plasmid was classified as an IncF plasmid according to 315 
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PlasmidFinder (44). Generally, the host range for IncF plasmids is limited to only within the 316 

Family Enterobacteriaceae (45). Further study is thus needed to confirm that this horizontal 317 
transfer is possible. 318 
 Recently, two novel resistance determinants for MLSB antimicrobials were found in 319 
Asian C. difficile isolates; erm(52) and mefH (21). In a larger population of C. difficile, these 320 

two genes were found in 1.4 – 1.5% of C. difficile strains, approximately six times more 321 
prevalent than ermG, a gene previously believed to be the second most prevalent resistance 322 
determinant in C. difficile (8). Failing to detect these two determinants could partially explain 323 
the discrepancy between resistance genotype and phenotype in earlier studies (23). Indeed, the 324 
inclusion of erm(52) improved the concordance between clindamycin resistance genotype and 325 

high-level clindamycin resistance phenotype to 100% and mefH provided concordant genotype 326 
to C. difficile strains with isolated erythromycin resistance (21). Further characterisation of 327 
mefH revealed that the gene was located adjacent to tetM on a newly defined transposon 328 
Tn6944 (Figure 4B). This transposon has also escaped detection and characterisation despite 329 
being present mainly in ST 1 (clade C2), a strain that has been extensively studied (10, 46). 330 

Interestingly, even though tetracycline resistance was a key factor in the evolution of the 331 
epidemic C. difficile ST 11 due to its use in agricultural practices (11), this antimicrobial was 332 

not included in the antimicrobial susceptibility panel in a pan-European study (47, 48). 333 
Tetracycline resistance was also never mentioned in studies involving C. difficile ST 1, perhaps 334 
because the prevalence in this lineage was much lower than that of FQR mutations (7.1% vs 335 
82.3%, respectively). 336 

 As an obligate anaerobe, C. difficile is intrinsically resistant to aminoglycosides. 337 
Additional resistance determinants to these antimicrobials are not beneficial to the bacterium 338 

and unlikely to be conserved in the genome. Thus, the presence of aminoglycoside resistance 339 
determinants should reflect recent, and likely continuous, inter-species gene transfer with taxa 340 
in diverse environments such as the animal gut and soils. The most common aminoglycoside 341 

resistance determinant was aac6-aph2, a bifunctional gene found in Staphylococcus spp. and 342 
Enterococcus spp. (49), commensal species commonly found in the human and animal gut. 343 

Interestingly, many ST 11 (C5) strains also carried an aph-III and sat4 cluster, a gene cluster 344 

found in E. rhusiopathiae which inhabits the porcine gut (50), supporting the animal origin and 345 

One Health importance of this lineage (34). Indeed, aminoglycosides have been heavily used 346 
in both agricultural and veterinary practices (51). The presence of aminoglycoside resistance 347 
determinants in C. difficile highlights another aspect of AMR in C. difficile; the role of 348 

C. difficile as a reservoir of AMR genes. Aminoglycosides remain a key treatment option for 349 
serious staphylococcal and enterococcal infections, such as infective endocarditis, in 350 

conjunction with β-lactams antimicrobials (52). Resistance to aminoglycosides in these 351 
pathogens complicates treatment of these infections which may result in adverse clinical 352 
outcomes. Thus, colonisation with C. difficile carrying these resistance determinants may pose 353 

an additional risk of treatment failure in these patients. 354 
 This study utilised the direct analysis of raw sequence reads without the need for 355 
genome assembly which enabled the characterisation of a large dataset within a relatively short 356 
time (approximately 5 min of CPU time [16 cores] per strain as opposed to more than 30 min 357 

of CPU time per strain for a de novo assembly pipeline). SRST2 provides rapid MLST and 358 
AMR genotyping (15). SRST2-based AMR genotyping can be performed using three types of 359 
databases: well-characterised databases of accessory AMR genes (19, 20, 22), species-specific 360 

gene allele databases (e.g., the PubMLST database), as well as customised databases. The latter 361 
was used in a previous study on a smaller dataset, the results of which were similar to a standard 362 
approach using BLAST on annotated draft genomes (53).  363 
 Besides the lack of complete metadata, another limitation of this study was the lack of 364 
comparative phenotypic data, as the study was performed on a publicly-available genome 365 
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dataset. However, many key AMR genotypes were reported to have a high correlation with 366 

phenotypic characteristics (23, 53). Thus, the prevalence values reported in this study should 367 
reflect the resistance prevalence in C. difficile population. Also, this study only reports the 368 
presence or absence of genotypic AMR determinants and does not take into account the 369 
different alleles of the genes, as the alleles were not included in the databases used in the 370 

analyses (19, 20). Further analyses on the allelic distribution across C. difficile population may 371 
provide additional information on the spread of AMR genes. 372 
  In conclusion, almost half of C. difficile strains studied carried at least one genotypic 373 
resistant determinant. The resistance prevalence was higher among clades C2, C4 and C5 which 374 
have been associated with epidemic C. difficile STs 1, 37 and 11, respectively. Though 375 

resistance to antimicrobials for treatment of CDI is rare, this study provides evidence to support 376 
the role of AMR in the spread of C. difficile, as well as the role of C. difficile as a reservoir of 377 
accessory AMR genes, most notably aminoglycoside resistance determinants and 378 
carbapenemase-encoding genes. 379 
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Abstract 1 

Clostridioides difficile PCR ribotype (RT) 017 ranks among the most successful strains of 2 
C. difficile in the world. In the past three decades, it has caused outbreaks on four continents, 3 
more than other “epidemic” strains, however, our understanding of the genomic epidemiology 4 

underpinning the spread of C. difficile RT 017 is limited. Here, we performed high-resolution 5 
phylogenomic and Bayesian evolutionary analyses on an updated and more representative 6 

dataset of 282 non-clonal C. difficile RT 017 isolates collected worldwide between 1981 and 7 
2019. These analyses place an estimated time of global dissemination between 1953 and 1983 8 
and identified the acquisition of the ermB-positive transposon Tn6194 as a key factor behind 9 

global emergence. This coincided with the introduction of clindamycin, a key inciter of 10 
C. difficile infection, into clinical practice in the 1960s. Based on the genomic data alone, the 11 

origin of C. difficile RT 017 could not be determined, however, geographical data and records 12 

of population movement suggest that C. difficile RT 017 had been moving between Asia and 13 

Europe since the Middle Ages and was later transported to North America around 1860 (95% 14 
CI: 1622 – 1954). A focused epidemiological study of 45 clinical C. difficile RT 017 genomes 15 
from a cluster in a tertiary hospital in Thailand revealed that the population consisted of two 16 

groups of multidrug-resistant (MDR) C. difficile RT 017 and a group of early, non-MDR 17 
C. difficile RT 017. The significant genomic diversity within each MDR group suggests that 18 

although they were all isolated from hospitalised patients, there was likely a reservoir of 19 
C. difficile RT 017 in the community that contributed to the spread of this pathogen. 20 

Impact statement 21 

This study utilises genomic sequence data from 282 non-clonal C. difficile ribotype (RT) 017 22 
isolates collected from around the world to delineate the origin and spread of this epidemic 23 
lineage, as well as explore possible factors that have driven its success. It also reports a focused 24 

epidemiological investigation of a cluster of C. difficile RT 017 in a tertiary hospital in 25 
Thailand to identify possible sources of transmission in this specific setting.  26 
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Data summary 27 

All new WGS data generated in this study has been submitted to the European Nucleotide 28 
Archive under the BioProject PRJEB44406 (sample accession ERS6268756 – ERS6268798). 29 

The complete genome of C. difficile MAR286 was submitted to GenBank under BioProject 30 
PRJNA679085 (accession CP072118). Details of all genomes included in the final analyses 31 
are available in the Supplementary Document, available at 10.6084/m9.figshare.14544792.  32 

Introduction 33 

Clostridioides difficile PCR ribotype (RT) 017, or sequence type (ST) 37, ranks among the 34 
most successful strains of C. difficile. Despite producing only one functional toxin (toxin B), 35 
C. difficile RT 017 has spread widely and caused outbreaks globally (1). The severity of 36 
C. difficile infection (CDI) caused by RT 017 has been comparable to infection caused by 37 

C. difficile strains producing two or three toxins (2-4). One factor that may have contributed to 38 
the success of C. difficile RT 017 is antimicrobial resistance (AMR) (5). 39 

 The evolutionary origins of C. difficile RT 017 remain contentious (1). Possible 40 

contributing factors included the early erroneous dismissal of C. difficile RT 017 as non-41 
pathogenic due to its lack of toxin A (6), and the use of diagnostic tests that only detected toxin 42 
A (7). By the time that the pathogenicity of C. difficile RT 017 was recognised (1995) (8), the 43 
strain had already spread across the globe (1). Based on the geographical distribution of 44 

C. difficile clades, C. difficile RT 017, a member of evolutionary clade 4, has been hypothesised 45 
to have originated in Asia (1). This is supported by various epidemiologic studies reporting a 46 

high prevalence of C. difficile RT 017 and closely related clade 4 strains in Asia, especially 47 
Southeast Asia (9-13). However, most of these studies only included a few historical C. difficile 48 
RT 017 strains available from the region to verify this hypothesis (9-13). A 2017 study by 49 

Cairns et al. analysed whole-genome sequence (WGS) data from 277 C. difficile RT 017 strains 50 
and suggested an alternative hypothesis, that C. difficile RT 017 originated in North America, 51 

spread to Europe in the early 1990s and later to other regions (14). Despite the large dataset, 52 

this conclusion might have been influenced by a strain selection bias, as the North American 53 

strains included in the study were relatively older than strains from other regions. A recent 54 
study based mainly on the same global dataset agreed that C. difficile RT 017 spread first from 55 

North America but suggested that the spread may have happened before 1970 (15). In our 56 
study, we included a larger number of strains, with a few early European strains and a greater 57 

diversity of Asian strains. We aimed to further explore the origin and spread of C. difficile 58 
RT 017, as well as the key genetic factors driving its success. 59 

Methods 60 

C. difficile RT 017 genomes 61 

This study included 933 C. difficile RT 017 strains from three collections; a set of 45 clinical 62 
C. difficile RT 017 strains from Thailand (32 phenotypically MDR and 13 non-MDR) some of 63 

which have been described previously (16), 102 previously unpublished C. difficile RT 017 64 
strains from our laboratory’s collection and 786 C. difficile RT 017 genomes publicly available 65 

at the NCBI Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra/) as of January 2020. 66 
These collections included genomes of three C. difficile RT 017 isolated in the early 1980s 67 
(courtesy of Dr Jon Vernon and Prof Mark Wilcox in Leeds, but originally part of Prof SP 68 
Borriello’s collection) (17). Multilocus sequence typing (MLST) was performed directly from 69 
sequence read files using SRST2 v0.2.0 and the PubMLST C. difficile database 70 
(https://pubmlst.org/organisms/clostridioides-difficile/) as previously described (18, 19). 71 

https://www.doi.org/10.6084/m9.figshare.14544792
https://www.ncbi.nlm.nih.gov/sra/
https://pubmlst.org/organisms/clostridioides-difficile/
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Assembly of a new complete C. difficile RT 017 genome from SE Asia 72 

To facilitate phylogenomic analysis of C. difficile strains from Thailand, a Thai C. difficile 73 
strain was selected for hybrid assembly of a closed reference genome. C. difficile MAR286 74 

was a non-MDR strain as opposed to the existing MDR reference strain C. difficile M68 (20). 75 
The short-read sequencing was performed on an Illumina HiSeq sequencing platform 76 
(Illumina, San Diego, CA) using 150-bp paired-end chemistry to a depth of 39X coverage as 77 
previously described (19). The long-read sequencing was performed on a MinION sequencing 78 
(Nanopore, Oxford, UK). The sequencing libraries were prepared using the Ligation 79 

Sequencing Kit (SQK-LSK109) and run on a FLO-MIN106 (R9.4.1) flow cell, according to 80 
the manufacturer’s instructions, for 24 h. Hybrid assembly was performed with Unicycler 81 
v0.4.8 using a conservative mode (21). The final assembly graph was visualised and polished 82 
with Bandage v0.8.1 (22). Genome annotation was performed using the NCBI Prokaryotic 83 
Genomes Annotation Pipeline (23). 84 

AMR genotyping 85 

AMR genotyping was performed as previously described (24). Briefly, all read files were 86 
interrogated against the ARGannot database (for known accessory AMR genes) with two 87 
additional genes recently described in C. difficile, erm(52) and mefH (16), and a customised 88 
gyrA, gyrB and rpoB alleles database (for known resistance-conferring point mutations) using 89 

SRST2 (18, 25). Strains that were positive for either ermB or tetM were interrogated for known 90 
transposons using SRST2 as previously described (18). 91 

Evolutionary analysis of C. difficile RT 017 92 

To investigate the evolution and spread of C. difficile RT 017, core genome single nucleotide 93 
polymorphism (cgSNP) and Bayesian evolutionary analyses were performed. All PE reads 94 

were trimmed using TrimGalore v0.6.4 to remove low-quality and adapter sequences 95 

(https://github.com/FelixKrueger/TrimGalore), mapped to the genome of C. difficile M68 and 96 

variants identified using Snippy v4.4.5 (https://github.com/tseemann/snippy). The resulting 97 
VCF file was then screened to exclude variants occurring in the repetitive region using SnpSift 98 
v4.3t (26) and to exclude indels using VCF-annotate v0.1.15 (27). Gubbins v2.4.1 was used to 99 

identify and remove recombination sites (28). SNP-dists v0.7.0 was used to generate a pairwise 100 
cgSNP table (https://github.com/tseemann/snp-dists). Following the approach of Eyre et al (29) 101 

and Didelot et al (30), a threshold of 0-2 cgSNPs was used to determine if groups of 2 or more 102 
strains were clonally related. 103 

To facilitate the Bayesian analysis, clonal strains were removed from the dataset leaving 104 

only one representative for each clonal cluster. Bayesian evolutionary analysis was performed 105 
using BactDating v1.0.1 (31). BactDating was run using a Gubbins recombination-adjusted 106 
phylogenetic tree from the previous analysis (1455 sites) as an input with the following 107 
settings: Markov chain Monte Carlo (MCMC) chains of 5 × 108 iterations sampled every 5 × 108 
105 iterations with a 50% burn-in and a strict model with a rate of 1.4 mutations per genome 109 

per year as published by Didelot et al (30). Traces were inspected to ensure convergence and 110 
the effective sample sizes (ESS) for all estimated continuous variables were >200. The final 111 

Bayesian tree was annotated using iTOL v6 (32). An interactive version of the Bayesian 112 
phylogenetic tree in Figure 2 was uploaded to Microreact and is available at 113 

https://microreact.org/project/v89tzQ8rii55PkAGF5Jo2r/64c80194 (33). 114 
  Bayesian analysis was also performed on a subset of 45 Thai C. difficile genomes, for 115 
which patient data and phenotypic AMR results were available (16, 34). The cgSNP analysis 116 
was performed using reference genomes listed in Table 1 to evaluate whether the choice of 117 

https://github.com/FelixKrueger/TrimGalore
https://github.com/tseemann/snippy
https://github.com/tseemann/snp-dists
https://microreact.org/project/v89tzQ8rii55PkAGF5Jo2r/64c80194
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reference genome had any effect on downstream analysis. A pairwise whole genome average 118 

nucleotide identity (ANI) between each C. difficile strain and the reference strains was 119 
generated using FastANI (35), and the results were used to compare strain relatedness with 120 
each reference. 121 

Table 1 – Effect of the choice of reference genome on cgSNP analysis. 

Reference ST (clade) Accession Mapped length (bp)* N SNPs % ANI 

MAR286 37 (4) CP072118.1 4,134,703.82 311 99.88% 

M68 37 (4) FN668375.1 4,176,850.73 308 99.93% 

630 54 (1) AM180355.1 3,836,370.82 267 97.98% 

M120 11 (5) FN665653.1 3,579,796.21 235 96.11% 

Note:  ANI, average nucleotide identity; SNPs, single nucleotide polymorphisms; ST, sequence type; 

 * average mapped length. 

Pangenome-wide association study 122 

The cgSNP and Bayesian analyses identified two distinct C. difficile RT 017 sublineages. To 123 
determine significant genetic loci associated with each lineage, all C. difficile genomes were 124 

assembled and a pangenome-wide association study (pan-GWAS) performed as previously 125 
described (36). Briefly, Panaroo v1.1.0 was run with default settings on the annotated 126 

C. difficile genomes (37), and the results used as an input for Scoary v1.6.16 to identify the 127 
significant genetic loci associated with each lineage (38). 128 

Assessment of virulence-associated phenotypes 129 

We also evaluated the phenotypes associated with virulence in C. difficile RT 017 from the two 130 

lineages; C. difficile strain 1470 (ATCC 43598, non-epidemic lineage [NE]), MAR006 131 
(epidemic lineage [E]), MAR024 (lineage E) and MAR 286 (lineage NE). First, a motility assay 132 

was performed as described by Tasteyre et al (39). Second, cell aggregation was assessed by 133 
measuring the optical density at 600 nm (OD600) of the undisturbed and disturbed 48-hour-old 134 

growth in brain heart infusion broth (40). These tests were performed with at least three 135 
biological replicates. C. difficile strain IS58 (RT 033, non-motile) was included as a negative 136 

control (41). 137 

Statistical analysis 138 

All statistical analyses were performed using online tools by Social Science Statistics available 139 
at https://www.socscistatistics.com/. A p-value of ≤ 0.05 was considered statistically 140 
significant. 141 

Ethics approval 142 

This study involved the use of de-identified patient data. It was approved by the Human 143 
Research Ethics Committee of The University of Western Australia (reference file 144 

RA/4/20/4704) and the Siriraj Institutional Review Board (protocol number 061/2558 [EC1]). 145 

  

https://www.socscistatistics.com/
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Results 146 

The epidemic C. difficile RT 017 lineage emerged from Asia in the middle of the 20th Century 147 

To study the global population structure of C. difficile RT 017, cgSNP and Bayesian evolution 148 
analyses were performed on 282 non-clonal C. difficile RT 017 genomes collected worldwide 149 
between 1981 and 2019 (Figure 1). The overall median year of isolation for this dataset was 150 
2011 (quartile range [QR]: 2008 – 2014). The median years of isolation for the three main 151 

continents were as follow; Asia, 2014 (2010 – 2016), Europe, 2010 (2006 – 2012) and North 152 
America, 2009 (2004 – 2017).  Based on the Bayesian analysis (Figure 2), the C. difficile RT 153 
017 population could be divided into two lineages: a non-epidemic lineage (NE), which could 154 
be further divided into three sublineages (NE1, NE2 and NE3), and an epidemic lineage (E). 155 
Table 2 summarises 11 lineage-defining SNPs identified. Sublineages NE1, NE2 and NE3 156 

consisted mainly of strains from Europe, North America and Asia, respectively, and the 157 
common ancestor of the three sublineages was estimated to have emerged in 1588 (95% 158 
confidence interval [CI]: 758 – 1858). Sublineages NE1 and NE2 split around 1860 (95% CI: 159 

1622 – 1954). Lineage E was estimated to have split from sublineage NE3 around 1958 (95% 160 
CI: 1920 – 1977) and later spread globally around 1970 (95% CI: 1953 – 1983).  161 

 

Figure 1 – The countries of origin of the final 282 C. difficile RT 017 genomes. The number of 

genomes in each region is as follows: Africa, 6; Asia, 126; Australia, 15; Europe, 96; North America, 

48; South America, 4. The world map was created by tools available at paintmaps.com. 

The acquisition of ermB was likely the driving factor of the epidemic C. difficile RT 017 lineage 162 

After incorporating genotypic AMR data, an association between the acquisition of AMR 163 
genotype and the spread of C. difficile RT 017 was evident. Genotypically MDR C. difficile 164 

RT 017 strains were in the lower part of sublineage NE3 and lineage E, and only emerged 165 
around 1935 (95% CI: 1851 – 1969). There had been multiple acquisition events for the two 166 
most common accessory AMR determinants: tetM and ermB. The earliest acquisition of tetM 167 
was likely through gaining Tn916 which occurred around 1914 (95% CI: 1799 – 1964), while 168 
the earliest acquisition of ermB was likely through gaining Tn6194 which occurred around 169 

1958 (95% CI: 1920 – 1977), notably the same timeframe as the predicted time of emergence 170 
of lineage E.  171 

https://paintmaps.com/
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Nonsynonymous substitutions in RpoB (H502N, conferring rifamycin resistance) and 172 

in GyrA (T82I, conferring fluoroquinolone resistance) were found scattered throughout the 173 
population. In contrast, an R505K substitution in RpoB was found only in strains from 174 
sublineage NE3 and lineage E and was more common among Asian strains (37.2% vs 8.9%, 175 
p < 0.0001). The only European strains with an R505K substitution in RpoB were from an 176 

outbreak in Portugal (42). Three independent GyrB substitution events were identified in this 177 
dataset: two D426N substitution events in North America around 2008 (95% CI: 1998 – 2011) 178 
and 2015 (95% CI: 2012 – 2016), and one D426V substitution event in Ireland (C. difficile 179 
M68, the reference strain) around 2004 (95% CI: 2001 – 2005) ( in Figure 2). In addition to 180 
the important AMR determinants described above, the aac6-aph2 gene was also common 181 

among C. difficile RT 017, found in 73 strains in this dataset (25.9%), more commonly among 182 
Asian strains (43.4% vs 14.2%, p < 0.0001). 183 

  

Figure 2 – Bayesian tree of 282 non-clonal C. difficile RT 017 genome from around the world. 
C. difficile RT 017 population could be divided into non-epidemic (NE; sublineages NE1 – NE3) and 

epidemic (E) lineages. (*) refers to the region of origin for each strain. Important genotypic AMR 

determinants are displayed on the right (A – E). () represents C. difficile M68, the reference genome 

in this analysis. 
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Table 2 – List of lineage-defining cgSNPs. 

Position* Strand** Product 
dN/ 

dS*** 

Lineages 

NE1 NE2 NE3 E 

Lineage NE vs lineage E 

867,703 F Diguanylate kinase signalling protein dN G† G† G† T 

Sublineages NE1 and NE2 vs sublineage NE3 

263,571 F FlgG dN T† T† C C 

480,088 R UvrA dS A† A† G G 

1,486,937 F Gfo/Idh/MocA family oxidoreductase dN T† T† G G 

1,789,300 F Serine O-acetyltransferase dS C† C† T T 

3,254,867 R ABC transporter dN T† T† C C 

3,808,791 N/A Non-coding region - G† G† A A 

Sublineage NE1 vs sublineage NE2 

1,299,679 F Penicillin-binding protein 2 dN G T† G G 

1,486,584 F Gfo/Idh/MocA family oxidoreductase dN C T† C C 

2,928,003 R ABC transporter dN G T† G G 

3,066,957 R Thioether cross-link-forming SCIFF 

peptide maturase 

dN C T† C C 

* Position on C. difficile M68 genome; ** coding strand (F, forward; R, reverse); *** nonsynonymous 

substitutions (dN) and synonymous substitutions (dS); † different from the reference genome. 

The epidemic C. difficile RT 017 lineage expresses higher motility and lower cell aggregation 184 

The cgSNP that differentiated between the lineages NE and E resulted in a substitution in a 185 
diguanylate kinase signalling protein, which may play role in motility and biofilm formation 186 

in C. difficile (40, 43). Thus, motility and cell aggregation assays were performed (Figure 3). 187 
Strains from lineage E had an increase in growth diameter compared to lineage NE (average 188 

diameter 7.7 vs 5.9 mm, Mann-Whitney p < 0.0001) and a slight decrease in the level of cell 189 
aggregation as shown by the lower change in OD600 between undisturbed and disturbed cultures 190 

(0.88 vs 0.99, Mann-Whitney p = 0.0316; for comparison, the non-motile C. difficile IS58 had 191 
1.84 fold-change in OD600). 192 
 In addition to the lineage-specific cgSNPs (Table 2) and the difference in the 193 

prevalence of genotypic AMR, pan-GWAS was performed to identify other significant lineage-194 
specific genetic loci. A total of 32,863 genes was identified in the dataset, 3,560 (10.8%) of 195 

which were found in more than 95% of strains and classified as core genes. Based on the 196 
GWAS, the locus most significantly associated with lineage E was the aminoglycoside 197 
resistance locus (containing aac6-aph2 and a gene resembling ant6(Ib) [72% identity, E-value 198 

= 5.01e-157]; sensitivity 85.3%, specificity 97.8%). Apart from AMR-related loci, lineage E 199 
was associated with a truncation of the formate dehydrogenase FdhF protein (sensitivity 75.3%, 200 

specificity 97.8%). A comparison of the FdhF protein is shown in Figure 4 (44).  201 
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Figure 3 – Comparison of virulence-related phenotypes between Lineages E (pink) and NE (lilac). 

(A) Lineage E had a larger growth diameter in semi-solid media. (B) Lineage E displayed a lower cell 

aggregation as measured by the difference in OD600 between undisturbed and disturbed broths. (C) 

The semisolid media for all tested strains. C. difficile IS58 (RT 033, dark grey) was used as a negative 

control. All error bars display 95% confidence intervals. 

 

Figure 4 – Truncation of FdhF protein in lineage E. The alignment was produced using Clustal 

Omega version 1.2.4 (44). The highlighted part is the predicted NAD binding site, which absent in the 

protein from lineage E. 
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C. difficile RT 017 strains in Thailand were likely acquired outside of the hospital 202 

Table 3 compares genomes of C. difficile MAR286, the Thai reference genome, with 203 
C. difficile M68. Based on the ANI values (Table 1), Thai C. difficile strains were closest to 204 

C. difficile M68. Using C. difficile M68 as a reference resulted in the longest average mapped 205 
length, significantly longer than C. difficile MAR286, the second closest reference genome 206 
(p < 0.0001). Accordingly, C. difficile M68 was chosen as a reference for the subsequent 207 
analysis. The average number of pairwise cgSNP differences based on C. difficile M68 and 208 
C. difficile MAR286 was 0.49 SNPs (95% CI: 0.44 – 0.54). The difference between C. difficile 209 

strains in this study and the other two reference genomes was more pronounced resulting in a 210 
greater number of pairwise cgSNP differences compared to C. difficile M68: 5.42 SNPs (95% 211 
CI: 5.15 – 5.69) for C. difficile 630 and 9.39 SNPs (95% CI: 9.05 – 9.72) for C. difficile M120. 212 

Table 3 – Comparison of two C. difficile RT 017 reference genomes. 

Parameters M68 MAR286 

Accession FN668375.1 CP072118.1 

Genome size (bp) 4,308,325 4,242,261 

Genes 3,983 3,892 

CDS 3,830 3,761 

rRNA 40 35 

tRNA 109 92 

ncRNA 4 4 

CRISPR array 4 6 

% GC 28.9% 28.8% 

AMR loci ermB (Tn6194) [MLSB],  

tetM (Tn6190) [tetracyclines],  

D426V (GyrB) [fluoroquinolones] 

ermB (Tn6194) [MLSB],  

tetM (Tn916) [tetracyclines] 

Pairwise ANI 99.92% 

 

Using C. difficile M68 as a reference, 308 high-quality cgSNPs were identified across 45 213 

C. difficile strains. The final Bayesian phylogenetic tree is shown in Figure 5. Based on this 214 
phylogeny, 44 C. difficile RT 017 strains, excluding the outlier, could be classified roughly into 215 
three groups: the oldest group (G1, n = 13), most of which were non-MDR C. difficile RT 017, 216 
a group of early MDR C. difficile RT 017 (G2, n = 15) and the most recent and rapidly 217 
expanding clade of MDR C. difficile RT 017 (G3, n = 16). The common ancestor of all Thai 218 

C. difficile RT 017 was estimated to have arisen around 1988 (95%CI: 1949 – 2000). The 219 
common ancestors of the three groups were estimated to have arisen around 1999 (1993 – 220 
2004), 2003 (1995 – 2007) and 2012 (2009 – 2013), respectively. 221 
 Seven small clonal groups (CGs) were identified across the tree (CG1 – CG7 in Figure 222 
5), three of which (CG2, CG5 and CG7) were from different patients who were in the hospital 223 

during the same period, suggesting possible direct patient-patient transmission (red boxes). 224 
Two CGs (CG1 and CG3), and two small CGs in CG5, included strains that were isolated from 225 

the same patients within 2 months, suggesting recurrence CDI (blue boxes). The other two CGs 226 
(CG4 and CG6) included strains isolated from different patients without an obvious 227 
epidemiological link, one of which included strains from two specimens collected 3 years apart, 228 
suggesting contaminations in the hospital environment (red asterisks). The remaining 229 
C. difficile strains were non-clonal.  230 
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Figure 5 – Bayesian tree of 45 Thai C. difficile RT 017. “THP” refers to strains isolated in 2015 and 

“MAR” to strains isolated in 2017 – 2018. Red boxes indicate that the patients were in the same 

department when the strains were isolated. Blue boxes indicated that the strains were isolated from the 

same patient within 2 – 8 weeks. 

Discussion 231 

Despite being one of the most successful strains of C. difficile, very little is known about the 232 

evolution and spread of C. difficile RT 017. This study addresses this knowledge gap using 233 

high-resolution phylogenomic analyses on a comprehensive and diverse dataset of 282 global 234 

C. difficile RT 017 genomes. We found that the population of C. difficile RT 017 can be divided 235 
into two lineages, agreeing with the previous study by Cairns et al (14). However, data 236 
disagrees on the geographical origin of C. difficile RT 017. Our study suggests that C. difficile 237 
RT 017 may have originated in Asia, supporting the epidemiological studies (1), then spread 238 
to Europe and North America. This likely resulted from the inclusion of a few older European 239 
strains (isolated between 1981 and 1985) to reduce the gap in collection years between the two 240 
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continents (p = 0.6745 in this dataset) and a large diversity of Asian strains from 11 countries 241 

and administrative regions. 242 
 Based on the difference in structure, the two lineages of C. difficile RT 017 were 243 
classified as non-epidemic (NE, a small number of strains with little population expansion) and 244 
epidemic (E, a larger number of strains with rapid population expansion) lineages. Although 245 

not exclusively containing strains from one continent, the NE lineage could be divided into 246 
three sublineages predominantly containing strains from Asia, Europe and North America. This 247 
suggests that the spread of C. difficile RT 017 between these continents had occurred since the 248 
end of the 16th century. This roughly coincides with the estimated time of PaLoc acquisition 249 
~500 years ago (45). Sublineages NE1 (Europe) and NE2 (North America) were more closely 250 

related to one another than to sublineage NE3 (Asia). In turn, sublineage NE3 was more closely 251 
related to sublineage NE1 than sublineage NE2, as demonstrated by fewer cgSNP differences 252 
(Table 2).  Thus, the spread of C. difficile RT 017 likely began with population movement 253 
between Asia and Europe (1588, 95% CI: 758 – 1858) before spread from Europe to North 254 
America (1860, 95% CI: 1622 – 1954). The direction of the spread between Asia and Europe 255 

cannot be determined from this analysis, however, based on the high prevalence and diversity 256 
of clade 4 strains in Asia (9-12, 24), it is likely that C. difficile RT 017, as well as other strains 257 

in clade 4, originated in Asia, travelled to Europe and subsequently crossed the Atlantic to 258 
North America. 259 
 Even though C. difficile RT 017 could be found in at least three continents by the end 260 
of the 19th century, the Bayesian analysis suggests that the epidemic lineage E emerged solely 261 

from Asia (sublineage NE3) following the acquisition of ermB-positive Tn6194 in 1958 (95% 262 
CI: 1920 – 1977), before spreading globally in 1970 (95% CI: 1953 – 1983). The time of 263 

acquisition of the ermB element coincides with the introduction of clindamycin into clinical 264 
practice in the 1960s (46). This pattern of spread is similar to C. difficile RT 027, another 265 
epidemic strain that spread in and from North America in the early 2000s (47) driven by the 266 

acquisition of fluoroquinolone resistance in 1993/94 (47), following the widespread use of 267 
levofloxacin for community-acquired pneumonia (48). This provides supporting evidence that 268 

the use of antimicrobials and the acquisition of AMR determinants are significant in the spread 269 

of C. difficile. Although the prevalence of fluoroquinolone and rifamycin resistance was also 270 

high in C. difficile, the widespread resistance across all lineages suggests the independent 271 
acquisition of resistance after the spread of the strain. 272 
 The analyses were first performed on a small dataset of Thai clinical C. difficile RT 017 273 

isolates (n = 45) with complete metadata to evaluate the performance of the pipeline. These 274 
analyses accurately identified four pairs of C. difficile strains isolated from the same patients, 275 

provided good correlations between AMR phenotypes and genotypes (16), as well as AMR 276 
genotypes and cgSNP population structure. When performed on the global dataset (n = 282), 277 
the analyses accurately predicted the emergence of C. difficile M68 (2001 – 2005), a strain 278 

from a 2003 outbreak in Ireland (20). Also, appropriate timelines for the emergence of 279 
Argentinian (1996 – 2000) and Portuguese (2003 – 2011) clusters (42, 49) were estimated, 280 
supporting the accuracy of the analyses. 281 
 Besides the aforementioned AMR genes, the epidemic lineage E was also associated 282 

with the presence of an aminoglycoside resistance locus and a truncated FdhF protein. Being a 283 
strictly anaerobic bacterium, C. difficile is intrinsically resistant to aminoglycosides and the 284 
presence of an additional aminoglycoside-resistance locus is unlikely to have provided any 285 

advantage to the bacterium (50). However, it may suggest that the epidemic strains were from 286 
an area with a high prevalence of aminoglycoside-resistant enteric bacteria, especially 287 
enterococci (51). Formate dehydrogenase is an enzyme involved in the reoxidation of 288 
nicotinamide adenine dinucleotide (NAD) (52). Based on the prediction by the UniProt 289 
database (53), the truncated region is the coiled-coil domain that likely serves as a binding site 290 
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for NAD. Thus the truncated protein is likely non-functional, however, C. difficile has several 291 

pathways for oxidising NAD and the truncated FdhF may not ultimately have any effect on 292 
growth nor virulence (52). Another significant genetic variant associated with lineage E was a 293 
point substitution (W366L) on the diguanylate kinase signalling protein (Table 2). This protein 294 
is involved in the regulation of cyclic dimeric guanosine monophosphate (c-di-GMP) which 295 

plays a role in motility and biofilm formation (40, 43). In our preliminary assessment, strains 296 
from lineage E had increased motility and a decreased level of cell aggregation in vitro. Further 297 
in vivo studies are needed to determine how this change affects the virulence and 298 
transmissibility of the epidemic strains. 299 
 Analyses of the Thai clinical C. difficile strains provided information on disease 300 

transmission in the country that differs from a previous report from the UK (54). The UK study 301 
reported a cluster of closely related C. difficile RT 017 strains in a single hospital in London 302 
that was different to strains from other parts of the city, suggesting an intra-hospital outbreak 303 
(54). In the current study, all Thai strains were isolated in a single tertiary hospital over 4 years 304 
(2015 – 2018), however, most of them were not closely related. Overall, these strains were 305 

more related to C. difficile M68, a strain isolated in Ireland in a different decade (20), than to a 306 
non-epidemic strain from the same hospital. This suggests that the high prevalence of 307 

C. difficile RT 017 in the hospital was not due to an ongoing outbreak. Indeed, evidence of 308 
direct patient-patient transmission could be identified in only a few cases. The remaining cases 309 
acquired C. difficile RT 017 elsewhere, most likely from the community (55, 56). 310 
 This study also demonstrates the effect of reference genome selection on the 311 

downstream analysis (Table 1). The results were comparable when a reference from the same 312 
ST was used (an average of 0.49 SNPs difference, clonality cut-off point of 2 SNPs) (30). 313 

Differences became more pronounced as the reference strain became less related, suggesting 314 
that a reference genome from the same ST should be used to ensure accurate cgSNP results. 315 
With the introduction of ONT, it is now possible to assemble a complete genome of a local 316 

reference strain to maximise the accuracy of cgSNP analysis using a combination of short and 317 
long-read sequences. 318 

 A limitation of this study remained the relatively low number of early C. difficile 319 

RT 017 strains in general and the lack of older strains from Asia. This likely led to some 320 

uncertainty in the estimations, as reflected by wide 95% CIs, especially around the root of the 321 
Bayesian tree. Although it may be difficult to acquire old clinical strains, it may be possible to 322 
get historical strains from other sources. Soil is one promising source for ancient C. difficile, 323 

as it is a reservoir for C. difficile spores and several methods have been developed to measure 324 
the age of the soil (57), which can be used as a substitution for the collection date in a Bayesian 325 

evolutionary analysis. 326 
 In conclusion, C. difficile RT 017 had been circulating between Asia and Europe for 327 
centuries before spreading to North America. The epidemic lineage of C. difficile RT 017 328 

emerged from Asia in the middle of the 20th century following the acquisition of ermB. A 329 
focused investigation of contemporary C. difficile RT 017 in Thailand revealed that the 330 
population was highly diverse and community reservoirs/sources may have played an 331 
important role in the transmission of disease in this country.  332 



13 
 

Acknowledgements 

This work was supported, in part, by funding from The Raine Medical Research Foundation 333 
(RPG002-19) and a Fellowship from the National Health and Medical Research Council 334 

(APP1138257) awarded to D.R.K. and Edith Cowan University School of Medical and Health 335 
Sciences Research Grant Scheme awarded to D.A.C. K.I. is a recipient of the Mahidol 336 
Scholarship from Mahidol University, Thailand. This research used the facilities and services 337 
of the Pawsey Supercomputing Centre [Perth, Western Australia]. 338 

Additional information 

The Supplementary Document is available at DOI: 10.6084/m9.figshare.14544792.  339 

Conflict of interests 

The authors declare that there are no conflicts of interest. 340 

References 341 

1. Imwattana K, Knight DR, Kullin B, Collins DA, Putsathit P, Kiratisin P, et al. Clostridium 342 
 difficile ribotype 017 - characterization, evolution and epidemiology of the dominant strain in 343 
 Asia. Emerg Microbes Infect. 2019;8(1):796-807. 344 
2. Kim J, Kim Y, Pai H. Clinical characteristics and treatment outcomes of Clostridium difficile 345 
 infections by PCR ribotype 017 and 018 strains. PLoS One. 2016;11(12):e0168849. 346 
3. Kim J, Pai H, Seo MR, Kang JO. Clinical and microbiologic characteristics of tcdA-negative 347 
 variant Clostridium difficile infections. BMC Infect Dis. 2012;12:109. 348 
4. Goorhuis A, Debast SB, Dutilh JC, van Kinschot CM, Harmanus C, Cannegieter SC, et al. 349 
 Type-specific risk factors and outcome in an outbreak with 2 different Clostridium difficile 350 
 types simultaneously in 1 hospital. Clin Infect Dis. 2011;53(9):860-9. 351 
5. Imwattana K, Knight DR, Kullin B, Collins DA, Putsathit P, Kiratisin P, et al. Antimicrobial 352 
 resistance in Clostridium difficile ribotype 017. Expert Rev Anti Infect Ther. 2020;18(1):17-353 
 25. 354 
6. Lyerly DM, Saum KE, MacDonald DK, Wilkins TD. Effects of Clostridium difficile toxins 355 
 given intragastrically to animals. Infect Immun. 1985;47(2):349-52. 356 
7. Lyerly DM, Sullivan NM, Wilkins TD. Enzyme-linked immunosorbent assay for Clostridium 357 
 difficile toxin A. J Clin Microbiol. 1983;17(1):72-8. 358 
8. al-Barrak A, Embil J, Dyck B, Olekson K, Nicoll D, Alfa M, et al. An outbreak of toxin A 359 
 negative, toxin B positive Clostridium difficile-associated diarrhea in a Canadian tertiary-care 360 
 hospital. Can Commun Dis Rep. 1999;25(7):65-9. 361 
9. Putsathit P, Maneerattanaporn M, Piewngam P, Kiratisin P, Riley TV. Prevalence and 362 
 molecular epidemiology of Clostridium difficile infection in Thailand. New Microbes New 363 
 Infect. 2017;15:27-32. 364 
10. Imwattana K, Wangroongsarb P, Riley TV. High prevalence and diversity of tcdA-negative 365 
 and tcdB-positive, and non-toxigenic, Clostridium difficile in Thailand. Anaerobe. 2019;57:4-366 
 10. 367 
11. Riley TV, Collins DA, Karunakaran R, Kahar MA, Adnan A, Hassan SA, et al. High 368 
 prevalence of toxigenic and non-toxigenic Clostridium difficile in Malaysia. J Clin Microbiol. 369 
 2018;56(6):e00170-18. 370 
12. Collins DA, Gasem MH, Habibie TH, Arinton IG, Hendriyanto P, Hartana AP, et al. 371 
 Prevalence and molecular epidemiology of Clostridium difficile infection in Indonesia. New 372 
 Microbes New Infect. 2017;18:34-7. 373 
13. Rupnik M, Kato N, Grabnar M, Kato H. New types of toxin A-negative, toxin B-positive 374 
 strains among Clostridium difficile isolates from Asia. J Clin Microbiol. 2003;41(3):1118-25. 375 

https://www.doi.org/10.6084/m9.figshare.14544792


14 
 

14. Cairns MD, Preston MD, Hall CL, Gerding DN, Hawkey PM, Kato H, et al. Comparative 376 
 genome analysis and global phylogeny of the toxin variant Clostridium difficile PCR ribotype 377 
 017 reveals the evolution of two independent sublineages. J Clin Microbiol. 2017;55(3):865-378 
 76. 379 
15. Xu X, Luo Y, Chen H, Song X, Bian Q, Wang X, et al. Genomic evolution and virulence 380 
 association of Clostridioides difficile sequence type 37 (ribotype 017) in China. Emerg 381 
 Microbes Infect. 2021. 382 
16. Imwattana K, Putsathit P, Knight DR, Kiratisin P, Riley TV. Molecular characterization of, 383 
 and antimicrobial resistance in, Clostridioides difficile from Thailand, 2017-2018. Microb 384 
 Drug Resist. 2021. 385 
17. Vernon JJ. Multidrug resistant Clostridioides difficile: the presence of antimicrobial resistance 386 
 Determinants in Historical and contemporaneous isolates, and the impact of fluoroquinolone 387 
 resistance development on PCR ribotype 027 fitness: University of Leeds; 2019. 388 
18. Inouye M, Dashnow H, Raven LA, Schultz MB, Pope BJ, Tomita T, et al. SRST2: Rapid 389 
 genomic surveillance for public health and hospital microbiology labs. Genome Med. 390 
 2014;6(11):90. 391 
19. Knight DR, Squire MM, Collins DA, Riley TV. Genome analysis of Clostridium difficile 392 
 PCR ribotype 014 lineage in Australian pigs and humans reveals a diverse genetic repertoire 393 
 and signatures of long-range interspecies transmission. Front Microbiol. 2016;7:2138. 394 
20. He M, Sebaihia M, Lawley TD, Stabler RA, Dawson LF, Martin MJ, et al. Evolutionary 395 
 dynamics of Clostridium difficile over short and long time scales. Proc Natl Acad Sci U S A. 396 
 2010;107(16):7527-32. 397 
21. Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: Resolving bacterial genome assemblies 398 
 from short and long sequencing reads. PLoS Comput Biol. 2017;13(6):e1005595. 399 
22. Wick RR, Schultz MB, Zobel J, Holt KE. Bandage: interactive visualization of de novo 400 
 genome assemblies. Bioinformatics. 2015;31(20):3350-2. 401 
23. Tatusova T, DiCuccio M, Badretdin A, Chetvernin V, Nawrocki EP, Zaslavsky L, et al. NCBI 402 
 prokaryotic genome annotation pipeline. Nucleic Acids Res. 2016;44(14):6614-24. 403 
24. Imwattana K, Kiratisin P, Riley TV, Knight DR. Genomic basis of antimicrobial resistance in 404 
 non-toxigenic Clostridium difficile in Southeast Asia. Anaerobe. 2020;66:102290. 405 
25. Gupta SK, Padmanabhan BR, Diene SM, Lopez-Rojas R, Kempf M, Landraud L, et al. ARG-406 
 ANNOT, a new bioinformatic tool to discover antibiotic resistance genes in bacterial 407 
 genomes. Antimicrob Agents Chemother. 2014;58(1):212-20. 408 
26. Cingolani P, Platts A, Wang le L, Coon M, Nguyen T, Wang L, et al. A program for 409 
 annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in 410 
 the genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly (Austin). 411 
 2012;6(2):80-92. 412 
27. Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, et al. The variant call 413 
 format and VCFtools. Bioinformatics. 2011;27(15):2156-8. 414 
28. Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD, et al. Rapid 415 
 phylogenetic analysis of large samples of recombinant bacterial whole genome sequences 416 
 using Gubbins. Nucleic Acids Res. 2015;43(3):e15. 417 
29. Eyre DW, Walker AS. Clostridium difficile surveillance: harnessing new technologies to 418 
 control transmission. Expert Rev Anti Infect Ther. 2013;11(11):1193-205. 419 
30. Didelot X, Eyre DW, Cule M, Ip CL, Ansari MA, Griffiths D, et al. Microevolutionary 420 
 analysis of Clostridium difficile genomes to investigate transmission. Genome Biol. 421 
 2012;13(12):R118. 422 
31. Didelot X, Croucher NJ, Bentley SD, Harris SR, Wilson DJ. Bayesian inference of ancestral 423 
 dates on bacterial phylogenetic trees. Nucleic Acids Res. 2018;46(22):e134. 424 
32. Letunic I, Bork P. Interactive Tree Of Life (iTOL) v4: recent updates and new developments. 425 
 Nucleic Acids Res. 2019;47(W1):W256-W9. 426 
33. Argimon S, Abudahab K, Goater RJE, Fedosejev A, Bhai J, Glasner C, et al. Microreact: 427 
 visualizing and sharing data for genomic epidemiology and phylogeography. Microb Genom. 428 
 2016;2(11):e000093. 429 



15 
 

34. Imwattana K, Putsathit P, Leepattarakit T, Kiratisin P, Riley TV. Mild or Malign: Clinical 430 
 Characteristics and Outcomes of Clostridium difficile Infection in Thailand. J Clin Microbiol. 431 
 2020;58(9). 432 
35. Jain C, Rodriguez-R LM, Phillippy AM, Konstantinidis KT, Aluru S. High throughput ANI 433 
 analysis of 90K prokaryotic genomes reveals clear species boundaries. Nat Commun. 2018;9. 434 
36. Knight DR, Imwattana K, Kullin B, Guerrero-Araya E, Paredes-Sabja D, Didelot X, et al. 435 
 Major genetic discontinuity and novel toxigenic species in Clostridioides difficile taxonomy. 436 
 eLife. 2021;10:e64325. 437 
37. Tonkin-Hill G, MacAlasdair N, Ruis C, Weimann A, Horesh G, Lees JA, et al. Producing 438 
 polished prokaryotic pangenomes with the Panaroo pipeline. Genome Biol. 2020;21(1):180. 439 
38. Brynildsrud O, Bohlin J, Scheffer L, Eldholm V. Rapid scoring of genes in microbial pan-440 
 genome-wide association studies with Scoary. Genome Biol. 2016;17(1):238. 441 
39. Tasteyre A, Barc MC, Karjalainen T, Dodson P, Hyde S, Bourlioux P, et al. A Clostridium 442 
 difficile gene encoding flagellin. Microbiology (Reading). 2000;146 ( Pt 4):957-66. 443 
40. Purcell EB, McKee RW, McBride SM, Waters CM, Tamayo R. Cyclic diguanylate inversely 444 
 regulates motility and aggregation in Clostridium difficile. J Bacteriol. 2012;194(13):3307-16. 445 
41. Geric B, Carman RJ, Rupnik M, Genheimer CW, Sambol SP, Lyerly DM, et al. Binary toxin-446 
 producing, large clostridial toxin-negative Clostridium difficile strains are enterotoxic but do 447 
 not cause disease in hamsters. J Infect Dis. 2006;193(8):1143-50. 448 
42. Isidro J, Santos A, Nunes A, Borges V, Silva C, Vieira L, et al. Imipenem resistance in 449 
 Clostridium difficile ribotype 017, Portugal. Emerg Infect Dis. 2018;24(4):741-5. 450 
43. Bordeleau E, Fortier LC, Malouin F, Burrus V. c-di-GMP turn-over in Clostridium difficile is 451 
 controlled by a plethora of diguanylate cyclases and phosphodiesterases. PLoS Genet. 452 
 2011;7(3):e1002039. 453 
44. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li WZ, et al. Fast, scalable generation 454 
 of high-quality protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. 455 
 2011;7. 456 
45. Dingle KE, Elliott B, Robinson E, Griffiths D, Eyre DW, Stoesser N, et al. Evolutionary 457 
 history of the Clostridium difficile pathogenicity locus. Genome Biol Evol. 2014;6(1):36-52. 458 
46. Meyers BR, Kaplan K, Weinstein L. Microbiological and pharmacological behavior of 7-459 
 chlorolincomycin. Appl Microbiol. 1969;17(5):653-7. 460 
47. He M, Miyajima F, Roberts P, Ellison L, Pickard DJ, Martin MJ, et al. Emergence and global 461 
 spread of epidemic healthcare-associated Clostridium difficile. Nat Genet. 2013;45(1):109-13. 462 
48. Lynch JP, 3rd, File TM, Jr., Zhanel GG. Levofloxacin for the treatment of community-463 
 acquired pneumonia. Expert Rev Anti Infect Ther. 2006;4(5):725-42. 464 
49. Goorhuis A, Legaria MC, van den Berg RJ, Harmanus C, Klaassen CH, Brazier JS, et al. 465 
 Application of multiple-locus variable-number tandem-repeat analysis to determine clonal 466 
 spread of toxin A-negative Clostridium difficile in a general hospital in Buenos Aires, 467 
 Argentina. Clin Microbiol Infect. 2009;15(12):1080-6. 468 
50. Khanafer N, Daneman N, Greene T, Simor A, Vanhems P, Samore M, et al. Susceptibilities 469 
 of clinical Clostridium difficile isolates to antimicrobials: a systematic review and meta-470 
 analysis of studies since 1970. Clin Microbiol Infect. 2018;24(2):110-7. 471 
51. Daigle DM, Hughes DW, Wright GD. Prodigious substrate specificity of AAC(6')-APH(2"), 472 
 an aminoglycoside antibiotic resistance determinant in enterococci and staphylococci. Chem 473 
 Biol. 1999;6(2):99-110. 474 
52. Neumann-Schaal M, Jahn D, Schmidt-Hohagen K. Metabolism the difficile way: the key to 475 
 the success of the pathogen Clostridioides difficile. Front Microbiol. 2019;10:219. 476 
53. Bateman A, Martin MJ, Orchard S, Magrane M, Agivetova R, Ahmad S, et al. UniProt: the 477 
 universal protein knowledgebase in 2021. Nucleic Acids Research. 2021;49(D1):D480-D9. 478 
54. Cairns MD, Preston MD, Lawley TD, Clark TG, Stabler RA, Wren BW. Genomic 479 
 epidemiology of a protracted hospital outbreak caused by a toxin A-negative Clostridium 480 
 difficile sublineage PCR ribotype 017 strain in London, England. J Clin Microbiol. 481 
 2015;53(10):3141-7. 482 



16 
 

55. Rodriguez-Palacios A, Stampfli HR, Duffield T, Peregrine AS, Trotz-Williams LA, Arroyo 483 
 LG, et al. Clostridium difficile PCR ribotypes in calves, Canada. Emerg Infect Dis. 484 
 2006;12(11):1730-6. 485 
56. Lim SC, Knight DR, Riley TV. Clostridium difficile and one health. Clin Microbiol Infect. 486 
 2020;26(7):857-63. 487 
57. Bradley RS. Chapter 3 - Dating Methods I. In: Bradley RS, editor. Paleoclimatology. 3rd ed: 488 
 Academic Press; 2015. p. 55-101. 489 

 490 



ww.sciencedirect.com

Journal of Hospital Infection 113 (2021) 44e51
Available online at w
Journal of Hospital Infection

journal homepage: www.elsevier .com/locate/ jhin
Clostridioides difficile colonization and infection in a
cohort of Australian adults with cystic fibrosis

A.S. Tai a,b,c,y, P. Putsathit d,y, L. Eng b, K. Imwattana b, D.A. Collins d,
S. Mulrennan a,b,c, T.V. Riley b,d,e, f, *

aWestern Australia Adult Cystic Fibrosis Centre, Department of Respiratory Medicine, Sir Charles Gairdner Hospital, Queen
Elizabeth II Medical Centre, Nedlands, WA, Australia
b School of Biomedical Sciences, Faculty of Health and Medical Sciences, The University of Western Australia, Queen Elizabeth II
Medical Centre, Nedlands, WA, Australia
c Institute for Respiratory Health, The Harry Perkins Institute ofMedical Research, Queen Elizabeth II Medical Centre, Nedlands,WA, Australia
d School of Medical and Health Sciences, Edith Cowan University, Joondalup, WA, Australia
eMedical, Molecular and Forensic Sciences, Murdoch University, Murdoch, WA, Australia
fDepartment of Microbiology, PathWest Laboratory Medicine, Queen Elizabeth II Medical Centre, Nedlands, WA, Australia
A R T I C L E I N F O

Article history:
Received 27 January 2021
Accepted 12 March 2021
Available online 26 March 2021

Keywords:
Clostridioides difficile
Cystic fibrosis
Epidemiology
Risk factors
* Corresponding author. Address: 2nd Floor
Australia. Tel.: þ61 8 6457 3690.

E-mail address: thomas.riley@uwa.edu.au
y These authors contributed equally to this

https://doi.org/10.1016/j.jhin.2021.03.018
0195-6701/ª 2021 The Healthcare Infection S
S U M M A R Y

Background: Little is knownaboutClostridioides difficile infection (CDI) inpatientswith cystic
fibrosis (CF). The aim of this study was to investigate the prevalence, molecular epidemiology
and risk factors for CDI in asymptomatic and symptomatic adults with CF in Western Australia.
Methods: Faecal samples from symptomatic and asymptomatic patients were pro-
spectively collected and tested for the presence of C. difficile by toxigenic culture.
Ribotyping was performed by established protocols. Logistic regression analysis was per-
formed to analyse the risk factors for C. difficile colonization and infection. Extensive
environmental sampling was performed within the CF clinic in Perth.
Results: The prevalence rates of asymptomatic toxigenic and non-toxigenic C. difficile colo-
nization were 30% (14/46 patients) and 24% (11/46 patients), respectively. Fifteen ribotypes
(RTs) of C. difficile were identified, of which non-toxigenic RT 039 was the most common.
Among the symptomatic patients, the prevalence of toxigenic CDI was 33% (11/33 patients).
Impaired glucose tolerance/diabetes mellitus and duration of intravenous antibiotic use in the
past 12 months were significantly associated with increased risk of asymptomatic toxigenic
C. difficile carriage and CDI. A trend towards higher CF transmembrane conductance regulator
modulator treatmentwas observed in theCDI group. Extensive environmental sampling showed
no evidence of toxigenic C. difficile contamination within the CF clinic.
Conclusions: A high prevalence of asymptomatic carriage of toxigenic C. difficile was
observed in adults with CF, comparable with that observed in the symptomatic CF pop-
ulation. There was no evidence of direct person-to-person transmission.
ª 2021 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
J Block PathWest Laboratory Medicine, Queen Elizabeth II Medical Centre, Nedlands 6009, WA,

(T.V. Riley).
work.

ociety. Published by Elsevier Ltd. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhin.2021.03.018&domain=pdf
mailto:thomas.riley@uwa.edu.au
www.sciencedirect.com/science/journal/01956701
http://www.elsevier.com/locate/jhin
https://doi.org/10.1016/j.jhin.2021.03.018
https://doi.org/10.1016/j.jhin.2021.03.018
https://doi.org/10.1016/j.jhin.2021.03.018


A.S. Tai et al. / Journal of Hospital Infection 113 (2021) 44e51 45
Introduction

Clostridioides difficile is a ubiquitous, Gram-positive,
spore-forming, anaerobic organism capable of producing up
to three toxins (A, B and binary) or being non-toxigenic.
C. difficile is an important opportunistic hospital pathogen
that causes C. difficile infection (CDI) which usually manifests
as diarrhoea. Antimicrobial exposure, recent hospitalization,
use of a proton pump inhibitor (PPI), immunosuppression, stem
cell transplantation in haematological malignancies and solid
organ transplantation are important predisposing factors for
CDI [1]. Of concern, there has also been a global increase in the
incidence of community-associated CDI amongst otherwise
healthy individuals [2,3]. The spectrum of clinical pre-
sentations associated with CDI can range from mild diarrhoea
to severe life-threatening pseudomembranous colitis (PMC),
toxic megacolon, sepsis and death. C. difficile colonization has
been reported in 0e15% of healthy adults [4,5] and 5e25% of
hospitalized individuals [6]. A particularly high prevalence of
asymptomatic C. difficile carriage has been reported in indi-
viduals with cystic fibrosis (CF) (22e50%) [7e10].

CF affects multiple organ systems including the lungs and
gastrointestinal tract. Individuals with CF experience recurrent
pulmonary exacerbations which require prolonged use of
antimicrobials, often with hospitalization. These anti-
microbials alter the composition of the gut microbiota,
increasing the risk of CDI [7,8]. CDI in patients with CF can
result in substantial morbidity and mortality, particularly in the
post-transplant period [11e13]. Despite recognition of the high
prevalence of asymptomatic C. difficile colonization in
patients with CF, systematic screening is not recommended
[14]. The prevalence andmolecular epidemiology of C. difficile
colonization and infection in Australian adults with CF is
unclear, as is the contribution of asymptomatic carriage to
healthcare environment contamination or transmission.

This study aimed to identify the features of CDI in individ-
uals attending an Australian tertiary CF centre, and to assess
potential environmental C. difficile contamination in the CF
centre.

Methods

C. difficile surveillance in asymptomatic individuals

A prospective, cross-sectional study was performed at the
Western Australian adult CF centre at Sir Charles Gairdner
Hospital in Perth. This centre currently provides tertiary CF
care for more than 180 adults. Consecutive individuals
attending the centre were recruited prospectively between
June 2017 and April 2019. Individuals who had previous lung
transplantation(s) were excluded. Following human research
ethics committee approval, informed consent was obtained,
and individuals provided at least one fresh stool sample after
study entry. To calculate the sample size required to achieve
10% precision and 90% confidence, the average prevalence of
C. difficile carriage was assumed to be 40% [15]. For the pop-
ulation size attending the CF centre (N¼180), the required
sample size was 48.

C. difficile was cultured and identified from faecal samples
as described previously [16]. C. Diff Quik Chek Complete
(Abbott, Princeton, NJ, USA) was used in accordance with the
manufacturer’s instructions. In-house polymerase chain reac-
tion (PCR) assays were performed on C. difficile isolates to
determine the presence of toxins A and B (tcdA and tcdB), and
binary (cdtA and cdtB) toxin genes, and ribotyping was per-
formed [17]. Strains that did not match an internationally
recognised ribotype (RT) were assigned internal nomenclature
(prefixed ‘QX’ or ‘PWCE’).

C. difficile testing in symptomatic individuals

During the study period, all individuals presenting to the CF
clinic with abdominal symptoms including abdominal cramps,
nausea, vomiting and/or diarrhoea were tested for C. difficile
as per routine clinical care. Stool samples were screened for
the presence of C. difficile tcdB using the BD MAX C. difficile
assay (BD Diagnostics, Grayson, GA, USA) in the Enteric Labo-
ratory of PathWest Laboratory Medicine [17]. Any PCR-positive
samples were cultured for C. difficile and isolates were ribo-
typed. Test results and patient clinical parameters were
reviewed retrospectively.

CDI case definition

CDI, as defined by the Australasian Society of Infectious
Diseases guidelines, includes clinical features suggestive of CDI
(diarrhoea, ileus, toxic megacolon) with either microbiological
evidence of toxin-producing C. difficile or PMC demonstrated
on colonoscopy [14].

Environmental sampling

Extensive environmental surveillance was performed in
both inpatient and outpatient areas of the CF clinic as fol-
lows. In outpatient areas, surface samples were collected
from desks, chairs, beds, trolleys, window ledges, tap han-
dles, floors, door handles and toilet seats in the examination
rooms and communal areas. In the inpatient ward, environ-
mental samples were taken from patient rooms and com-
munal areas including three single rooms, communal staff
workstations and communal areas of the inpatient ward.
Surface sampling of the buttons and handrails of the com-
mon hospital elevator leading to the ward was done. Further
samples were taken from pulse oximeters, blood pressure
cuffs, stethoscopes and intravenous (IV) poles. All surfaces
were swabbed with Polywipe sponges (Medical Wire and
Equipment, Corsham, UK) over the entire surface of small
items, and a 40 by 40 cm square of larger surfaces. The
sponges were placed individually into sterile plastic bags and
stored at 4oC before processing as described previously [18].
Briefly, each sponge was added to a Stomacher bag (Col-
worth, London, UK) containing 25 mL of phosphate buffered
saline and homogenized in Stomacher 400 (Colworth) for 30
s. A volume of 100 mL was then plated directly on to
C. difficile ChromID agar (bioMérieux, Marcy l’Etoile,
France) and spread with a sterile hockey-stick spreader. In
addition, to maximize recovery of C. difficile, the remainder
of the sponge washing (24.9 mL) was concentrated by cen-
trifugation (3000 g for 10 min), the supernatant was dis-
carded and the pellet was resuspended in 200 mL of
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remaining liquid. Half of this volume was plated directly on
ChromID and the other half was added to an enrichment
broth containing gentamicin (5 mg/L), cycloserine (200 mg/
L) and cefoxitin (10 mg/L). Broths were incubated at 37�C
for 14 days before being shocked with an equal volume of
alcohol (for spore selection) and plated on to ChromID. All
plates were processed as described previously [16]. If
C. difficile was not isolated after direct culture, cen-
trifugation or enrichment, the samples were considered
negative. The limit of detection was �1 colony-forming unit
per plate [18].
Statistical analysis

All statistical analyses were performed using SPSS (IBM
Corp., Armonk, NY, USA). Chi-squared test or Fisher’s exact
test was used for between-group comparisons of categorical
variables. For analysis of categorical variables where more
than two groups were involved, post-hoc pairwise comparison
between subgroups was performed using Bonferroni’s correc-
tion. The ManneWhitney U-test was used for between-group
comparison of continuous parameters. A P-value �0.05 was
Table I

Clinical characteristics of 46 asymptomatic and 33 symptomatic patien

Clinical characteristics

Age (years)
Sex (male)
FEV1%
Body mass index (kg/m2)
CFTR mutations

Homozygous DF508
Heterozygous DF508
Other

On CFTR modulator therapy
Pancreatic insufficiency
CF-related IGT/DM
CF-related liver diseases
Total number of days on IVAb in the past 12 months
Total number of hospitalization-days in the past 12 months
Total number of courses of IVAb in the past 12 months
Daily macrolide therapy
Daily use of proton pump inhibitor
On IVAb treatment for PEx
On oral Ab treatment for PEx
On inhaled/nebulized Ab treatment for PEx

Colistin
Tobramycin
Other

Not on any Ab therapyb

On probiotic

FEV1%, forced expiratory volume in 1 s expressed as a percentage of for
regulator; CF, cystic fibrosis; IGT/DM, impaired glucose tolerance/diabetes
a Twelve asymptomatic patients become symptomatic during the course

tomatic and symptomatic columns.
b At the time of sample donation.
c Median (standard deviation).
d Percentages of asymptomatic patients who were on inhaled/nebulized
e Percentages of symptomatic patients who were on inhaled/nebulized A
considered to indicate significance. Logistic regression analysis
was performed to examine the association between C. difficile
asymptomatic carriage and clinical parameters identified as
significant by Chi-squared test or ManneWhitney U-test.
Ethics statement

This study was approved by the Human Research Ethics
Committee of Sir Charles Gairdner and Osborne Park Health
Group (2016-11).
Results

Over the study period, 66 individuals were tested during
symptomatic or asymptomatic periods, or both.
Asymptomatic C. difficile carriage

Forty-six asymptomatic individuals were enrolled and pro-
vided at least one sample during the study. In total, 66 stool
samples were collected [median 1, range 1e5 sample(s)/
tsa

No. (%) patients unless otherwise specified

Asymptomatic (N¼46) Symptomatic (N¼33)

30.1 (11.3)c 30.2 (9.2)c

26 (56.5%) 15 (45.5%)
63.1 (22.8)c 55.4 (19)c

23.1 (3.5)c 21.3 (3.3)c

29 (63.0%) 18 (54.5%)
14 (30.4%) 10 (30.3%)
3 (6.5%) 5 (15.2%)

10 (21.7%) 10 (30.3%)
40 (87.0%) 26 (78.8%)
12 (26.1%) 11 (33.3%)
33 (71.7%) 21 (63.6%)

15.0 (30.9)c 23.0 (25.6)c

2.0 (23.1)c 12.6 (14.0)c

1.0 (1.7)c 1.5 (1.6)c

30 (65%) 24 (72.7%)
11 (23.9%) 7 (21.2%)
15 (32.6%) 20 (60.6%)
7 (15.2%) 8 (24.2%)

19 (41.3%) 9 (27.3%)
5 (26.3%)d 2 (22.2%)e

13 (68.4%)d 7 (77.8%)e

1 (2.2%)d 0 (0%)e

5 (10.9%) 12 (36.4)
4 (8.7%) 3 (9.1%)

ced vital capacity; CFTR, cystic fibrosis transmembrane conductance
mellitus; IV, intravenous; Ab, antibiotic; PEx, pulmonary exacerbation.
of the study. Data from these patients were included in both asymp-

Ab (N¼19).
b (N¼9).
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patient]. Patient clinical characteristics are summarized in
Table I.

Overall, 32/66 (48%) stool samples from 22/46 (48%) indi-
viduals grew C. difficile, yielding 33 C. difficile isolates (one
sample contained two strains) (Table S1, see online
supplementary material). Thirty-four stools from 24 patients
did not grow C. difficile. Among C. difficile carriers, toxigenic
C. difficile strains were identified in 18/32 samples (56%) from
14/22 (64%) individuals (Table S1, see online supplementary
material). Of these 18 samples containing toxigenic
C. difficile by culture, 10 were GDH positive and none were
positive for toxins with the C. Diff Quik Chek Complete assay.
The overall prevalence of asymptomatic toxigenic C. difficile
carriage was 30% (14/46).

Molecular typing revealed 15 RTs amongst the 33 isolates
tested (Tables S1 and S2, see online supplementary material).
The most common toxigenic RTs were 046 (AþBþCDT-, N¼4),
RTs 012 (AþBþCDT-, N¼3), 014 (AþBþCDT-, N¼2) and 020
(AþBþCDT-, N¼2) (Table S1, see online supplementary
material). Five of 11 toxigenic RTs were shared amongst small
clusters of unrelated individuals (N¼2e3) (Table S1, see online
supplementary material). Amongst the four non-toxigenic (A-B-
CDT-) RTs identified, RT 039 (N¼10) was the most common,
identified in seven patients. Of interest, one asymptomatic
patient (CF22) was co-colonized with both a toxigenic RT 020
and a non-toxigenic RT 010 strain at the same time (Table S2,
see online supplementary material).

CDI in symptomatic individuals

Fifty-nine samples from 33 symptomatic individuals were
submitted for C. difficile testing as part of routine care, of
which 13 (22%) were tcdB positive from 11 (33%) individuals.
The incidence of CDI in the CF clinic population was 34 cases
per person-year. RT data were available from eight of 13
C. difficile isolates, confirming eight toxigenic RTs (Table S1,
see online supplementary material). These individuals were
treated with antimicrobials for CDI with symptomatic
improvement. Patient clinical characteristics are summarized
in Table I.

Within-person C. difficile strain changes

Twenty-two individuals had serial samples collected over
time (median follow-up time 154 days; range 3e616 days), of
whom 13 (59%) had C. difficile detected in at least one sample
(Table S3, see online supplementary material). Of these 13
patients, four (31%) were transiently colonized and became
C. difficile culture negative without clinical intervention
(CF27, CF50, CF52, CF56), while nine (69%) showed persistent
C. difficile colonization or infection (CF05, CF08, CF14, CF29,
CF36, CF37, CF42, CF44, CF46). Within-person strain changes
were noted in four of nine (44%) persistently colonized indi-
viduals (Table S3, see online supplementary material).

Risk factors of asymptomatic C. difficile carriage

The association between clinical variables and asympto-
matic C. difficile carriage was assessed (Table II). Asympto-
matic C. difficile carriers had significantly higher prevalence
rates of impaired glucose tolerance/diabetes mellitus (IGT/
DM) (46% vs 8%; P¼0.005) and PPI use (41% vs 8%; P¼0.02); they
also had longer periods of IV antibiotic use (42�36 days vs 0�11
days; P¼0.001) and hospitalization (13�29 days vs 0�4 days;
P¼0.002) over the previous 12 months than non-colonized
patients (Table II). Logistic regression analysis showed that
IGT/DM [odds ratio 11.71, 95% confidence interval (CI)
1.73e79.2; P¼0.02] and IV antibiotic use (relative risk 1.06;
95% CI 1.06e1.11; P¼0.05) were significant risk factors for
asymptomatic C. difficile carriage.

Clinical features in CDI cases, asymptomatic toxigenic
C. difficile carriers and non-carriers

Significant differences in the prevalence of IGT/DM
(P¼0.005), duration of IV antibiotic use (P¼0.006) and length of
hospital stay (P¼0.020) were observed between the three
groups (Table III). In post-hoc analysis, non-carriers were less
likely to have IGT/DM and had a shorter duration of IV antibiotic
use than the other groups (P<0.05), and asymptomatic carriers
had a longer hospital stay than the other groups (P<0.05).
There was a trend towards higher prevalence of CF trans-
membrane conductance regulator (CFTR) modulator use in the
CDI group (P¼0.05, Table III).

C. difficile in environmental samples

Overall, 177 environmental swabs were collected from the
inpatient and outpatient facilities of the CF centre (Tables S4
and S5, see online supplementary material). C. difficile was
identified in six of 177 (3%) samples, including one of 90 (1%)
samples from an outpatient toilet and five of 87 (6%) samples
from inpatient rooms (Tables S4 and S5, see online
supplementary material). All six isolates were non-toxigenic;
five were identified as RT 010 and one as RT 038.

Discussion

This study identified high prevalence (30%) of toxigenic
C. difficile carriage in asymptomatic adults with CF in Western
Australia, comparable with previous reports [10,19]. Notably,
patients presenting with abdominal symptoms had prevalence
of toxigenic C. difficile (33%) similar to asymptomatic individ-
uals. Molecular typing demonstrated diverse strain types within
the patient cohort, with no evidence of person-to-person
transmission. Longitudinal sampling in a subset of patients
further demonstrated rapid within-person strain turnover.

Environmental contamination caused by C. difficile shed-
ding from asymptomatic carriers is comparable to shedding
from those with CDI [20]. Given that C. difficile spores are
particularly difficult to kill, specific protocols for terminal
room cleaning are often implemented in confirmed CDI cases
within health care; however, without systematic screening,
asymptomatic carriers may introduce and disseminate
C. difficile within the healthcare environment. Reassuringly,
extensive environmental sampling in the authors’ CF clinic
showed no evidence of significant healthcare-environment
contamination.

The high prevalence of asymptomatic C. difficile carriage in
CF may be attributable to the interaction of CF-specific host
factors and the environment. The CF gut microbiome has lower
species diversity and temporal stability than healthy pop-
ulations [21e24]. Frequent antimicrobial exposure,



Table II

Association of clinical variables with asymptomatic Clostridioides difficile colonization

Clinical characteristics C. difficile culture status

No. (%) patients unless otherwise specified

P-value

Negative (N¼24) Positive (N¼22)

Age (years) 26.9 (11.9)a 32.7 (11.1)a 0.80
Sex (male) 16 (66.7%) 10 (45.5%) 0.20
FEV1% 71.2 (24.5)a 55.3 (17.9)a 0.09
Body mass index (kg/m2) 23.6 (2.8)a 22.1 (4.0)a 0.30
On CFTR modulator therapy 4 (16.7%) 6 (27.3%) 0.50
Pancreatic insufficiency 20 (83.3%) 20 (90.9%) 0.70
CF-related IGT/DM 2 (8.3%) 10 (45.5%) 0.005
CF-related liver diseases 17 (70.8%) 16 (72.7%) 1.00
Total number of days on IVAb in the past 12 months 0.0 (10.6)a 42.0 (36.0)a 0.001
Total number of hospitalization-days in the past 12 months 0.0 (4.1)a 12.5 (28.5)a 0.002
Macrolide therapy 17 (70.8%) 13 (59.1%) 0.50
On proton pump inhibitor 2 (8.3%) 9 (40.9%) 0.02
On IVAb treatment 7 (29.2%) 8 (36.4%) 0.50
On oral Ab treatment 4 (16.7%) 3 (13.6%) 1.00
On inhaled colistin 1 (4.2%) 4 (18.2%) 0.20
On inhaled tobramycin 6 (25.0%) 7 (31.8%) 0.70
On probiotic 1 (4.2%) 2 (9.1%) 0.60

FEV1%, forced expiratory volume in 1 s expressed as a percentage of forced vital capacity; CFTR, cystic fibrosis transmembrane conductance
regulator; CF, cystic fibrosis; IGT/DM, impaired glucose tolerance/diabetes mellitus; IV, intravenous; Ab, antibiotic.
a Median (standard deviation).

Table III

Clinical features of symptomatic toxigenic Clostridioides difficile carriers (CDI group), asymptomatic toxigenic C. difficile carriers
(asymptomatic group) and asymptomatic patients who tested negative for C. difficile (non-carrier group)

Clinical characteristics Groups

No. (%) patients unless otherwise specified

P-value

CDI (N¼11) Asymptomatic (N¼10)a Non-carrier (N¼24)

Age (years) 34.8 (8.7)b 32.7 (7.8)b 26.9 (11.9)b 0.80
Sex (male) 5 (45.5%) 6 (60.0%) 16 (66.7%) 0.50
FEV1% 56.1 (21.6)b 53.5 (17.8)b 71.1 (24.5)b 0.20
Body mass index (kg/m2) 21.4 (3.7)b 21.7 (5.0)b 23.6 (2.8)b 0.70
On CFTR modulator therapy 6 (54.5%) 2 (20.0%) 4 (16.7%) 0.05
Pancreatic insufficiency 10 (90.9%) 9 (90.0%) 20 (83.3%) 0.80
CF-related IGT/DM 6 (54.5%) 5 (50.0%) 2 (8.3%) 0.005c

CF-related liver diseases 6 (54.5%) 7 (70.0%) 17 (70.8%) 0.60
Total number of days on IVAb in the past 12 months 34.0 (36.6)b 29.0 (30.8)b 0.0 (10.6)b 0.006d

Total number of hospitalization-days in the past 12 months 12.0 (16.8)b 12.5 (27.8)b 0.0 (4.2)b 0.020e

Macrolide therapy 7 (63.6%) 7 (70.0%) 17 (70.8%) 0.90
On proton pump inhibitor 3 (27.3%) 3 (30.0%) 2 (8.3%) 0.20
On IVAb treatment 4 (36.4%) 2 (20.0%) 7 (29.2%) 0.40
On oral Ab treatment 4 (36.4%) 0 (0.0%) 2 (8.3%) 0.20
On inhaled colistin 0 (0.0%) 2 (20.0%) 1 (4.2%) 0.10
On inhaled tobramycin 4 (36.4%) 4 (40.0%) 6 (25.0%) 0.60
On probiotic 3 (27.3%) 0 (0.0%) 3 (12.5%) 0.20

FEV1%, forced expiratory volume in 1 s expressed as a percentage of forced vital capacity; CFTR, cystic fibrosis transmembrane conductance
regulator; CF, cystic fibrosis; IGT/DM, impaired glucose tolerance/diabetes mellitus; IV, intravenous; Ab, antibiotic.
a Of the 14 patients identified as asymptomatic toxigenic C. difficile carriers, four subsequently developed CDI, were excluded from the

asymptomatic group and were included in the CDI group.
b Median (standard deviation).
c IGT/DM was significantly less common in the non-carrier group than the other groups (P<0.05) in the post-hoc pairwise analysis.
d Total number of days on IVAb was significantly lower in the non-carrier group than the other groups (P<0.05) in the post-hoc pairwise analysis.
e Total number of hospitalization-days was significantly higher in the asymptomatic group than the other groups (P<0.05) in the post-hoc pairwise

analysis.
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gastrointestinal inflammation [23,25], increased faecal fat
content [23] and CFTR dysfunction [21,22,26,27] contribute to
gut dysbiosis in patients with CF and are potential risk factors
for C. difficile colonization and infection. This study showed
significantly higher prevalence of IGT/DM and longer duration
of IV antibiotic use amongst asymptomatic toxigenic C. difficile
carriers and CDI cases compared with non-colonized patients
(P<0.05).

Despite high rates of C. difficile colonization, the incidence
of CDI in patients with CF remains relatively low. This may be
due to protective humoral immunity as a result of chronic
C. difficile colonization. Interestingly, individuals with CF are
less likely to experience infectious diarrhoea caused by other
organisms (e.g. cholera). Atypical CDI presentations in CF are
potentially attributable to secretory dysfunction within the
gastrointestinal tract associated with CFTR mutation
[11,13,28]. Rapid advances in CFTR modulator therapy (iva-
caftor, lumacaftor/ivacaftor, tezacaftor/ivacaftor and elex-
acaftor/tezacaftor/lumacaftor) [29e31] have led to
substantial improvement in pulmonary and extrapulmonary
outcomes in patients with CF [32e34]. Amongst individuals
harbouring the gating mutation G551D, treatment with iva-
caftor resulted in a significant reduction in gastrointestinal
inflammation and modification of the gut microbiota [27]. As
CFTR modulator therapy improves lung disease, the anti-
microbial treatment burden in CF will likely decrease corre-
spondingly. It is unclear if CFTR modulator therapy might
normalize the risk of C. difficile carriage or alter the clinical
presentation of CDI. This study found a trend towards higher
CFTR modulator use within the CDI group compared with the
asymptomatic toxigenic C. difficile carriers and the non-carrier
group. Postulated explanations for this observation include
that restoration of the secretory defect of the gastrointestinal
epithelial cells by CFTR modulators also normalizes the gut
response to C. difficile toxin, resulting in secretory diarrhoea.
Alternatively, it could be attributable to treatment bias of
CFTR modulators for patients with more severe disease. During
the study period, ivacaftor was authorized under the Pharma-
ceutical Benefits Scheme for all Australians harbouring gating
CFTR mutations (e.g. G551D), whilst lumacaftor/ivacaftor
(Orkambi) was only available to patients with more severe
disease. It is possible that greater antimicrobial treatment in
this patient subset results in greater risk of CDI. Future larger
scale studies are required to study the impact of CFTR modu-
lators on the CF gut microbiome and risk of C. difficile colo-
nization and CDI.

One issue highlighted by the present study is the need for
more specific diagnostic tests for CDI in patients with CF.
Recent Australian guidelines recommend that CDI should be
suspected in any hospitalized patient who develops diarrhoea,
or anyone in the community who develops diarrhoea after a
course of antimicrobials or in association with immunosup-
pressive therapy [14]. Whilst diarrhoea is the cardinal symptom
for CDI in the non-CF population, atypical presentation of
serious CDI without diarrhoea has been documented in the CF
population [11,13]. Such atypical presentations can lead to
delays in diagnosis and treatment, resulting in substantial
morbidity and mortality, warranting a lower or different
threshold of testing for CDI in symptomatic persons with CF.
The present results showed comparable prevalence of toxi-
genic C. difficile amongst asymptomatic (30%) and sympto-
matic (33%) individuals. Abdominal symptoms are common in
patients with CF and can be related to a wide range of infective
or non-infective causes. During the study period, clinical
diagnostic testing for toxigenic C. difficile relied primarily on
PCR detection of C. difficile toxin genes, which provides no
information on the presence of C. difficile toxin. Enteric viru-
ses (e.g. norovirus) were also not screened for routinely and, as
such, testing lacked specificity. Due to these limitations, there
is a move towards incorporating C. difficile toxin testing in the
CF clinical diagnostic protocol. Whilst the current guidelines
suggest cessation of other antimicrobials during CDI treatment,
this is not usually feasible during CF pulmonary exacerbations
given the severity of sepsis and multi-drug-resistant airway
organisms. Thus, C. difficile treatment (metronidazole or
vancomycin) is usually co-administered with broad-spectrum
antimicrobials to mitigate the potential severity of untreated
CDI during ongoing antimicrobial exposure.

Earlier studies on C. difficile in CF either adopted a retro-
spective review of CDI cases or a cross-sectional approach to
assess the point prevalence of C. difficile colonization. The
relationship between transient passage, chronic colonization
and development of CDI in patients with CF remains poorly
understood. Within-person C. difficile population diversity,
strain changes and their correlation with clinical status remains
unclear. The present study included a longitudinal component
where a subset of individuals (22/66) had serial samples tested.
For the first time, rapid within-person C. difficile strain turnover
before, during and after CDI was observed. This rapid within-
host strain turnover raises the possibility of: (i) pre-existing
co-infections; (ii) ‘a battle of the strains’ during antimicrobial
treatment; or (iii) replacement by an exogenous strain during
antimicrobial treatment. Further studies employing an in-depth
sampling or a metagenomics approach are required to provide a
comprehensive view of C. difficile population dynamics and
behaviour during antimicrobial perturbation.

Apart from CF-specific host factors, the local environment is
also important. Within Western Australia, toxigenic C. difficile
have been detected in pigs, vegetables, compost and public
lawns [35]. Molecular typing of C. difficile in the present study
demonstrated a heterogeneous population amongst asympto-
matic carriers, comprising 15 RTs. The most prevalent, non-
toxigenic RT (RT 039) has been detected in Australia (50), but
not in Western Australia [36,37]. The predominance of RT 039
within the local CF cohort was therefore somewhat unexpected.
Common toxigenic RTs identified within asymptomatic carriers
have been identified in both Australia and overseas [37e39]. Of
interest, toxigenic RT 017, which is endemic in Asia and has
emerged recently in Australia, was also isolated [40,41]. To
better understand the relationship between C. difficile isolated
from patients with CF and the environment, further study using
whole-genome sequencing is required.

Limitations of this study include the differences in methods
of C. difficile detection between asymptomatic and sympto-
matic individuals. Second, only a subset of patients provided
longitudinal samples, and the correlation between within-
person strain changes and the impact on clinical status
remains unclear. Third, limitation in sampling depth with one
isolate/sample might underestimate within-host C. difficile
strain diversity. Whilst previous studies showed that co-
infection of C. difficile strains affected only 5e15% of indi-
viduals, the prevalence of co-infection in the CF population
remains unknown.
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In conclusion, this study demonstrated a high prevalence of
asymptomatic carriage of toxigenic C. difficile in an Australian
adult CF population but, reassuringly, showed no evidence of
cross-infection or healthcare facility contamination. IGT/DM
and longer IV antibiotic use were significantly associated with
asymptomatic toxigenic C. difficile colonization and CDI. Rapid
within-person turnover of C. difficile strains was observed
before, during and after CDI. Whilst previous studies suggested
that colonization with non-toxigenic C. difficile is protective
against CDI development, this was not observed in the present
study. These observations highlight the complex interplay
between antimicrobials, host immune system, gut microbiome
and C. difficile virulence in shaping CDI development, which is
further complicated by CF. Given the prevalence of C. difficile
in patients with CF, modified C. difficile screening, diagnostic
and treatment guidelines tailored to the CF population are
needed to improve test specificity, optimize infection control
and avoid overtreatment. The impact of CFTR modulators on
the risk of C. difficile colonization and CDI remains unclear and
warrants future larger scale studies.
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Clostridioides difficile is a bacterium of great public health 
importance, responsible for half of the hospital-acquired gas-
trointestinal infections in Europe [1], as well as approximately 
13,000 deaths and losses of one billion dollars in healthcare- 
related costs annually in the United States [2]. Genome 
sequencing and the rapidly growing field of genomics are 
transforming clinical medicine [3]. Although genomics has 
greatly enhanced our understanding of the epidemiology of 
C. difficile infection (CDI) and transmission pathways of 
C. difficile [4–6], widespread implementation of sequencing in 
the diagnosis and management of CDI remains limited, per-
haps due to the logistical requirements for diagnostic labora-
tories to generate and analyze sequence data [7], as well as 
the relatively slow turnaround time compared to current diag-
nostic tests: toxin enzyme immunoassays (EIAs) and real-time 
toxin gene PCRs [8]. However, the availability of newer high- 
throughput benchtop platforms, the development of user- 
friendly long-read technologies (such as Oxford Nanopore 
Technology, ONT) and open access semi-automated bioinfor-
matics pipelines, including pipelines for metagenomic analysis 
[9], have made sequencing faster, cheaper and more accessi-
ble than ever. Clinician access to C. difficile sequence data 
should start to impact the efficacy of CDI management, as 
has been shown for other infections [7].

Two sequencing approaches can be helpful in the manage-
ment of CDI: whole-genome sequencing (WGS) and metage-
nomic sequencing (MGS). WGS involves the sequencing of 
genomic DNA from a pure bacterial culture. This provides 
detailed information on the causative pathogen, including all 
virulence and antimicrobial resistance loci [7]. MGS is the 
sequencing of all DNA directly from a specimen, providing 
sequence data for not only DNA of the pathogen of interest 
but also other micro-organisms inhabiting the specimen. 
Through MGS, the genome of the causative pathogen can 
also be obtained (metagenome-assembled genome, MAG), 
although genome resolution may not be as high as that 
acquired from WGS [10].

There are currently two major problems related to CDI: the 
initial diagnosis of disease and the effective management of 

recurrences. It has now been more than 40 years since 
C. difficile was shown to cause pseudomembranous colitis 
and controversy about the diagnosis of CDI still exists [11]. 
Methods for testing patients at risk for C. difficile fall into two 
groups: (1) tests that detect the organism itself, such as toxi-
genic culture, glutamate dehydrogenase detection, and 
nucleic acid amplification tests (NAATs) that detect the toxin 
genes; and (2) tests that detect free toxins, such as cell culture 
cytotoxicity neutralization assays (CCCNAs) and enzyme 
immunoassays (EIAs). Toxigenic culture and CCCNA are both 
regarded as ‘gold standard’ tests, although they are rarely 
performed due to the lengthy turnaround time. Half of the 
diagnostic laboratories in the US rely solely on NAATs [12]. The 
usefulness of sequencing in the diagnosis of CDI is also limited 
due to the long turnaround time. However, MGS is 
a promising approach to increase the accuracy of CDI diag-
nosis in difficult cases. Also, if culture is performed in these 
cases, WGS can help identify divergent virulence loci that may 
be missed by the conventional methods [13,14]. For the man-
agement of recurrences, the long turnaround time is not 
a problem and WGS can provide much additional information 
that can help clinicians adjust treatment to achieve the best 
outcomes.

One problem with the diagnosis of CDI is that both toxi-
genic and non-toxigenic strains of C. difficile can be found 
colonizing the colon of healthy individuals. Thus, it can be 
difficult to distinguish between mild CDI and another cause 
for diarrhea with C. difficile colonization [15]. For this, several 
studies have demonstrated differences in the microbiota pro-
file between patients with CDI and healthy individuals [16], 
information that can be provided using MGS. Furthermore, the 
species C. difficile comprises a diverse population, consisting of 
at least eight phylogenetic clades, three of which are known 
as cryptic clades that have diverged from the majority of 
C. difficile strains [17]. A few members of these cryptic clades 
can cause disease in humans [14]. These strains harbor toxin 
genes that may not be detectable by conventional methods 
[13,14]. Using WGS, the presence of divergent toxin genes can 
be confirmed. Although ultimately, these divergent strains of 
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C. difficile may be reclassified at either the species or genus 
level, currently they still need to be considered in any diag-
nostic algorithm [18]. Thus, sequencing can help distinguish 
mild CDI from colonization, as well as detect cases that may be 
otherwise missed by current diagnostic approaches, for exam-
ple, in cases where the fecal toxin/toxin gene detection results 
do not correlate with the clinical data and thus require 
C. difficile culture as a confirmation test.

After successful treatment of an initial CDI episode, around 
20% of patients develop at least one recurrence, and 70% of 
patients who have had one recurrence are likely to have 
multiple recurrences [19]. Recurrent CDI is often more severe 
and harder to treat than the initial episode [19]. Thus, several 
therapeutic options have been developed to treat recurrent 
CDI and prevent further recurrences, including non- 
antimicrobial therapy such as fecal microbiota transplantation 
(FMT) and targeted therapy such as with the monoclonal anti-
body bezlotoxumab [20,21]. Although these approaches 
already have high efficacy in the treatment and prevention 
of recurrent CDI, sequence data can improve the effectiveness 
of these methods.

FMT is currently the best approach for the reinstitution of 
healthy gut microbiota, although it involves administration of 
fecal material to the patient from a different healthy individual 
and thus comes with several potential side effects and risks 
[20]. One in particular is the risk of transmitting pathogens to 
the recipient. A contemporaneous example is a concern over 
the possible transmission of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) through FMT [22]. MGS 
provides a metagenomic profile for each patient, allowing 
the specification of depleted commensal species, which then 
leads to the possibility of targeted microbiota transplantation. 
Instead of using the whole fecal content, the recipient can be 
administered only beneficial bacterial species shown to be 
deficient in their metagenomic profile [23], reducing the risks 
from conventional FMT. Furthermore, the metagenomic profile 
after FMT, or targeted microbiota transplantation, can help 
predict the success of the procedure [24].

Currently, one targeted therapy has been approved for the 
prevention of recurrent CDI [21]. Bezlotoxumab targets 
a specific region of the toxin B receptor-binding domain [25] 
and greatly reduces CDI recurrences [26], though its efficacy 
may be limited. In the initial study, bezlotoxumab was effec-
tive against toxin B produced by C. difficile VPI 10463 (toxino-
type 0) [25], however, more recent data suggest that toxin 
B structure is highly diverse [27] and bezlotoxumab may have 
varying efficacy against different toxin B types [28]. Thus, 
information regarding the toxin B type should help predict 
the effectiveness of bezlotoxumab. As sequencing becomes 
available for the routine investigation of CDI, it should be 
possible to predict which patient is likely to develop 
a recurrence based on the metagenomic profile after initial 
treatment, and which approach, FMT or bezlotoxumab or any 
other targeted therapy, is likely to be the most efficacious in 
preventing such recurrences.

Beyond individual patients, WGS data can help with infection 
prevention and control within a healthcare facility. In addition to 
standard multilocus sequence typing (MLST), WGS can also pro-
vide gene-by-gene or allele-based typing of the core genome 

(cgMLST) and whole-genome (wgMLST) [29]. Combined with 
commercial analysis software (BioNumerics and Ridom 
SeqSphere) and an open-source database (EnteroBase), these 
approaches provide greater discrimination than conventional 
PCR-based or enzymatic restriction-based typing tools, but also 
offer portability and standardized nomenclature [30]. WGS- 
based typing can thus identify patients who are infected with 
epidemic C. difficile strains or strains that are multi-drug resistant 
[5,6], which can then lead to appropriate patient isolation and 
decontamination of the environment. Surveillance of genotypic 
AMR prevalence can also determine which antimicrobial is likely 
to trigger a CDI outbreak in the hospital, and proper manage-
ment can be implemented to mitigate the risk [31]. This should 
greatly reduce CDI burden, both clinically and economically.

In conclusion, WGS enables targeted and personalized man-
agement of CDI. The metagenomic profile obtained from MGS 
allows a more accurate differentiation between CDI and C. difficile 
colonization, as well as providing information on targeted micro-
biome-based therapy, an improved version of the current FMT 
approach. Information on bacterial virulence loci derived from 
WGS may predict the effectiveness of toxin-based therapy. At the 
hospital level, WGS can greatly improve infection prevention and 
control practices. While the application of various sequencing 
approaches in infectious diseases generally, and CDI specifically, 
has been much slower than in other areas of medicine [3,32,33], 
the field is moving forward and these recent advances should 
ensure that WGS becomes part of mainstream infectious diseases 
diagnosis and management, particularly for CDI.
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Universidad de Costa Rica, San José, Costa Rica; 12Department of Microbiology,
PathWest Laboratory Medicine, Queen Elizabeth II Medical Centre, Nedlands,
Australia; 13School of Medical and Health Sciences, Edith Cowan University,
Joondalup, Australia

Abstract Clostridioides difficile infection (CDI) remains an urgent global One Health threat. The

genetic heterogeneity seen across C. difficile underscores its wide ecological versatility and has

driven the significant changes in CDI epidemiology seen in the last 20 years. We analysed an

international collection of over 12,000 C. difficile genomes spanning the eight currently defined

phylogenetic clades. Through whole-genome average nucleotide identity, and pangenomic and

Bayesian analyses, we identified major taxonomic incoherence with clear species boundaries for

each of the recently described cryptic clades CI–III. The emergence of these three novel

genomospecies predates clades C1–5 by millions of years, rewriting the global population structure

of C. difficile specifically and taxonomy of the Peptostreptococcaceae in general. These

genomospecies all show unique and highly divergent toxin gene architecture, advancing our

understanding of the evolution of C. difficile and close relatives. Beyond the taxonomic

ramifications, this work may impact the diagnosis of CDI.
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Introduction
The bacterial species concept remains controversial, yet it serves as a critical framework for all

aspects of modern microbiology (Doolittle and Papke, 2006). The prevailing species definition

describes a genomically coherent group of strains sharing high similarity in many independent phe-

notypic and ecological properties (Konstantinidis et al., 2006). The era of whole-genome sequenc-

ing (WGS) has seen average nucleotide identity (ANI) replace DNA-DNA hybridisation as the next-

generation standard for microbial taxonomy (Wayne et al., 1987; Ciufo et al., 2018). Endorsed by

the National Center for Biotechnology Information (NCBI) (Ciufo et al., 2018), ANI provides a pre-

cise, objective, and scalable method for delineation of species, defined as monophyletic groups of

strains with genomes that exhibit at least 96% ANI (Jain et al., 2018; Richter and Rosselló-Móra,

2009).

Clostridioides (Clostridium) difficile is an important gastrointestinal pathogen that places a signifi-

cant growing burden on health-care systems in many regions of the world (Guh et al., 2020). In

both its 2013 (Centers for Disease Control and Prevention, 2013) and 2019 (Centers for Disease

Control and Prevention, 2019) reports on antimicrobial resistance (AMR), the US Centers for Dis-

ease Control and Prevention rated C. difficile infection (CDI) as an urgent health threat, the highest

level. Community-associated CDI has become more frequent (Guh et al., 2020) and is linked to

sources of C. difficile in animals and the environment (Lim et al., 2020). Thus, over the last two deca-

des, CDI has emerged as an important One Health issue (Lim et al., 2020).

Based on multi-locus sequence type (MLST), there are eight recognised monophyletic groups or

‘clades’ of C. difficile (Knight et al., 2015). Strains within these clades show many unique clinical,

microbiological, and ecological features (Knight et al., 2015). Critical to the pathogenesis of CDI is

the expression of the large clostridial toxins, TcdA and TcdB, and, in some strains, binary toxin

(CDT), encoded by two separate chromosomal loci, the PaLoc and CdtLoc, respectively

(Chandrasekaran and Lacy, 2017). Clade 1 (C1) contains over 200 toxigenic and non-toxigenic

sequence types (STs) including many of the most prevalent strains causing CDI worldwide,

for example, ST2, ST8, and ST17 (Knight et al., 2015). Several highly virulent CDT-producing strains,

including ST1 (PCR ribotype [RT] 027), a lineage associated with major hospital outbreaks in North

America, Europe, and Latin America (He et al., 2013), are found in clade 2 (C2). Comparatively little

is known about clade 3 (C3), although it contains ST5 (RT 023), a toxigenic CDT-producing strain

with characteristics that may make laboratory detection difficult (Shaw et al., 2020). C. difficile ST37

(RT 017) is found in clade 4 (C4) and, despite the absence of a toxin A gene, is responsible for much

of the endemic CDI burden in Asia (Imwattana et al., 2019). Clade 5 (C5) contains several CDT-pro-

ducing strains including ST11 (RTs 078, 126, and others), which are highly prevalent in production

animals worldwide (Knight et al., 2019). The remaining so-called ‘cryptic’ clades (C-I, C-II, and C-III),

first described in 2012 (Dingle et al., 2014; Didelot et al., 2012), contain over 50 STs from clinical

and environmental sources (Dingle et al., 2014; Didelot et al., 2012; Janezic et al., 2016; Ramirez-

Vargas and Rodriguez, 2020; Ramı́rez-Vargas et al., 2018). The evolution of the cryptic clades is

poorly understood. Clade C-I strains can cause CDI; however, due to atypical toxin gene architec-

ture, they may not be detected, thus their prevalence may have been underestimated (Ramı́rez-

Vargas et al., 2018).

There are over 600 STs currently described, and some STs may have access to a gene pool of

more than 10,000 genes (Knight et al., 2015; Knight et al., 2019; Knight et al., 2016). Considering

such enormous diversity, and recent contentious taxonomic revisions (Lawson et al., 2016;

Oren and Rupnik, 2018), we hypothesise that C. difficile comprises a complex of distinct species

divided along the major evolutionary clades. In this study, whole-genome ANI, and pangenomic and

Bayesian analyses are used to explore an international collection of over 12,000 C. difficile genomes,

to provide new insights into ancestry, genetic diversity, and evolution of pathogenicity in this enig-

matic pathogen.
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Results

An updated global population structure based on sequence typing of
12,000 genomes
We obtained and determined the ST and clade for a collection of 12,621 C. difficile genomes (taxid

ID 1496, Illumina data) existing in the NCBI Sequence Read Archive (SRA) as of 1 January 2020. A

total of 272 STs were identified spanning the eight currently described clades, indicating that the

SRA contains genomes for almost 40% of known C. difficile STs worldwide (n = 659, PubMLST,

Figure 1. Composition of C. difficile genomes in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA). Snapshot

obtained 1 January 2020; 12,304 strains (taxid ID 1496). (A) Top 40 most prevalent sequence types (STs) in the NCBI SRA coloured by clade. (B) The

proportion of genomes in SRA by clade. (C) Number/proportion of STs per clade found in the SRA/present in the PubMLST database. (D) Annual and

cumulative deposition of C. difficile genome data in SRA.
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January 2020). C1 STs dominated the database in both prevalence and diversity (Figure 1) with 149

C1 STs comprising 57.2% of genomes, followed by C2 (35 STs, 22.9%), C5 (18 STs, 10.2%), C4 (34

STs, 7.5%), C3 (7 STs, 2.0%), and the cryptic clades C-I, C-II, and C-III (collectively 17 STs, 0.2%). The

five most prevalent STs represented were ST1 (20.9% of genomes), ST11 (9.8%), ST2 (9.5%), ST37

(6.5%), and ST8 (5.2%), all prominent lineages associated with CDI worldwide (Knight et al., 2015).

Figure 2 shows an updated global C. difficile population structure based on the 659 STs; 27 novel

STs were found (an increase of 4%) and some corrections to assignments within C1 and C2 were

made, including assigning ST122 (Knetsch et al., 2012) to C1. Based on PubMLST data and boot-

straps values of 1.0 in all monophyletic nodes of the cryptic clades (Figure 2), we could confidently

assign 25, 9, and 10 STs to cryptic clades I, II, and III, respectively. There remained 26 STs spread

Figure 2. C. difficile population structure. (A) Neighbor joining phylogeny of 659 aligned, concatenated, multilocus sequence-type (MLST) allele

combinations coloured by current PubMLST clade assignment. Black bars indicate whole-genome sequencing (WGS) available for average nucleotide

identity (ANI) analysis (n = 260). (B) A subset of the tree showing cryptic clades C-I, C-II, and C-III. Again, black bars indicate WGS available for ANI

analysis (n = 17).
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across the phylogeny that did not fit within a specific clade (defined as outliers). The full MLST data

and tree file for Figure 2 are available as Supplementary files 1a–d and 2 at http://doi.org/10.

6084/m9.figshare.12471461. Representative genomes of each ST present in the SRA were chosen

based on metadata, read depth, and assembly quality. This resulted in a final dataset of 260 STs

(C1, n = 149; C2, n = 35; C3, n = 7; C4, n = 34; C5, n = 18; C-I, n = 12; C-II, n = 3; C-III, n = 2) used

for all subsequent bioinformatics analyses. The list of representative genomes is available in

Supplementary file 1b.

Whole-genome ANI analysis reveals clear species boundaries
Whole-genome ANI analyses were used to investigate genetic discontinuity across the C. difficile

species (Figure 3 and Supplementary file 1f). Whole-genome ANI values were determined for the

final set of 260 STs using three independent ANI algorithms (FastANI, ANIm, and ANIb; see

Materials and methods). All 225 STs belonging to clades C1–4 clustered within an ANI range of

97.1–99.8% (median FastANI values of 99.2, 98.7, 97.9%, and 97.8%, respectively; Figure 3A–C).

These ANI values are above the 96% species demarcation threshold used by the NCBI

(Ciufo et al., 2018) and indicate that strains from these clades belong to the same species. ANI val-

ues for all 18 STs belonging to C5 clustered on the borderline of the species demarcation threshold

(FastANI range 95.9–96.2%, median 96.1%). ANI values for all three cryptic clades fell well below the

species threshold; C-I (FastANI range 90.9–91.1%, median 91.0%), C-II (FastANI range 93.6–93.9%,

median 93.7%), and C-III (FastANI range 89.1–89.1%, median 89.1%). All results were corroborated

across the three independent ANI algorithms (Figure 3A–C). C. difficile strain ATCC 9689 (ST3, C1)

was defined by Lawson et al. as the type strain for the species (Lawson et al., 2016) and used as a

reference in all the above analyses. To better understand the diversity among the divergent clades

themselves, FastANI analyses were repeated using STs 11, 181, 200, and 369 as reference arche-

types of clades C5, C-I, C-II, and C-III, respectively. This approach confirmed that C5 and the three

cryptic clades were as distinct from each other as they were collectively from C1–4 (Figure 3D–G).

Taxonomic placement of cryptic clades predates C. difficile emergence
by millions of years
Previous studies using BEAST have estimated the common ancestor of C1–5 existed between 1 to

85 or 12 to 14 million years ago (mya) (He et al., 2010; Kumar et al., 2019). Here, we used an alter-

native Bayesian approach, BactDating, to estimate the age of all eight C. difficile clades currently

described. The last common ancestor for C. difficile clades C1–5 was estimated to have existed

between 1.11 and 6.71 mya. In contrast, all three cryptic clades were estimated to have emerged

millions of years prior to the common ancestor of C1–5 (Figure 4). Independent analysis with BEAST,

using a smaller core gene dataset (see Materials and methods), provided temporal estimates of

clade emergence that were of the same order of magnitude and, importantly, supported the same

branching order for all clades (Figure 4).

Next, to identify their true taxonomic placement, ANI was determined for ST181 (C-I), ST200 (C-

II), and ST369 (C-III) against two reference datasets. The first dataset comprised 25 species belong-

ing to the Peptostreptococcaceae as defined by Lawson et al., 2016 in their 2016 reclassification of

Clostridium difficile to Clostridioides difficile. The second dataset comprised 5895 complete

genomes across 21 phyla from the NCBI RefSeq database (accessed 14 January 2020), including

1366 genomes belonging to Firmicutes, 92 genomes belonging to 15 genera within the Clostri-

diales, and 18 Clostridium and 2 Clostridioides species. The nearest ANI matches to species within

the Peptostreptococcaceae dataset were C. difficile (range 89.3–93.5% ANI), Asaccharospora irregu-

laris (78.9–79.0% ANI), and Romboutsia lituseburensis (78.4–78.7% ANI). Notably, Clostridioides

mangenotii, the only other known member of Clostridioides, shared only 77.2–77.8% ANI with the

cryptic clade genomes (Table 1).

Similarly, the nearest ANI matches to species within the RefSeq dataset were several C. difficile

strains (range C-I: 90.9–91.1%; C-II: 93.4–93.6%; and C-III: 89.2–89.4%) and Paeniclostridium sordellii

(77.7–77.9%). A low ANI (range �70–75%) was observed between the cryptic clade genomes and 20

members of the Clostridium including Clostridium tetani, Clostridium botulinum, Clostridium perfrin-

gens, and Clostridium butyricum, the type strain of the Clostridium genus senso stricto. An updated

ANI-based taxonomy for the Peptostreptococcaceae is shown in Figure 5A. The phylogeny places
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Figure 3. Species-wide average nucleotide identity (ANI) analysis. Panels (A–C) show ANI plots for sequence type (ST)3 (C1) vs. all clades (260 STs)

using FastANI, ANIm, and ANIb algorithms, respectively. Panels (D–G) show ANI plots for ST11 (C5), ST181 (C-I), ST200 (C-II), and ST369 (C-III) vs. all

clades (260 STs), respectively. National Center for Biotechnology Information species demarcation of 96% indicated by red dashed line (Ciufo et al.,

2018).
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C-I, C-II, and C-III between C. mangenotii and C. difficile C1–5, suggesting that they should be

assigned to the Clostridioides genus, distinct from both C. mangenotii and C. difficile. Comparative

analysis of ANI and 16S rRNA values for the eight C. difficile clades and C. mangenotii shows signifi-

cant incongruence between the data generated by the two approaches (Figure 5B). The range of

16S rRNA % similarity between C. difficile C1–4, cryptic clades I–III, and C. mangenotii was narrower

(range 94.5–100) compared to the range of ANI values (range 77.8–98.7). Curiously, C. mangenotii

and C. difficile shared 94.5–94.7% similarity in 16S rRNA sequence identity, yet only 77.8–78.2%

ANI, indicating that they should not even be considered within the same genus, as proposed by

Lawson et al., 2016.

We also extended our approach to five other medically important clostridia available on the NCBI

database; C. botulinum (n = 783), C. perfringens (n = 358), Clostridium sporogenes (n = 100), C. tet-

ani (n = 32), and P. sordellii (formerly Clostridium sordellii, n = 46). We found that three out of the

five species (C. perfringens, C. sporogenes, and C. botulinum) showed evidence of taxonomic

Figure 4. Bayesian analysis of species and clade divergence. BactDating and BEAST estimates of the age of major

C. difficile clades. Node dating ranges for both Bayesian approaches are transposed onto an maximum-likelihood

phylogeny built from concatenated multi-locus sequence type (MLST) alleles of a dozen sequence types (STs) from

each clade. Archetypal STs in each evolutionary clade are indicated. The tree is midpoint rooted, and bootstrap

values are shown (all bootstrapping values of the cryptic clade branches are 100%). Scale bar indicates the number

of substitutions per site. BactDating estimates the median time of the most recent common ancestor of C1–5 at

3.89 million years ago (mya) (95% credible interval [CI], 1.11–6.71 mya). Of the cryptic clades, C-II shared the most

recent common ancestor with C1–5 (13.05 mya, 95% CI 3.72–22.44 mya), followed by C-I (22.02 mya, 95% CI 6.28–

37.83 mya) and C-III (47.61 mya, 95% CI 13.58–81.73 mya). Comparative temporal estimates from BEAST show the

same order of magnitude and support the same branching order (clades C1–5 [12.01 mya, 95% CI 6.80–33.47

mya]; C-II [37.12 mya, 95% CI 20.95–103.48 mya]; C-I [65.93 mya, 95% CI 37.32–183.84 mya]; C-III [142.13 mya, 95%

CI 79.77–397.18 mya]).
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discontinuity similar to that observed for C. difficile (e.g., a proportion of strains with pairwise ANI

below the 96% demarcation threshold). This was most notable for C. sporogenes and C. botulinum,

where there were many sequenced strains with a pairwise ANI below 90% (8% and 31% of genomes,

respectively, Supplementary file 1i).

Evolutionary and ecological insights from the C. difficile species
pangenome
Next, we sought to quantify the C. difficile species pangenome and identify genetic loci that are sig-

nificantly associated with the taxonomically divergent clades. With Panaroo, the C. difficile species

pangenome comprised 17,470 genes, encompassing an accessory genome of 15,238 genes and a

core genome of 2232 genes, just 12.8% of the total gene repertoire (Figure 6). The size of the pan-

genome reduced by 2082 genes with the exclusion of clades CI-III, and a further 519 genes with the

exclusion of C5. Compared to Panaroo, Roary overestimated the size of the pangenome (32,802

genes, 87.7% overestimation), resulting in markedly different estimates of the percentage core

genome, 3.9% and 12.8%, respectively (c2 = 1395.3, df = 1, p<0.00001). The overestimation of pan-

genome was less pronounced when the identity threshold was decreased to 90% (42.0%

Table 1. Whole-genome ANI analysis of cryptic clades vs. 25 Peptostreptococcaceae species from

Lawson et al., 2016.

Species NCBI accession

ANI %

ST181
(C-I)

ST200
(C-II)

ST369
(C-III)

Clostridioides difficile (ST3) AQWV00000000.1 91.11 93.54 89.30

Asaccharospora irregularis NZ_FQWX00000000 78.94 78.87 78.91

Romboutsia lituseburensis NZ_FNGW00000000.1 78.51 78.36 78.66

Romboutsia ilealis LN555523.1 78.45 78.54 78.44

Paraclostridium benzoelyticum NZ_LBBT00000000.1 77.92 77.71 78.14

Paraclostridium bifermentans NZ_AVNC00000000.1 77.89 77.89 78.06

Clostridioides mangenotii GCA_000687955.1 77.82 77.84 78.15

Paeniclostridium sordellii NZ_APWR00000000.1 77.73 77.59 77.86

Clostridium hiranonis NZ_ABWP01000000 77.52 77.42 77.59

Terrisporobacter glycolicus NZ_AUUB00000000.1 77.47 77.53 77.53

Intestinibacter bartlettii NZ_ABEZ00000000.2 77.29 77.52 77.48

Clostridium paradoxum NZ_LSFY00000000.1 76.60 76.65 76.93

Clostridium thermoalcaliphilum NZ_MZGW00000000.1 76.49 76.61 76.85

Tepidibacter formicigenes NZ_FRAE00000000.1 76.41 76.47 76.38

Tepidibacter mesophilus NZ_BDQY00000000.1 76.38 76.44 76.22

Tepidibacter thalassicus NZ_FQXH00000000.1 76.34 76.31 76.46

Peptostreptococcus russellii NZ_JYGE00000000.1 76.30 76.08 76.38

Clostridium formicaceticum NZ_CP020559.1 75.18 75.26 75.62

Clostridium caminithermale FRAG00000000 74.97 75.07 75.03

Clostridium aceticum NZ_JYHU00000000.1 �70.00 �70.00 �70.00

Clostridium litorale FSRH01000000 �70.00 �70.00 �70.00

Eubacterium acidaminophilum NZ_CP007452.1 �70.00 �70.00 �70.00

Filifactor alocis NC_016630.1 �70.00 �70.00 �70.00

Peptostreptococcus anaerobius ARMA01000000 �70.00 �70.00 �70.00

Peptostreptococcus stomatis NZ_ADGQ00000000.1 �70.00 �70.00 �70.00

NCBI: National Center for Biotechnology
Information; ANI: average nucleotide
identity: ST: sequence type.
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overestimation) and the paralogs were merged (28.7% overestimation). Panaroo can account for

errors introduced during assembly and annotation, thus polishing the 260 Prokka-annotated

genomes with Panaroo resulting in a significant reduction in gene content per genome (median

Figure 5. Revised taxonomy for the Peptostreptococcaceae. (A) Average nucleotide identity (ANI)-based minimum evolution tree showing evolutionary

relationship between 8 C. difficile ‘clades’ along with 17 members of the Peptostreptococcaceae (from Lawson et al., 2016) as well as Clostridium

butyricum as the outgroup and type strain of the Clostridium genus senso stricto. To convert the ANI into a distance, its complement to 1 was taken.

(B) Matrices showing pairwise ANI and 16S rRNA values for the eight C. difficile clades and C. mangenotii (Cm), the only other known member of

Clostridioides.
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2.48%; 92 genes, range 1.24–12.40%; 82–107 genes, p<0.00001). The C. difficile species pange-

nome was determined to be open (Tettelin et al., 2005; Figure 6).

Pangenome-Wide Association Study (Pan-GWAS) analysis with Scoary revealed 142 genes with

significant clade specificity. Based on KEGG orthology, these genes were classified into four func-

tional categories: environmental information processing, genetic information processing, metabo-

lism, and signalling and cellular processes. We identified several uniquely present, absent, or

organised gene clusters associated with ethanolamine catabolism (C-III), heavy metal uptake (C-III),

Figure 6. Clostridioides difficile species pangenome. (A) Pan and core genome estimates for all 260 sequence types (STs), clades C1–4 (n = 242 STs)

and clades C1–5 (n = 225 STs). (B) The difference in % core genome and pangenome sizes with Panaroo and Roary algorithms. * indicates c2 p<0.00001

and ** indicates c2 p=0.0008. (C) The proportion of retained genes per genome after polishing Prokka-annotated genomes with Panaroo. (D) The total

number of genes in the pan (grey) and core (black) genomes is plotted as a function of the number of genomes sequentially added (n = 260). Following

the definition of Tettelin et al., 2005., the C. difficile species pangenome showed characteristics of an ‘open’ pangenome. First, the pangenome

increased in size exponentially with sampling of new genomes. At n = 260, the pangenome exceeded more than double the average number of genes

found in a single C. difficile genome (~3700) and the curve was yet to reach a plateau or exponentially decay, indicating more sequenced strains are

needed to capture the complete species gene repertoire. Second, the number of new ‘strain-specific’ genes did not converge to zero upon sequencing

of additional strains, at n = 260, an average of 27 new genes were contributed to the gene pool. Finally, according to Heap’s law, a values of �1 are

representative of open pangenome. Rarefaction analysis of our pangenome curve using a power-law regression model based on Heap’s law

(Tettelin et al., 2005) showed the pangenome was predicted to be open (Bpan [ » a (Tettelin et al., 2005) = 0.47], curve fit, r2 = 0.999). (E) Presence-

absence variation (PAV) matrix for 260 C. difficile genomes is shown alongside a maximum-likelihood phylogeny built from a recombination-adjusted

alignment of core genes from Panaroo (2232 genes, 2,606,142 sites).
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polyamine biosynthesis (C-III), fructosamine utilisation (C-I, C-III), zinc transport (C-II, C5), and folate

metabolism (C-I, C5). A summary of the composition and function of these major lineage-specific

gene clusters is given in Table 2, and a comparative analysis of their respective genetic architecture

can be found in Supplementary file 1l.

Cryptic clades CI-III possessed highly divergent toxin gene architecture
Overall, 68.8% (179/260) of STs harboured tcdA (toxin A) and/or tcdB (toxin B), the major virulence

factors in C. difficile, while 67 STs (25.8%) harboured cdtA/cdtB (binary toxin). The most common

genotype was A+B+CDT- (113/187; 60.4%), followed by A+B+CDT+ (49/187; 26.2%), A-B+CDT+ (10/

187; 5.3%), A-B-CDT+ (8/187; 4.3%), and A-B+CDT- (7/187; 3.7%). Toxin gene content varied across

clades (C1, 116/149, 77.9%; C2, 35/35, 100.0%; C3, 7/7, 100.0%; C4, 6/34, 17.6%; C5, 18/18,

100.0%; C-I, 2/12, 16.7%; C-II, 1/3, 33.3%; C-III, 2/2, 100.0%) (Figure 7).

Critically, at least one ST in each of clades C-I, C-II, and C-III harboured divergent tcdB (89–94%

identity to tcdBR20291) and/or cdtAB alleles (60–71% identity to cdtAR20291, 74–81% identity to

cdtBR20291). These genes were located on atypical and novel PaLoc and CdtLoc structures flanked by

mediators of lateral gene transfer (Figure 7). STs 359, 360, 361, and 649 (C-I), 637 (C-II), and 369 (C-

III) harboured ‘monotoxin’ PaLocs characterised by the presence of syntenic tcdR, tcdB, and tcdE,

and complete absence of tcdA and tcdC. In STs 360 and 361 (C-I), and 637 (C-II), a gene encoding

an endolysin with predicted N-acetylmuramoyl-L-alanine amidase activity (cwlH) was found adjacent

to the phage-derived holin gene tcdE.

Remarkably, a full CdtLoc was found upstream of the PaLoc in ST369 (C-III). This CdtLoc was

unusual, characterised by the presence of cdtB, two copies of cdtA, two copies of cdtR and xerC

encoding a site-specific tyrosine recombinase (Figure 7). Both ST644 (C-I) and ST343 (C-III) were

CdtLoc-positive but PaLoc-negative (A-B-CDT+). In ST649 (C-I), cdtR was completely absent, and in

ST343 (C-III), the entire CdtLoc was contained within the genome of a 56 kbp temperate bacterio-

phage termed FSemix9P1 (Riedel et al., 2017). Toxin regulators TcdR and CdtR are highly con-

served across clades C1–5 (Ramı́rez-Vargas et al., 2018). In contrast, the CdtR of STs 644 (C-I), 343

(C-III), and 369 (C-III) shared only 46–54% amino acid identity (AAI) with CdtR of strain R20291 from

clade 2 and ~40% AAI to each other. Similarly, the TcdR of ST 369 shared only 82.1% AAI compared

to R20291 (Supplementary file 1m).

Compared to TcdB of R20291 (TcdBR20291), the shared AAI for TcdBST649_C-I, TcdBST637_C-II, and

TcdBST369_C-III were 94.0, 90.5, and 89.4%, respectively. This sequence heterogeneity was confirmed

through the detection of five distinct HincII/AccI digestion profiles of tcdB B1 fragments possibly

reflecting novel toxinotypes (Supplementary file 1n). TcdB phylogenies identified clade C2 as the

most recent common ancestor for TcdBST649_C-I (Figure 7). Phylogenetic subtyping analysis of the

TcdB receptor-binding domain (RBD) showed the respective sequences in C-I, C-II, and C-III clus-

tered with tcdB alleles belonging to virulent C2 strains (Supplementary file 1o). Notably, the TcdB-

RBD of ST649 (C-I) shared an AAI of 93.5% with TcdB-RBD allele type 8 belonging to hypervirulent

STs 1 (RT027) (He et al., 2013) and 231 (RT251) (Hong et al., 2019). Similarly, the closest match to

TcdB-RBDs of ST637 (C-II) and ST369 (C-III) was allele type 10 (ST41, RT244, C2) (Eyre et al., 2015).

Discussion
Through phylogenomic analysis of the largest and most diverse collection of C. difficile genomes to

date, we identified major incoherence in C. difficile taxonomy, provide the first WGS-based phylog-

eny for the Peptostreptococcaceae, and provide new insight into intra-species diversity and evolu-

tion of pathogenicity in this major One Health pathogen.

Our analysis found high nucleotide identity (ANI >97%) between C. difficile clades C1–4, indicat-

ing that strains from these four clades (comprising 560 known STs) belong to the same species. On

the other hand, ANI between C5 and C1–4 is on the borderline of the accepted species threshold

(95.9–96.2%). This degree of speciation likely reflects the unique ecology of C5 – a lineage compris-

ing 33 known STs, which is well established in non-human animal reservoirs worldwide and associ-

ated with CDI in the community setting (Knight and Riley, 2019). Conversely, we identified major

taxonomic incoherence among the three cryptic clades and C1–5, evident by ANI values (compared

to ST3, C1) far below the species threshold (~91%, C-I; ~94%, C-II; and ~89%, C-III). Similar ANI value

differences were seen between the cryptic clades themselves, indicating that they are as divergent
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Table 2. Major clade-specific gene clusters identified by Pangenome-Wide Association Study (pan-GWAS).

Protein Gene Clade specificity Functional insights

Ethanolamine kinase ETNK, EKI

Unique to C-III and is in addition to the

highly conserved eut cluster found in

all lineages. Has a unique composition

and includes six additional genes that

are not present in the traditional

CD630 eut operon or any other non-C-

III strains.

An alternative process for the

breakdown of ethanolamine and its

utilisation as a source of reduced

nitrogen and carbon.

Agmatinase speB

1-propanol dehydrogenase pduQ

Ethanolamine utilisation protein EutS eutS

Ethanolamine utilisation protein EutP eutP

Ethanolamine ammonia-lyase large subunit eutB

Ethanolamine ammonia-lyase small subunit eutC

Ethanolamine utilisation protein EutL eutL

Ethanolamine utilisation protein EutM eutM

Acetaldehyde dehydrogenase E1.2.1.10

Putative phosphotransacetylase K15024

Ethanolamine utilisation protein EutN eutN

Ethanolamine utilisation protein EutQ eutQ

TfoX/Sxy family protein -

Iron complex transport system permease protein ABC.FEV.P

Unique to C-III.

Multicomponent transport system with

specificity for chelating heavy metal

ions.

Iron complex transport system ATP-binding protein ABC.FEV.A

Iron complex transport system substrate-binding protein ABC.FEV.S

Hydrogenase nickel incorporation protein HypB hypB

Putative ABC transport system ATP-binding protein yxdL

Class I SAM-dependent methyltransferase -

Peptide/nickel transport system substrate-binding protein ABC.PE.S

Peptide/nickel transport system permease protein ABC.PE.P

Peptide/nickel transport system permease protein ABC.PE.P1

Peptide/nickel transport system ATP-binding protein ddpD

Oligopeptide transport system ATP-binding protein oppF

Class I SAM-dependent methyltransferase -

Heterodisulfide reductase subunit D (EC:1.8.98.1) hdrD

Unique to C-III and is in addition to the

highly conserved spermidine uptake

cluster found in all other lineages.

Alternative spermidine uptake

processes that may play a role in stress

response to nutrient limitation. The

additional cluster has homologs in

Romboutsia, Paraclostridium, and

Paeniclostridium spp.

CDP-L-myo-inositol myo-inositolphosphotransferase dipps

Spermidine/putrescine transport system substrate-binding protein ABC.SP.S

Spermidine/putrescine transport system permease protein ABC.SP.P1

Spermidine/putrescine transport system permease protein ABC.SP.P

Spermidine/putrescine transport system ATP-binding protein potA

Sigma-54-dependent transcriptional regulator gfrR

Present in all lineages except C-I.

Cluster found in a different genomic

position in C-III.

Mannose-type PTS system essential

for utilisation of fructosamines such as

fructoselysine and glucoselysine,

abundant components of rotting fruit

and vegetable matter.

Fructoselysine/glucoselysine PTS system EIIB component gfrB

Mannose PTS system EIIA component manXa

Fructoselysine/glucoselysine PTS system EIIC component gfrC

Fructoselysine/glucoselysine PTS system EIID component gfrD

SIS domain-containing protein -

Fur family transcriptional regulator, ferric uptake regulator furB

Unique to C-II and C5.

Associated with EDTA resistance in

E. coli, helping the bacteria survive in

Zn-depleted environment.

Zinc transport system substrate-binding protein znuA

Fe-S-binding protein yeiR

Rrf2 family transcriptional regulator -

Putative signalling protein -

Unique to C-I and C5 STs 163, 280, and

386

In E. coli, AbgAB proteins enable

uptake and cleavage of the folate

catabolite p-aminobenzoyl-glutamate,

allowing the bacterium to survive on

exogenous sources of folic acid.

Aminobenzoyl-glutamate utilisation protein B abgB

MarR family transcriptional regulator -
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from each other as they are individually from C1–5. This extraordinary level of discontinuity is sub-

stantiated by our core genome and Bayesian analyses. Our study estimated the most recent com-

mon ancestor of C. difficile clades C1–4 and C1–5 existed between 0.46 to 2.77 mya and between

1.11 to 6.71 mya, respectively, whereas the common ancestors of clades C-I, C-II, and C-III were esti-

mated to have existed at least 1.5–75 million years before the common ancestor of C1–5. For con-

text, divergence dates for other notable pathogens range from 10 million years (Ma)

(Campylobacter coli and C. jejuni) (Sheppard and Maiden, 2015), 47 Ma (Burkholderia pseudomallei

and B. thailandensis) (Yu et al., 2006), and 120 Ma (Escherichia coli and Salmonella enterica)

(Ochman et al., 1999). Corresponding whole-genome ANI values for these species are 86, 94, and

82%, respectively (Supplementary file 1j).

Although BEAST provided wider confidence intervals (and therefore less certainty compared to

BactDating), it estimates the time of divergence for all clades within the same order of magnitude

and, importantly, provides robust support for the same branching order of clades with clade C-III

the most ancestral of lineages, followed by the emergence of C-I, C-II, and C5. After this point, there

appears to have been rapid population expansion into the four closely related clades described

today, which include many of the most prevalent strains causing healthcare-associated CDI world-

wide (Knight et al., 2015). We acknowledge that the dating of ancient taxa is often imprecise and

that using a strict clock model for such a diverse set of taxa leads to considerable uncertainty in

divergence estimates. However, we tried to mitigate this as much as possible by using two indepen-

dent tools and evaluated multiple molecular clock estimates (covering almost an order of magni-

tude), ultimately using the same fixed clock model as Kumar et al., 2019 (2.5 � 10�9–10.5 � 10�8).

The branching order of the clades is robust, supported by comprehensive and independent compar-

ative genomic and phylogenomic analyses. Notwithstanding this finding, if variations in the molecu-

lar clock happen over time and across lineages, which is likely the case for such a genetically diverse

spore-forming pathogen, then the true age ranges for C. difficile clade emergence are likely far

greater (and therefore less certain) than we report here.

Comparative ANI analysis of the cryptic clades with >5000 reference genomes across 21 phyla

failed to provide a better match than C. difficile (89–94% ANI). Similarly, our revised ANI-based tax-

onomy of the Peptostreptococcaceae placed clades C-I, C-II, and C-III between C. difficile and C.

mangenotii. Our analyses of the Clostridioides spp. highlights the major discordance between WGS

data and 16S rRNA data, which has historically been used to classify bacterial species. In 2016,

Lawson et al., 2016 used 16S rRNA data to categorise C. difficile and C. mangenotii as the sole

members of the Clostridioides. These species have 94.7% similarity in 16S rRNA sequence identity,

yet our findings indicate that C. mangenotii and C. difficile share 77% ANI and should not be consid-

ered within the same genus. The rate of 16S rRNA divergence in bacteria is estimated to be 1–2%

per 50 Ma (Ochman et al., 1999). Contradicting our ANI and core genome data, 16S rRNA sequen-

ces were highly conserved across all eight clades. This indicates that in C. difficile 16S rRNA gene

similarity correlates poorly with measures of genomic, phenotypic, and ecological diversity, as

reported in other taxa such as Streptomyces, Bacillus, and Enterobacteriaceae (Janda and Abbott,

2007; Chevrette et al., 2019). Another interesting observation is that C5 and the three cryptic

clades had a high proportion (>90%) of MLST alleles that were absent in other clades

(Supplementary file 1e), suggesting minimal exchange of essential housekeeping genes between

these clades. Whether this reflects divergence or convergence of two species, as seen in Campylo-

bacter (Sheppard et al., 2008), is unknown. Taken together, these data strongly support the reclas-

sification of C. difficile clades C-I, C-II, and C-III as novel independent Clostridioides genomospecies.

There have been similar genome-based reclassifications in Bacillus (Liu et al.,

2018), Fusobacterium (Kook et al., 2017), and Burkholderia (Loveridge et al., 2017). Also, a recent

Consensus Statement (Murray et al., 2020) argues that the genomics and big data era necessitate

easing of nomenclature rules to accommodate genome-based assignment of species status to non-

culturable bacteria and those without ‘type material’, as is the case with

these Clostridioides genomospecies.

We also found that the significant taxonomic incoherence observed in C. difficile was also evident

in other medically important clostridia, supporting calls for taxonomic revisions (Lawson et al.,
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Figure 7. Toxin gene analysis. (A) Distribution of toxin genes across C. difficile clades (n = 260 sequence types [STs]). Presence is indicated by black

bars and absence by light blue bars. (B) Comparison of PaLoc architecture in the chromosome of strain R20291 (C2, ST1) and cognate chromosomal

regions in genomes of cryptic STs 649 (C-I), 637 (C-II), and 369 (C-III). All three cryptic STs show atypical ‘monotoxin’ PaLoc structures, with the presence

of syntenic tcdR, tcdB, and tcdE, and the absence of tcdA, tcdC, cdd1, and cdd2. ST369 genome ERR2215981 shows colocalisation of the PaLoc and

CdtLoc, see below. (C) Comparison of CdtLoc architecture in the chromosome of strain R20291 (C2, ST1) and cognate chromosomal regions in

genomes of cryptic STs 649/644 (C-I) and 343/369 (C-III). Several atypical CdtLoc features are observed; cdtR is absent in ST649, and an additional copy

Figure 7 continued on next page
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2016; Oren and Rupnik, 2018). The entire published collections of C. perfringens, C. sporogenes,

and C. botulinum all contained sequenced strains with pairwise ANI below the 96% demarcation

threshold, with 8% of C. sporogenes and 31% of C. botulinum sequenced strains below 90% ANI.

These findings highlight a significant problem with the current classification of the clostridia and fur-

ther demonstrate that high-resolution approaches such as whole-genome ANI can be a powerful

tool for the re-classification of these bacteria (Lawson et al., 2016; Oren and Rupnik, 2018;

Murray et al., 2020).

The NCBI SRA was dominated by C1 and C2 strains, both in number and diversity. This apparent

bias reflects the research community’s efforts to sequence the most prominent strains causing CDI in

regions with the highest burden, for example, ST1 from humans in Europe and North America. As

such, there is a paucity of sequenced strains from diverse environmental sources, animal reservoirs,

or regions associated with atypical phenotypes. Cultivation bias – a historical tendency to culture,

preserve, and ultimately sequence isolates that are concordant with expected phenotypic criteria –

comes at the expense of ‘outliers’ or intermediate phenotypes. Members of the cryptic clades fit this

criterion. They were first identified in 2012 but have been overlooked due to atypical toxin architec-

ture, which may compromise diagnostic assays (discussed below). Our updated MLST phylogeny

shows as many as 55 STs across the three cryptic clades (C-I, n = 25; C-II, n = 9; C-III, n = 21) (Fig-

ure 2). There remains a further dozen ‘outliers’ that could either fit within these new taxa or be the

first typed representative of additional genomospecies. The growing popularity of metagenomic

sequencing of animal and environmental microbiomes will certainly identify further diversity within

these taxa, including nonculturable strains (Stewart et al., 2018; Lu et al., 2015).

By analysing 260 STs across eight clades, we provide the most comprehensive pangenome analy-

sis of C. difficile to date. Importantly, we also show that the choice of algorithm significantly affects

pangenome estimation. The C. difficile pangenome was determined to be open (i.e. an unlimited

gene repertoire) and vast in scale (over 17,000 genes), much larger than previous estimates (~10,000

genes), which mainly considered individual clonal lineages (Knight et al., 2019; Knight et al., 2016).

Conversely, comprising just 12.8% of its genetic repertoire (2232 genes), the core genome of C. dif-

ficile is remarkably small, consistent with earlier WGS and microarray-based studies describing ultra-

low genome conservation in C. difficile (Knight et al., 2015; Scaria et al., 2010). Considering only

C1–5, the pangenome reduced in size by 12% (2082 genes); another 519 genes were lost when con-

sidering only C1–4. These findings are consistent with our taxonomic data, suggesting that the cryp-

tic clades, and to a lesser extent C5, contribute a significant proportion of evolutionarily divergent

and unique loci to the gene pool. A large open pangenome and small core genome are synonymous

with a sympatric lifestyle, characterised by cohabitation with, and extensive gene transfer between,

diverse communities of prokarya and archaea (Medini et al., 2005). Indeed, C. difficile shows a

highly mosaic genome comprising many phages, plasmids, and integrative and conjugative elements

(Knight et al., 2015), and has adapted to survival in multiple niches including the mammalian gastro-

intestinal tract, water, soil and compost, and invertebrates (Knight and Riley, 2019).

Through a robust Pan-GWAS approach, we identified loci that are enriched or unique in the

genomospecies. C-I strains were associated with the presence of transporter AbgB and absence of a

mannose-type phosphotransferase (PTS) system. In E. coli, AbgAB proteins allow it to survive on

exogenous sources of folate (Carter et al., 2007). In many enteric species, the mannose-type PTS

system is essential for catabolism of fructosamines such as glucoselysine and fructoselysine, abun-

dant components of rotting fruit and vegetable matter (Miller et al., 2015). C-II strains contained Zn

transporter loci znuA and yeiR, in addition to Zn transporter ZupT, which is highly conserved across

all eight C. difficile clades. S. enterica and E. coli harbour both znuA/yeiR and ZupT loci, enabling

survival in Zn-depleted environments (Sabri et al., 2009). C-III strains were associated with major

gene clusters encoding systems for ethanolamine catabolism, heavy metal transport, and spermidine

uptake. The C-III eut gene cluster encoded six additional kinases, transporters, and transcription

Figure 7 continued

of cdtA is present in ST369, the latter comprising part of a CdtLoc colocated with the PaLoc. (D) Amino acid differences in TcdB among cryptic STs 649,

637, and 369 and reference strains from clades C1–5. Variations are shown as black lines relative to CD630 (C1, ST54). Phylogenies constructed from the

catalytic and protease domains (in blue) and translocation and receptor-binding domains (in orange) of TcdB for the same eight STs included in (D).

Scale bar shows the number of amino acid substitutions per site. Trees are midpoint rooted and supported by 500 bootstrap replicates.
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regulators absent from the highly conserved eut operon found in other clades. Ethanolamine is a

valuable source of carbon and/or nitrogen for many bacteria, and eut gene mutations (in C1/C2)

impact toxin production in vivo (Nawrocki et al., 2018). The C-III metal transport gene cluster

encoded a chelator of heavy metal ions and a multi-component transport system with specificity for

iron, nickel, and glutathione. The conserved spermidine operon found in all C. difficile clades is

thought to play an important role in various stress responses including during iron limitation

(Berges et al., 2018). The additional, divergent spermidine transporters found in C-III were similar

to regions in closely related genera Romboutsia and Paeniclostridium (data not shown). Together,

these data provide preliminary insights into the biology and ecology of the genomospecies. Most

differential loci identified were responsible for extra or alternate metabolic processes, some not pre-

viously reported in C. difficile. It is therefore tempting to speculate that the evolution of alternate

biosynthesis pathways in these species reflects distinct ancestries and metabolic responses to evolv-

ing within markedly different ecological niches.

This work demonstrates the presence of toxin genes on PaLoc and CdtLoc structures in all three

genomospecies, confirming their clinical relevance. Monotoxin PaLocs were characterised by the

presence of tcdR, tcdB, and tcdE, the absence of tcdA and tcdC, and flanking by transposases and

recombinases which mediate LGT (Ramirez-Vargas and Rodriguez, 2020; Ramı́rez-Vargas et al.,

2018; Monot et al., 2015). These findings support the notion that the classical bi-toxin PaLoc com-

mon to clades C1–5 was derived by multiple independent acquisitions and stable fusion of mono-

toxin PaLocs from ancestral clostridia (Monot et al., 2015). Moreover, the presence of syntenic

PaLoc and CdtLoc (in ST369, C-I), the latter featuring two copies of cdtA and cdtR, and a recombi-

nase (xerC), further supports this PaLoc fusion hypothesis (Monot et al., 2015).

Bacteriophage holin and endolysin enzymes coordinate host cell lysis, phage release, and toxin

secretion (Fortier, 2018). Monotoxin PaLocs comprising phage-derived holin (tcdE) and endolysin

(cwlH) genes were first described in C-I strains (Monot et al., 2015). We have expanded this previ-

ous knowledge by demonstrating that syntenic tcdE and cwlH are present within monotoxin PaLocs

across all three genomospecies. Moreover, since some strains contained cwlH but lacked toxin

genes, this gene seems to be implicated in toxin acquisition. These data, along with the detection of

a complete and functional (Riedel et al., 2017) CdtLoc contained within FSemix9P1 in ST343 (C-III),

further substantiate the role of phages in the evolution of toxin loci in C. difficile and related clos-

tridia (Fortier, 2018).

The CdtR and TcdR sequences of the new genomospecies are unique, and further work is needed

to determine if these regulators display different mechanisms or efficiencies of toxin expression

(Chandrasekaran and Lacy, 2017). The presence of dual copies of CdtR in ST369 (C-I) is intriguing

as analogous duplications in PaLoc regulators have not been documented. One of these CdtR had a

mutation at a key phosphorylation site (Asp61!Asn61) and possibly shows either reduced wild-type

activity or non-functionality, as seen in ST11 (Bilverstone et al., 2019). This might explain the pres-

ence of a second CdtR copy.

TcdB alone can induce host innate immune and inflammatory responses leading to intestinal and

systemic organ damage (Carter et al., 2015). Our phylogenetic analysis shows that TcdB sequences

from the three genomospecies are related to TcdB in C2 members, specifically ST1 and ST41, both

virulent lineages associated with international CDI outbreaks (He et al., 2013; Eyre et al., 2015),

and causing classical or variant (C. sordellii-like) cytopathic effects, respectively (Lanis et al., 2010).

It would be relevant to explore whether the divergent PaLoc and CdtLoc regions confer differences

in biological activity, as these may present challenges for the development of effective broad-spec-

trum diagnostic assays, and vaccines. We have previously demonstrated that common laboratory

diagnostic assays may be challenged by changes in the PaLoc of C-I strains (Ramı́rez-Vargas et al.,

2018). The same might be true for monoclonal antibody-based treatments for CDI such as bezlotox-

umab, known to have distinct neutralising activities against different TcdB subtypes (Shen et al.,

2020).

Our findings highlight major incongruence in C. difficile taxonomy, identify differential patterns of

diversity among major clades, and advance understanding of the evolution of the PaLoc and CdtLoc.

While our analysis is limited solely to the genomic differences between C. difficile clades, our data

provide a robust genetic foundation for future studies to focus on the phenotypic, ecological, and

epidemiological features of these interesting groups of strains, including defining the biological con-

sequences of clade-specific genes and pathogenic differences in vitro and in vivo. Our findings
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reinforce that the epidemiology of this important One Health pathogen is not fully understood.

Enhanced surveillance of CDI and WGS of new and emerging strains to better inform the design of

diagnostic tests and vaccines are key steps in combating the ongoing threat posed by C. difficile.

Last, besides C. difficile, we also demonstrate that a similar approach can be applied to other clos-

tridia making a useful tool for the reclassification of these taxa.

Materials and methods

Key resources table

Reagent type
(species)
or resource Designation

Source or
reference Identifiers

Additional
information

Software,
algorithm

ABRicate https://github.com/
tseemann/abricate

RRID:SCR_021093

Software,
algorithm

ACT: Artemis
Comparison Tool

http://www.sanger.ac.
uk/resources/
software/act/

RRID:SCR_004507

Software,
algorithm

BactDating https://github.com/
xavierdidelot/
BactDating

RRID:SCR_021092

Software,
algorithm

BEAST http://beast.bio.
ed.ac.uk/

RRID:SCR_010228

Software,
algorithm

Clustal Omega http://www.ebi.ac.uk/
Tools/msa/clustalo/

RRID:SCR_001591

Software,
algorithm

Easyfig http://easyfig.
sourceforge.net/

RRID:SCR_013169

Software,
algorithm

FastANI https://github.com/
ParBLiSS/FastANI

RRID:SCR_021091

Software,
algorithm

Geneious http://www.geneious.
com/

RRID:SCR_010519

Software,
algorithm

Gubbins https://sanger-
pathogens.github.
io/gubbins/

RRID:SCR_016131

Software,
algorithm

iToL https://itol.embl.de/ RRID:SCR_018174

Other KEGG http://www.kegg.jp/ RRID:SCR_012773 Online database

Software,
algorithm

Kraken2 http://www.ebi.ac.uk/
research/enright/
software/kraken

RRID:SCR_005484

Software,
algorithm

MAFFT http://mafft.cbrc.
jp/alignment/server/

RRID:SCR_011811

Software,
algorithm

MEGA http://megasoftware.net/ RRID:SCR_000667

Software,
algorithm

MUSCLE http://www.ebi.ac.uk/
Tools/msa/muscle/

RRID:SCR_011812

Other NCBI RefSeq https://www.ncbi.nlm.nih.gov/refseq/ RRID:SCR_008420 Online database

Other NCBI Sequence
Read Archive

http://www.ncbi.
nlm.nih.gov/sra

RRID:SCR_004891 Online database

Software,
algorithm

Panaroo https://github.com/
gtonkinhill/panaroo

RRID:SCR_021090

Software,
algorithm

PanGP https://pangp.
zhaopage.com/

RRID:SCR_021089

Software,
algorithm

Phandango http://phandango.net/ RRID:SCR_015243

Continued on next page
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Continued

Reagent type
(species)
or resource Designation

Source or
reference Identifiers

Additional
information

Software,
algorithm

Prokka http://www.
vicbioinformatics.
com/software.
prokka.shtml

RRID:SCR_014732

Other PubMLST http://pubmlst.org/ RRID:SCR_012955 Online database

Software,
algorithm

pyani https://pypi.org/
project/pyani/

RRID:SCR_021088

Software,
algorithm

QUAST http://bioinf.
spbau.ru/quast

RRID:SCR_001228

Software,
algorithm

RAxML https://github.com/
stamatak/standard-
RAxML

RRID:SCR_006086

Software,
algorithm

Roary https://sanger-pathogens.
github.io/Roary/

RRID:SCR_018172

Software,
algorithm

Scoary https://github.com/
AdmiralenOla/Scoary

RRID:SCR_021087

Software,
algorithm

SPAdes http://bioinf.
spbau.ru/spades/

RRID:SCR_000131

Software,
algorithm

SPSS https://www.ibm.com/
products/spss-statistics

RRID:SCR_019096

Software,
algorithm

SRST2 https://github.com/
katholt/srst2

RRID:SCR_015870

Software,
algorithm

TrimGalore http://www.bioinformatics.
babraham.ac.uk/projects/
trim_galore/

RRID:SCR_011847

Genome collection
We retrieved the entire collection of C. difficile genomes (taxid ID 1496) held at the NCBI SRA

(https://www.ncbi.nlm.nih.gov/sra/). The raw dataset (as of 1 January 2020) comprised 12,621

genomes. After filtering for redundancy and Illumina paired-end data (all platforms and read

lengths), 12,304 genomes (97.5%) were available for analysis.

Multi-locus sequence typing
Sequence reads were interrogated for MLST using SRST2 v0.1.8 (Inouye et al., 2014). New alleles,

STs, and clade assignments were verified by submission of assembled contigs to PubMLST (https://

pubmlst.org/cdifficile/). A species-wide phylogeny was generated from 659 ST alleles sourced from

PubMLST (dated 1 January 2020). Alleles were concatenated in frame and aligned with MAFFT

v7.304. A final neighbour-joining tree was generated in MEGA v10 (Kumar et al., 2018) and anno-

tated using iToL v4 [https://itol.embl.de/].

Genome assembly and quality control
Genomes were assembled, annotated, and evaluated using a pipeline comprising TrimGalore v0.6.5,

SPAdes v3.6.043, Prokka v1.14.5, and QUAST v2.344 (Knight et al., 2019). Next, Kraken2 v2.0.8-

beta (Wood et al., 2019) was used to screen for contamination and assign taxonomic labels to reads

and draft assemblies. Based on metadata, read depth, and assembly quality, a final dataset of 260

representative genomes of each ST present in the ENA were used for all subsequent bioinformatics

analyses (C1, n = 149; C2, n = 35; C3, n = 7; C4, n = 34; C5, n = 18; C-I, n = 12; C-II, n = 3; C-III,

n = 2). The list of representative genomes is available in Supplementary file 1b.

Taxonomic analyses
Species-wide genetic similarity was determined by computation of whole-genome ANI for 260 STs.

Both alignment-free and conventional alignment-based ANI approaches were taken, implemented in
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FastANI (Jain et al., 2018) v1.3 and the Python module pyani (Pritchard et al., 2016) v0.2.9, respec-

tively. FastANI calculates ANI using a unique k-mer based alignment-free sequence mapping engine,

whilst pyani utilises two different classical alignment ANI algorithms based on BLAST+ (ANIb) and

MUMmer (ANIm). A 96% ANI cut-off was used to define species boundaries (Ciufo et al., 2018). For

taxonomic placement, ANI was determined for divergent C. difficile genomes against two datasets

comprising (i) members of the Peptostreptococcaceae (n = 25) (Lawson et al., 2016) and (ii) the

complete NCBI RefSeq database (n = 5895 genomes, https://www.ncbi.nlm.nih.gov/refseq/,

accessed 14 January 2020). Finally, comparative identity analysis of consensus 16S rRNA sequences

for C. mangenotii type strain DSM1289T (Lawson et al., 2016) (accession FR733662.1) and repre-

sentatives of each C. difficile clade was performed using Clustal Omega https://www.ebi.ac.uk/

Tools/msa/clustalo/.

Estimates of clade and species divergence
BactDating v1.0.1 (Didelot et al., 2018) was applied to the recombination-corrected phylogeny pro-

duced by Gubbins (471,708 core-genome sites) with Markov chain Monte Carlo (MCMC) chains of

107 iterations sampled every 104 iterations with a 50% burn-in. A strict clock model was used with a

rate of 2.5 � 10�9 to 1.5 � 10�8 substitutions per site per year, as previously defined by He et al.,

2013 and Kumar et al., 2019. The effective sample sizes (ESS) were >200 for all estimated parame-

ters, and traces were inspected manually to ensure convergence. To provide an independent esti-

mate from BactDating, BEAST v1.10.4 (Drummond and Rambaut, 2007) was run on a

recombination-filtered gap-free alignment of 10,466 sites with MCMC chains of 5 � 108 iterations,

with a 9 � 10�7 burn-in, which were sampled every 104 iterations. The strict clock model described

above was used in combination with the discrete GTR gamma model of heterogeneity among sites

and skyline population model. MCMC convergence was verified with Tracer v1.7.1, and ESS for all

estimated parameters were >150. For ease of comparison, clade dating from both approaches was

transposed onto a single MLST phylogeny. Tree files are available asSupplementary file 3 and 4 at

http://doi.org/10.6084/m9.figshare.12471461.

Pangenome analysis
The 260 ST dataset was used for pangenome analysis with Panaroo v1.1.0 (Tonkin-Hill et al., 2020)

and Roary v3.6.0 (Page et al., 2015). Panaroo was run with default thresholds for core assignment

(98%) and blastP identity (95%). Roary was run with a default threshold for core assignment (99%)

and two different thresholds for BlastP identity (95%, 90%). Sequence alignment of the final set of

core genes (Panaroo; n = 2232 genes, 2,606,142 bp) was performed using MAFFT v7.304, and

recombinative sites were filtered using Gubbins v7.304 (Croucher et al., 2015). A recombinant

adjusted alignment of 471,708 polymorphic sites was used to create a core genome phylogeny with

RAxML v8.2.12 (GTR gamma model of among-site rate-heterogeneity), which was visualised along-

side pangenome data in Phandango (Hadfield et al., 2018). Pangenome dynamics were investi-

gated with PanGP v1.0.1 as previously described (Knight et al., 2019).

Scoary (Brynildsrud et al., 2016) v1.6.16 was used to identify genetic loci that were statistically

associated with each clade via a pan-GWAS. The Panaroo-derived pangenome (n = 17,470) was

used as input for Scoary with the evolutionary clade of each genome depicted as a discrete binary

trait. Scoary was run with 1000 permutation replicates, and genes were reported as significantly

associated with a trait if they attained p-values (empirical, naı̈ve, and Benjamini–Hochberg-corrected)

of �0.05, a sensitivity and specificity of >99% and 97.5%, respectively, and were not annotated as

‘hypothetical proteins’. All significantly associated genes were reannotated using Prokka and BlastP,

and functional classification (KEGG orthology) was performed using the Koala suite of web-based

annotation tools (Kanehisa et al., 2016).

Comparative analysis of toxin gene architecture
The 260 ST genome dataset was screened for the presence of tcdA, tcdB, cdtA, and cdtB using the

Virulence Factors Database (VFDB) compiled within ABRicate v1.0 (Seemann, 2020). Results were

corroborated by screening raw reads against the VFDB using SRST2 v0.1.8 (Inouye et al., 2014).

Both approaches employed minimum coverage and identity thresholds of 90 and 75%, respectively.

Comparative analysis of PaLoc and CdtLoc architecture was performed by mapping of reads with
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Bowtie2 v.2.4.1 to cognate regions in reference strain R20291 (ST1, FN545816). All PaLoc and

CdtLoc loci investigated showed sufficient coverage for accurate annotation and structural inference.

Genome comparisons were visualised using ACT and figures prepared with Easyfig (Ramı́rez-

Vargas et al., 2018). MUSCLE-aligned TcdB sequences were visualised in Geneious v2020.1.2 and

used to create trees in iToL v4.

Statistical analyses
All statistical analyses were performed using SPSS v26.0 (IBM, NY). For pangenome analyses, a chi-

squared test with Yate’s correction was used to compare the proportion of core genes and a one-

tailed Mann–Whitney U test was used to demonstrate the reduction of gene content per genome,

with a p-value�0.05 considered statistically significant.
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