
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10096-021-04311-5

REVIEW

Antimicrobial resistance in Clostridioides difficile

Keeley O’Grady1 · Daniel R. Knight1,2 · Thomas V. Riley1,2,3,4

Received: 21 May 2021 / Accepted: 8 July 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Antimicrobial resistance (AMR) in Clostridioides difficile remains a significant threat to global healthcare systems, not just 
for the treatment of C. difficile infection (CDI), but as a reservoir of AMR genes that could be potentially transferred to other 
pathogens. The mechanisms of resistance for several antimicrobials such as metronidazole and MLSB-class agents are only 
beginning to be elucidated, and increasingly, there is evidence that previously unconsidered mechanisms such as plasmid-
mediated resistance may play an important role in AMR in this bacterium. In this review, the genetics of AMR in C. difficile 
will be described, along with a discussion of the factors contributing to the difficulty in clearly determining the true burden 
of AMR in C. difficile and how it affects the treatment of CDI.

Keywords  Clostridioides difficile · Antimicrobial resistance · Genome · Phenotype · Genetics · Epidemiology

Introduction

Antimicrobial resistance (AMR) is a major threat to global 
public health that requires urgent action across all govern-
ment sectors and society [1]. Clostridioides (Clostridium) 
difficile is a significant AMR pathogen, ranked by the US 
Centers for Disease Control and Prevention in 2013 as an 
urgent AMR threat costing the US healthcare system ~ USD1 
billion annually [2]. Despite some improvements over 
the last decade, C. difficile remains an urgent threat, with 
223,900 cases of C. difficile infection (CDI), and 12,800 
deaths in the USA in 2017 [3].

One of the features of C. difficile that enables it to flourish 
when other bacteria have perished is its extensive repertoire 

of AMR, which includes resistance to lincomycin and 
clindamycin, aminoglycosides, tetracyclines, macrolides, 
cephalosporins, penicillins and fluoroquinolones [4]. The 
highest rates of resistance were to ciprofloxacin, levofloxa-
cin, erythromycin and fusidic acid [5]. As with anaerobes in 
general, C. difficile typically has higher rates of resistance 
to older-generation antimicrobials than newer, e.g. cipro-
floxacin (2nd generation, 99% resistant) vs moxifloxacin (4th 
generation, 36% resistance) [6]. Paradoxically, CDI is both 
induced by antimicrobials and then treated with antimicrobi-
als: Overall exposure to antimicrobials was associated with 
a 60% increased risk of CDI [7]. Some antimicrobials are 
more commonly associated with inducing CDI than others, 
including cephalosporins, clindamycin, carbapenems, tri-
methoprim/sulphonamides, erythromycin, broad-spectrum 
β-lactams, ampicillin/amoxicillin and later generations of 
fluoroquinolones [4, 6–10].

In particular, antimicrobials that reduce the anaerobic 
microflora of the gut (e.g. Bacteroides spp. and Bifidobac-
terium spp.) while sparing certain facultative anaerobes (e.g. 
Enterococcus spp.) appear to be strong inducers of CDI [11]; 
3rd-generation cephalosporins have the highest attributable 
risk, whereas clindamycin has the highest relative risk of 
inducing CDI [7]. Other antimicrobials such as tetracyclines 
and aminoglycosides are not strongly associated with the 
induction of CDI despite frequent resistance [7, 11]. The 
association of macrolides with CDI induction is unclear, 
with research both for [10] and against [7, 9] and their use 
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in combination therapy potentially masking associations [9, 
11]. Resistance mechanisms in C. difficile include chromo-
somal resistance genes, mobile genetic elements (MGEs), 
alterations to metabolic pathways and antimicrobial targets, 
and biofilms [6], with some strains showing multidrug resist-
ance (MDR), defined as resistance to three or more anti-
microbial agents (see Tables 1 and 2). In this review, the 
genetics of AMR in C. difficile will be described, along with 
a discussion of the factors contributing to the difficulty in 
clearly determining the true burden of AMR in C. difficile 
and what it means for CDI.

Resistance to antimicrobials used to treat 
CDI

Of particular concern is the development of resistance to 
recommended treatment drugs. Since the removal of met-
ronidazole as a recommended 1st line treatment in North 
America and Europe, vancomycin and fidaxomicin are now 
recommended for both mild and severe cases of CDI [12, 
13] and, while rare, resistance or treatment failure has been 
reported for both [5]. In recent years, increasing rates of 
treatment failure, reported inferior performance compared 
to vancomycin and reports of neurotoxicity have relegated 
metronidazole to use only when vancomycin and fidax-
omicin are not available, and then only for single courses 
[13]. However, metronidazole remains recommended in 
Australasia [14] and by the European Society of Clinical 
Microbiology and Infectious Diseases (ESCMID) for mild/
moderate cases [15]. Rifaximin (a rifamycin) has proven effi-
cacy and reduces recurrence [8] but is vulnerable to the rapid 
development of resistance, while a novel class antimicrobial, 
ridinilazole, is showing promising performance in ongoing 
phase III trials [16].

Vancomycin

Vancomycin is a glycopeptide antimicrobial that inhibits 
cell wall synthesis in Gram-positive bacteria by inhibiting 
peptidoglycan biosynthesis. Minimum inhibitory concen-
tration (MIC) breakpoints vary from 2 mg/L (EUCAST) to 
4 mg/L (CLSI) [17, 18]. A common vancomycin resistance 
mechanism in many bacteria is van gene clusters which 
alter the D-Ala-D-Ala peptidoglycan terminus and reduce 
its affinity for vancomycin [19]. Despite the presence of 
certain van genes and orthologs, mechanisms of vancomy-
cin resistance in C. difficile remain poorly understood. The 
vanG gene cluster found in ~ 85% of C. difficile is related 
to the van operon that results in vancomycin resistance 
when induced in Enterococcus faecalis [20], but induction 
with vancomycin does not appear to confer resistance in 
C. difficile [11, 19]. However, a recent study demonstrated 

mutations in the VanS/R sensor kinase/response regulator 
triggered constitutive expression of the previously silent 
VanG, conferring vancomycin resistance in C. difficile 
ribotype (RT) 027 strains [21]. Several transposon (Tn) 
elements, e.g. Tn1549, have been identified in C. difficile, 
but unlike the original E. faecalis elements, these trans-
posons lack a functional vanB [6]. An overview of AMR 
transposons in C. difficile is provided in Table 2.

A susceptible isolate of C. difficile carrying a phenotyp-
ically silent vanB homologue has been identified, suggest-
ing the potential for transfer of other vancomycin resist-
ance genes [21]. The vanB operon was located on a ~ 42 kb 
Tn916-like conjugative Tn with significant similarity to 
Tn1549 from vancomycin-resistant enterococci (VRE) 
[22]. The vanRB gene, known to be involved in regulating 
the expression of vanB, was fragmented, and no in vitro 
effect on vancomycin resistance was observed [22]. The 
vanZ ortholog CD1240 conferred low-level teicoplanin 
resistance, but not vancomycin resistance, and was not 
induced by glycopeptide antimicrobials, rather by host 
peptide LL-37 [19]. Teicoplanin is not routinely recom-
mended, nor is it approved, for use in the USA; however, it 
is used in Europe and appears to result in lower recurrence 
rates than vancomycin [19]. Resistant isolates with muta-
tions in other gene families have been found, including 
murG, a peptidoglycan glycosyltransferase involved in cell 
wall maturation [6, 21, 23]. Biofilm may also play a role, 
as vancomycin induces biofilm formation and biofilms are 
resistant to high concentrations of vancomycin [6], up to a 
12-fold increase in MIC over planktonic cells [23].

Plasmids may have a role in vancomycin resistance; the 
acquisition of plasmid pX18-498 reduced susceptibility to 
vancomycin eightfold in C. difficile [17]. In vivo testing in 
mice showed decreased susceptibility to vancomycin and 
increased disease severity [17]. The plasmid may have a 
role in cell wall integrity, as cells containing the plasmid 
did not rupture in the presence of vancomycin while plas-
mid-lacking cells did. Genetic analysis identified a differ-
entially expressed amidase gene of the family responsible 
for susceptibility to cell wall targeting antimicrobials in 
Mycobacterium tuberculosis [17].

Vancomycin achieves high concentrations in faeces; 
however, this does not appear to correlate to concentra-
tions in mucosa nor clinical outcomes [5, 17], despite the 
notion that the high faecal concentration may overcome 
increased MICs [6]. These high concentrations may exac-
erbate negative outcomes as examples of the Eagle effect, 
where higher drug concentrations kill fewer bacteria, have 
been found for vancomycin against C. difficile. Vancomy-
cin concentrations of up to 2048 mg/L were survivable 
in vitro by four strains of C. difficile in one study by Jarrad 
et al., despite a bactericidal concentration of 4 mg/L [24]. 
Thus, high doses may disproportionately affect the normal 
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gut microbiota without additional effect on C. difficile, 
promoting recurrence [24].

Reports have also found no link between clinical out-
comes and vancomycin resistance [5], further clouding the 
causes of treatment failure. Reduced susceptibility to van-
comycin has been found in several strains of C. difficile, 
RTs 027, 001, 017, 078 and 356/607 [6, 25]; however, the 
clinical implications of this are unclear. In one study, two 
isolates had reduced susceptibility to vancomycin, yet the 
patients responded well to vancomycin treatment [26]. In 
this case, reduced susceptibility was determined using the 
EUCAST breakpoint (> 2 mg/L), with the isolates having 
MICs of 3 mg/L, which would still be considered susceptible 

with CLSI breakpoints [26]. This highlights the need for the 
standardisation of methodology.

The highest rates of vancomycin resistance have been 
found in North and South America [8], followed by Asia, a 
finding mirrored by the high levels of glycopeptide antimi-
crobial use in the USA and China [5]. Vancomycin was inef-
fective against 1.4% of isolates in a European study of 2698 
isolates [27]. In a comparison of historical (1992–2014) and 
modern (2015–2019) isolates, resistance rates did not show a 
statistically significant increase [8]. However, a meta-review 
by Saha et al. did report a statistically significant increase in 
vancomycin resistance comparing pre- to post-2012, which 
correlated to an increase in global vancomycin usage [5]. 

Table 2   AMR transposons in C. difficile 

Transposon Antimicrobial(s) Key characteristics Reference

Tn6189 MLSB A ~ 24 kb conjugative Tn916-like transposon carrying ermB. Transposition is 
due to excisionase (xis) and integrase (int)

GenBank 
accession 
number: 
MK895712.1

Tn6194 MLSB A 28 kb conjugative Tn916-like transposon with a single copy of ermB and 
a putative toxin-antitoxin module. It contains xis and int genes and can 
integrate at different sites. It is the most common ermB containing element in 
European clinical isolates

[6, 54, 117]

Tn6218 MLSB, aminoglycoside Related to Tn916, this 14.2 kb transposon contains int and xis genes but is not 
conjugative. Some variants also contain ermB, cfr, matE and aacA-aphD 
AMR genes

[54, 118]

Tn5398 MLSB This transposon integrates into the genome via the exchange of large genomic 
fragments and is capable of interspecies transfer. It carries two copies of 
ermB

[6, 54]

Tn6215 MLSB Tn6215 integrates into the genome via the exchange of large genomic frag-
ments and can be transferred via a conjugation-like mechanism or transduc-
tion by phage phiC2. It is a 13 kb transposon and contains ermB as well as 
genes for a truncated toxin-antitoxin system

[6, 54, 80]

Tn5397 Tetracycline A 21 kb conjugative transposon closely related to Tn916, but transposition is 
due to serine recombinase (tndX), rather than int and xis. It encodes tetM

[119]

Tn6944 Tetracycline, macrolide A recently discovered transposon commonly found in clade 2. It contains int 
and xis genes along with tetM and mefG (Macrolide efflux) AMR genes

Dr Korakrit 
Imwattana, 
unpublished 
data

Unnamed Tn916-like MLSB, tetracycline A non-conjugative Tn916-like element found in clinical isolate CD1911. It 
contains both tetM and ermB

[6]

Unnamed MLSB A novel Tn916-like transposon similar to Tn6218 that encodes cfr [6]
Tn916-like family Tetracycline Conjugative transposons found in several species that encode tet(M) [6, 120]
Tn6164 Tetracycline Found in RT078 isolates, this 106 kb transposon can carry tet(44), ant(9)Ia) 

and ant(6) genes, but this has not been shown to confer resistance to these 
antimicrobials. Sections of this transposon show homology to various MGEs 
in other species including S. pneumoniae, C. fetus, Thermoanaerobacter spp 
and E. faecalis

[100, 121]

Tn4453a/Tn4453b Chloramphenicol Mobilizable, ~ 7 kb transposons related to Tn4451 in C. perfringens; they 
encode the catD gene (chloramphenicol acetyltransferase) for chlorampheni-
col resistance

[122]

Tn6190 Tetracycline An 18 kb transposon containing xis and int genes as well as tetM [117]
Tn1549-like Vancomycin A 42 kb transposon with homology to Tn1549. It contains xis and int genes 

as well as a vanB2 operon with disrupted vanRB genes, resulting in a silent 
phenotype

[22]
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This increase was dependant on the method of testing used, 
as including only studies performed with E-tests nullified the 
increase [5]. Vancomycin resistance was significantly higher 
in hypervirulent strains such as C. difficile RT027 than in 
other RTs [5], while RT018 and RT356 had increased mean 
MICs of vancomycin [28].

Metronidazole

Metronidazole is a nitroimidazole that inhibits DNA syn-
thesis after its partial reduction by some anaerobic bacte-
ria results in cytotoxicity. While metronidazole has been 
used as a first-line treatment for CDI for many years, it is 
no longer recommended by the Infectious Disease Society 
of America (IDSA) due to inferior cure rates for both initial 
and recurrent CDI compared to vancomycin [13]. Repeated 
or prolonged metronidazole use has also been linked to neu-
rotoxicity [13, 29]. In addition, breakpoints for resistance 
vary significantly (EUCAST, 2 mg/L; CLSI, 32 mg/L) [8].

Metronidazole resistance mechanisms in C. difficile are 
just beginning to be understood but are likely multifactorial 
processes involving alterations to metabolism such as with 
nitroreductases, iron uptake, DNA repair or biofilm forma-
tion [6]. In other species, metronidazole resistance mecha-
nisms include reduced growth and uptake rates, efflux [29], 
nitroimidazole reductases (encoded by nim genes), altered 
pyruvate–ferredoxin oxidoreductases (pfo or PFOR) and 
stress pathways [30], or mutations in hemN and ferric uptake 
regulator (fur) genes [31].

Iron plays a role in many reduction pathways associ-
ated with metronidazole, and changes in iron metabolism/
homeostasis appear to be involved in resistance. PFOR 
(with iron–sulphur clusters) and ferredoxin are involved in 
the activation of metronidazole through reduction, and in C. 
perfringens, PFOR mutants were up to 100-fold more resist-
ant [29]. Moura et al. analysed the genome of a C. difficile 
strain with stable metronidazole resistance (MIC 32 mg/L) 
and found that a metabolic pathway associated with pfo was 
likely altered, as the resistant isolate had a lower, more stable 
PFOR concentration than susceptible controls [31]. Ferritin 
was absent from the metronidazole-resistant strain during 
antimicrobial exposure, suggesting a role for iron storage 
[31]. A separate proteomic analysis found a reduction in 
iron uptake/transport proteins after metronidazole treatment 
and increased expression of Fur protein (regardless of met-
ronidazole presence) in a resistant strain [32]. The resistant 
strain in question demonstrated fitness defects and required 
the inclusion of iron in media for growth [32].

Deshpande et al. constructed a highly mutable strain via 
deletion of DNA mismatch repair genes to study the evolu-
tion of resistance in vitro, demonstrating that resistance to 
metronidazole developed progressively, with MICs increas-
ing from 2 to 16 mg/L [33]. Mutations first appeared in 

feoB1 (the main iron transporter) and then pfo, followed by 
xdh (a putative xanthine dehydrogenase), and finally, some 
variants with greater resistance (MIC = 64 mg/L) also had 
mutations in iscR, an iron–sulphur cluster regulator. While 
changes in nifj, xdh and iscR genes amplified the MIC fur-
ther, they did not confer resistance without feoB1 loss, while 
the loss of feob1 alone resulted in low-level resistance [33].

Differential expression and/or increased concentrations 
of DNA repair protein RecA were detected in resistant 
strains on exposure to metronidazole [31, 32]. In other spe-
cies, mutants with DNA repair defects (such as in RecA) 
were more susceptible to metronidazole [29]. Differential 
expression of oxidative stress and general stress response 
proteins was also found in resistant strains [32]. Mutations in 
thiamine biosynthesis (thiH) and glycerol-3-oxidoreductase 
(glyC) genes have also been associated with resistance in C. 
difficile [29], as has a C-terminal deletion at position 372 in 
hsmA in RT010 isolates [34]. Unfortunately, the role these 
changes may play in resistance remains elusive.

Research into plasmid-mediated metronidazole resistance 
has been led by the work of Boekhoud et al. with their dis-
covery of a high-copy number 7 kb plasmid (pCD-METRO) 
that conferred metronidazole resistance in C. difficile [30]. 
Figure 1 shows a representation of the pCD-METRO plas-
mid structure. This plasmid was found only in metronida-
zole-resistant strains (EUCAST breakpoint > 2 mg/L) and 
was internationally disseminated and present in both toxi-
genic and non-toxigenic strains. Surveillance in the Neth-
erlands showed a prevalence of pCD-METRO of < 0.14%; 
however, the exact mechanism of resistance was unclear. The 
plasmid contained a small pseudogene with protein homol-
ogy to nimB from Bacteroides fragilis, but this lacked the 
catalytic domain and induction via an inducible promoter did 
not confer resistance in the laboratory. A metallohydrase/
oxidoreductase gene was also present but has not been fur-
ther characterised. No reduction in growth rate was detected 
in the absence of metronidazole, and repeated passage on 
non-selective media failed to eliminate the plasmid from 
metronidazole-resistant strains. A guanine-cytosine con-
tent (GC%) of 41.6% did not match the C. difficile standard 
of ~ 28–30% and indicated acquisition via horizontal gene 
transfer from another unidentified organism [30].

In isolates with the pCD-METRO plasmid, MIC values 
differed between RTs [30]. The plasmid was found in the ini-
tial stool sample along with a susceptible isolate, which dif-
fered by one core genome single-nucleotide polymorphism 
(cgSNP) to the resistant isolate found later, indicating the 
strains were clonal. This scenario was also identified later 
in a second case. Introduction of the pCD-METRO plas-
mid into a metronidazole-susceptible strain increased the 
MIC > 24-fold [30]. However, metronidazole resistance was 
still found in isolates lacking pCD-METRO [34], indicating 
alternate methods of resistance exist.

2463European Journal of Clinical Microbiology & Infectious Diseases (2021) 40:2459–2478



1 3

Metronidazole only reaches low concentrations in the 
colon and faeces [30], which may promote the develop-
ment of resistance and play a role in treatment failures [6, 
11], as Moura et al. demonstrated subinhibitory concentra-
tions select and maintain isolates with increased MICs [4]. 
Heteroresistance may also play a role in treatment failure 
[35], as could other metronidazole-resistant microbiota in 
the gut by the inactivation or sequestration of metronida-
zole [30]. In many cases, metronidazole resistance did not 
correlate to treatment failure [5] which also occurred with 
metronidazole-susceptible isolates [30].

Susceptibility testing for metronidazole resistance is 
particularly inconsistent. Boekhoud et al. took 88 strains 
that two other clinical trials had characterised as having 
altered susceptibility and retested them using agar dilu-
tion and CLSI breakpoints/guidelines; they found that 
most strains were metronidazole-susceptible [30]. Induc-
ible resistance subsequently lost during freeze–thaw cycles 
in handling was suggested as a possible explanation [30]. 
This is consistent with other reports that metronidazole 
resistance is lost after storage at low temperatures [32, 36, 
37]. As samples are usually frozen for storage or transport 

before testing, metronidazole resistance may be higher 
than surveillance studies indicate [37].

Differences in media may also contribute to inconsist-
ent findings, as two studies have demonstrated that heme 
appears to be essential for media-dependent metronidazole 
resistance. In one, strains classified as susceptible to metro-
nidazole on brain–heart infusion (BHI) agar were resistant 
with higher MICs on Brucella blood agar (BBA) (measured 
by E-test) [30]. In a later study, MICs were increased up to 
24-fold for strains grown on BBA/BHI blood agar and BHI 
agar supplemented with hemin [34]. Lynch et al. were able 
to generate a temperature-stable metronidazole resistant but 
reduced-fitness strain via a repeated passage on media with 
subinhibitory metronidazole concentrations [36]. This strain 
had mutations in the hemN (corporphyrinogm III oxidase) 
and thiH genes (involved in haem and thiamine biosynthesis, 
respectively), as well as in the fur gene [36]. Finally, testing 
methods also contribute to differences in characterisation, as 
the E-test may not distinguish isolates with reduced metroni-
dazole susceptibility, with as many as 8% of metronidazole-
resistant isolates misclassified [5, 38].

Fig. 1   Representation of the metronidazole-resistance plasmid pCD-
METRO reported by Boekhoud et  al. [30]. pCD-METRO plasmid 
with putative open reading frames (ORFs) shown in green on the 

outer circle and gene products listed beside. The inner-circle repre-
sents GC content, with above average in yellow, below average in 
purple
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The highest rates of metronidazole resistance in C. dif-
ficile have been found in Asia, then North America [5] and 
Europe [8, 27]. Resistance remains rare but varied, with 
rates from 0 to 40% [28, 30], and seems more common in 
non-toxigenic strains, with 7–ninefold increased MIC val-
ues in non-toxigenic RT010 compared to toxigenic RT027, 
RT078 and RT001 [30]. One non-toxigenic clinical strain 
from China was reported with an MIC as high as 256 mg/L 
[4]. Saha et al. found a statistically significant decrease in 
resistance between pre-2012 to post-2012 studies, but these 
results were strongly impacted by testing methodology [5]. 
C. difficile RTs 027, 106, 001/072, 206, 010 and 356 strains 
had increased mean metronidazole MICs compared to other 
strains [6, 27, 28]. C. difficile RTs 176, 001, 126, 078 and 
198 were also associated with reduced susceptibility to met-
ronidazole [6, 26, 27]. Overall, mechanisms of metronida-
zole resistance remain unclear but increasingly appear to be 
multigenic with a role for iron metabolism.

Fidaxomicin

Fidaxomicin, a tiacumicin antimicrobial, inhibits RNA syn-
thesis by interfering with the formation of the DNA–RNA 
polymerase complex before transcription can be initiated 
[39]. For C. difficile, it is a bactericidal and narrow spec-
trum, with minimal side effects, similar rates of initial cure 
as vancomycin and a significant reduction in recurrence [40]. 
However, Sears et al. found a mean faecal concentration 
of ~ 1396 mg/kg, and at such high concentrations, its impact 
on the gut microbiome may be broader than expected [41]. 
Similar to vancomycin, this high concentration is far above 
known MICs, and so future increases in MIC values may 
not result in reduced susceptibility in clinical settings [27].

Both fidaxomicin and rifamycins inhibit bacterial tran-
scription, binding at adjacent but not overlapping target sites 
[4, 6]. Mutations in rpoB are responsible for resistance in 
both, but fortunately, they require separate mutations and 
are not cross-protective [6]. To examine the effect of rpoB 
mutations on fidaxomicin MICs, Kuehne et al. generated 
isogenic mutants, each with a single SNP in rpoB, result-
ing in the following changes: Val1143Asp, Val1143Gly and 
Val1143Phe [40]. These mutants had reduced susceptibility 
to fidaxomicin and reduced virulence and fitness (sporula-
tion, growth and toxin production) in vitro [40]. This indi-
cates that fidaxomicin-resistant mutations may be rarer due 
to negative effects on fitness, a finding supported by in vitro 
work demonstrating reduced susceptibility developed easily 
but was paired with severe fitness defects [42]. This study 
detected three resistance mutations in rpoB but also identi-
fied one isolate that showed a dramatically increased MIC 
of 64 mg/L with less severe reductions in toxin produc-
tion and sporulation, and without the expected reduction 

in replication rate [42]. Mutation in a marR (repressor for 
a multiple AMR operon) homologue (CD22120) or rpoC 
(Asp273Tyr change) may also increase fidaxomicin MICs 
[11, 23].

Despite approval for fidaxomicin use for CDI in 2010, 
uptake has been limited [21], possibly due to its higher cost 
[43], and there are currently no breakpoints available [8]. 
Unlike rifamycins, fidaxomicin resistance is very rare [5, 
8, 27, 28, 44].

Rifamycins

Rifamycins inhibit bacterial DNA-dependent RNA poly-
merase. The bacterial RNA polymerase RpoB, especially 
the β-subunit [6], is the primary site for resistance-confer-
ring mutations [4]. These mutations may disrupt the direct 
interaction between target and antimicrobial or modify the 
rifamycin-binding pocket [11]. Figure 2 depicts the location 
of resistance-conferring amino acid substitutions in rpoB. 
Mutations in rpoB resulting in rifamycin resistance in C. 
difficile do not seem to confer a fitness cost, in contrast to 
species such as Neisseria meningitidis and M. tuberculo-
sis [40]. Resistant strains may have MICs 1000-fold higher 
than susceptible strains [45], and there is a high agreement 
between phenotypic and genotypic resistance in rifaximin 
[46]. However, a US study found that epidemic C. difficile 
RT027 strains had unusual intermediate MICs to rifamycin, 
suggesting the potential for alternate resistance mechanisms 
[25]. The susceptibility of rifampin correlates with that of 
rifaximin, and thus, both are discussed in the following 
section.

While effective at reducing recurrence, the rapid develop-
ment of resistance makes rifamycin use risky. In one case, 
resistance developed in a C. difficile RT056 strain within 
3 days of rifaximin therapy, with the MIC increasing from 
0.002 to > 32 mg/L [47]. Rifamycins in long-term regimes 
are commonly used in therapy for tuberculosis, a leading 
cause of infectious disease-related deaths globally [44, 48]. 
This combination of long-term, frequent use and the single 
mutation required leaves rifamycins particularly vulner-
able to the development of resistance. In a study of several 
Asia–Pacific countries, Lew et al. noted that rifaximin resist-
ance was not found in C. difficile strains from countries with 
low tuberculosis rates (Singapore, Australia and Japan) [44].

A 2020 meta-analysis and a 2018 European study found 
42.4% and ~ 15% rifampin resistance, respectively [6, 8]. A 
separate European study from 2015 found rifampin resist-
ance in 17/22 countries (breakpoint 16 mg/L) [28]. Resist-
ance was not uniform across a location or RT [6], e.g. 
rifampicin resistance was present in 62.4% of Italian isolates 
compared to 13.4% of the whole collection [28], and muta-
tions in rpoB were strongly associated with high-risk strains, 
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e.g. multi-locus sequence types (ST) 11 (e.g. RT078) and 37 
(e.g. RT017) [49]. While both location and strain appear to 
be linked to AMR, they do not always agree; e.g. RT001/072 
from the Czech Republic demonstrated rifampicin resist-
ance, but RT001/072 from Germany, Latvia or Slovakia did 
not [28].

Ridinilazole

Ridinilazole is a narrow-spectrum, potent (C. difficile MIC90 
0.2 mg/L) antimicrobial currently in phase III trials that has 
a novel but unclear mechanism of action [16]. High-resolu-
tion microscopy suggests an effect on cell division resulting 
in a filamentous cell [50]. Ridinilazole also reduces in vitro 
production of toxins A and B in C. difficile RT027 at both 
sub- and supra-MIC levels. It is poorly absorbed, and high 
concentrations can be found in stool. In vitro testing sug-
gested that higher concentrations were required to kill gut 
microbiota than fidaxomicin, thus reducing gut dysbiosis 
[50]. In both animal models and human trials, ridinilazole 
demonstrated improved sustained cure rates over vancomy-
cin without significant adverse effects [16, 51]. Sustained 
cure rates consider both initial cure and recurrence rates, and 
the superiority of ridinilazole over vancomycin was princi-
pally driven by a significant reduction in recurrences [51]. 
In a phase II trial, those patients who developed a recurrence 
all had strains that remained susceptible to ridinilazole, sug-
gesting an alternate reason for treatment failure [50].

Treatments under development

Several potential treatments are currently under develop-
ment but have not yet completed phase III trials, including 
ramizol, clofazimine, DS-2969b, CRS3123, ibezapolstat, 
DNV3837/DNV3681, MGB-BP-3, LFF571 and ramoplanin 
[16]. Some have similar mechanisms or targets to existing 
antimicrobials, e.g. DS-2969b which targets GyrB and thus 
may be vulnerable to amino acid substitutions as with the 
fluoroquinolones. Others, such as ibezapolstat that inhibits 
DNA polymerase IIIC, have novel mechanisms of action. 
Surotomycin, a potent bactericidal cyclic lipopeptide, com-
pleted phase III trials but did not meet its goals of non-infe-
riority to vancomycin and is no longer in development [16]. 
Studies determined resistance was likely to be extremely 
rare, involving proteins with potential roles in membrane 
structure or biosynthesis [45, 52]. Similarly, cadazolid, a 
novel oxazolidinone, did not progress after phase III trials 
[16].

Resistance to other antimicrobials

Fluoroquinolones

Fluoroquinolones are bactericidal antimicrobials that tar-
get the DNA replication enzymes DNA gyrase and type 
IV topoisomerase, inhibiting their ligase functions while 
continuing to allow them to generate double-stranded DNA 
breaks in the chromosome [53]. Newer generation fluoroqui-
nolones such as moxifloxacin show increased activity against 
Gram-positive and anaerobic bacteria [53, 54]. However, 

Fig. 2   Resistance-conferring mutations in RpoB. Known amino acid 
substitutions in RpoB that confer resistance to rifamycins or fidax-
omicin. Mutation-rich regions have been enlarged with line breaks 
indicated by triple black lines. Substitutions are displayed in standard 
notation (single-letter amino acid codes and amino acid site; S = ser-

ine, T = threonine, D = aspartic acid, N = asparagine, V = valine, 
P = proline, H = histidine, Y = tyrosine, L = leucine, R = arginine, 
K = lysine, I = isoleucine, M = methionine, F = phenylalanine) [35, 42, 
46, 47, 49, 123–127]
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moxifloxacin and levofloxacin may fail to reach inhibitory 
concentrations in the intestine in early treatment, and resist-
ance develops frequently after exposure [6].

Resistance in C. difficile occurs via mutations that reduce 
binding affinity in the target site, the quinolone resistance-
determining region (QRDR) of DNA gyrase subunits A and 
B [9, 55]. Figure 3 depicts the major GyrA and GyrB substi-
tutions that confer fluoroquinolone resistance. While there 
are many amino acid substitutions responsible for resistance, 
Thr82Ile in GyrA is the most common [56]. In one study, 
179/186 (96.2%) strains with reduced susceptibility had this 
alteration [26]. This mutation lacks a detectable fitness cost 
[57], and in at least one study, resistant strains exhibited 
increased fitness [26], suggesting it may be maintained in 
the population regardless of the presence of antimicrobi-
als [6]. The prevalence of this mutation in particular may 
be explained by higher fitness costs and increased mutation 
requirements for other amino acid changes such as Thr82Val 
in GyrA [57]. Alterations in GyrB are less common than 
those in GyrA [57]. Different mutations provide different 
levels of resistance, with Thr82Ile associated with high-level 
resistance while others lead to lower MICs in comparison 

[57]. While QRDR mutations are the major mechanism, 
some resistance-conferring mutations have been found out-
side the QRDR and may be more common than previously 
thought [58]. Resistance to newer fluoroquinolones appears 
to be somewhat cross-protective, with one study finding all 
strains resistant to moxifloxacin were also resistant to gati-
floxacin, levofloxacin and ciprofloxacin [35]. While there is 
generally high concordance between phenotypic and geno-
typic (gyrA and gyrB) resistance typing [46], one study has 
identified ciprofloxacin-resistant strains with no mutations 
in any part of the gyrA/gyrB regions [58], so other resistance 
mechanisms may yet be discovered.

Interestingly, antimicrobial adjuncts may improve the 
efficacy of some antimicrobials for CDI. A recent study by 
Pellissery et al. found that sub-MIC levels of sodium selenite 
significantly increased the susceptibility of C. difficile to cip-
rofloxacin in vitro while not affecting beneficial microbiota 
[59]. Such findings indicate that AMR may not condemn a 
drug to permanent disuse; instead, more research is needed 
on potential combinations.

Fluoroquinolone resistance is widely regarded as having 
played a significant role in the spread of hypervirulent strain 

Fig. 3   Fluoroquinolone resistance mutations in GyrA and GyrB. 
Known amino acid substitutions in GyrA and GyrB conferring resist-
ance to fluoroquinolones. Mutation-rich regions have been enlarged, 
with line breaks indicated by triple black lines. The quinolone resist-
ance-determining region (QRDR) is identified by a yellow box, with 
extra-QRDR substitutions noted in blue. Substitutions are displayed 

in standard notation (single-letter amino acid codes and amino acid 
site; S = serine, A = alanine, R = arginine, G = glycine, D = aspar-
tic acid, V = valine, N = asparagine, L = leucine, F = phenylalanine, 
K = lysine, E = glutamic acid, T = threonine, P = proline) [11, 35, 46, 
49, 54, 55, 58, 70, 112–116, 128, 129]
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C. difficile RT027 which caused substantial outbreaks across 
North America and Europe in the 2000s. In the 1990s and 
2000s, North America had a heavy reliance on fluoroqui-
nolones [60] such as levofloxacin which was recommended 
by IDSA/Thoracic Society for therapy for community-
acquired pneumonia [61]. In contrast, Australia had strict 
limitations on fluoroquinolone use, in both humans and 
livestock, which contributed to the much-delayed importa-
tion and limited local spread of RT027 [62–64]. C. difficile 
RT027 was characterised by binary toxin production and 
fluoroquinolone resistance and responsible for dramatically 
increased mortality rates [65]. These epidemic strains of C. 
difficile RT027 had increased resistance to fluoroquinolo-
nes compared to pre-epidemic strains [6], with the preva-
lence of moxifloxacin resistance in Europe rising from 6.6% 
(1991–1997, before the introduction of moxifloxacin) to 
39.9% (2011–2012) [54].

The prevalence of C. difficile RT027 has decreased sig-
nificantly over the last decade, from 31% in 2011–2012 to 
14% in 2015–2017 in the USA, resulting in a drop in moxi-
floxacin resistance rates [25]. While C. difficile RT027 is 
the best-known fluoroquinolone-resistant RT, resistance is 
found in many strains and appears to be becoming more 
common [6], with C. difficile RT001, RT017, ST35, ST3 and 
ST54 in particular with a high prevalence of up to 99% [8, 
54, 66], although clonal outbreaks may significantly impact 
resistance rates. There were statistically significant differ-
ences in resistance rates across continents, with the highest 
rates found in South America, followed by Asia and North 
America [8].

Tetracyclines

Tetracyclines are broad-spectrum antimicrobials that target 
the 30S ribosome, preventing attachment of the aminoacyl-
tRNA to inhibit protein synthesis [11]. Resistance in C. dif-
ficile involves protection of the ribosomes via elongation fac-
tor homologs encoded on various tet genes (e.g. tetM, tetW, 
tetA(P) and tetB(P)) carried by transposons (e.g. Tn916, 
Tn5397 and Tn4453) [9, 11, 54, 56, 67–69]. The tetracycline 
efflux pump gene tet40 has also been detected in C. difficile 
RT078 [69]. A study of UK, European and North American 
isolates found that tetM was the most common tetracycline 
resistance determinant [69]. Some strains have multiple tet 
genes, but it is unclear whether or not this affects the MIC 
[11]. Interestingly, isolates that were tetM positive but tet-
racycline susceptible were discovered in a study of hospital 
strains in China, although no mechanism was described [70].

Several tetracycline resistance determinants show evi-
dence of movement between species due to their location 
on MGEs such as plasmids and transposons, and the wide-
spread use of tetracyclines. Selection pressure from exten-
sive tetracycline use in agriculture [8, 69], rather than human 

medicine, appears to be driving an expansion of tetracy-
cline-resistant clones, particularly in RT078 [69]. C. difficile 
RT078, commonly found in livestock, has since spread to 
humans, with increasing numbers of cases (particularly com-
munity-acquired cases) first detected in 2005–2008 across 
Europe and America [69]. It has high rates of tetracycline 
resistance and frequently possesses tetracycline resistance 
determinants with high sequence identity to other zoonotic 
pathogens. Human and animal isolates of RT078 are highly 
genetically similar [69], and a large-scale phylogenetic study 
of isolates from 22 countries identified frequent zoonotic 
transmission of RT078 across geographic borders [71]. 
Whole-genome sequencing of isolates from humans and pigs 
has found genetically identical or closely related strains in 
both [71–74]. A 2019 study found close genetic links (in 
both sequence similarity and location) between tetP genes 
in Paeniclostridium sordellii and C. difficile, suggestive of 
horizontal gene transfer between clostridial species [75].

As with other antimicrobials, strain differences exist; 
increasing tetracycline resistance rates were found in C. diffi-
cile RT027 clinical strains [25], while C. difficile RT078 iso-
lates contain more of the tetM determinant than other strains 
[69]. Location plays a significant role in resistance distribu-
tion even within single strains; higher rates of tetracycline 
resistance were detected in C. difficile RT017 isolates from 
China (82.4–85.7%) than from European countries (27.8%) 
[54]. The highest rates of tetracycline resistance were found 
in Oceania, Asia and Europe [8].

Several tetracyclines have been proposed as potential 
alternative CDI treatments. Tigecycline has been suggested 
for the treatment of severe CDI [4], as it is efficacious, inhib-
its spore formation and decreases toxin production; however, 
it reduces the healthy microbiota of the gut [16] and thus 
may contribute to CDI recurrence. A pan-European study 
of 2698 isolates in 2011–2014 found no resistance to tige-
cycline [27], but a more recent study characterising over 500 
isolates from phase III surotomycin clinical trials found 2.5% 
were resistant [76]. Omadacycline, another tetracycline that 
has completed phase III clinical trials for various infections, 
demonstrated in vitro activity against C. difficile (with lower 
MICs than vancomycin) and does not induce CDI in in vitro 
models [77]; however, it also has a significant impact on the 
gut microbiota [16]. Further research in vivo is required, 
as well as a comprehensive study of the effect tetracycline 
resistance determinants may have on this drug. Eravacy-
cline also shows activity against C. difficile, but once again 
is broad-spectrum and thus not ideal for treatment [16].

Macrolide‑lincosamide‑streptogramin B 
antimicrobials

Macrolide-lincosamide-streptogramin B (MLSB) antimicro-
bials (e.g. erythromycin and clindamycin) bind to the 50S 
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subunit of bacterial ribosomes, preventing elongation of 
peptides and thus inhibiting protein synthesis. MLSB resist-
ance in C. difficile is principally conferred by ribosomal 
methylation, but other mechanisms have been implicated 
and much is still unknown. The most common determinants 
of resistance are 23S ribosomal RNA methyltransferases 
encoded by erm genes, which are typically carried on trans-
posons. The most prevalent erm gene is ermB, with two cop-
ies carried on a 9.6-kb conjugative transposon Tn5398 [6]. 
In one study in China, 89.3% of MLSB resistant isolates 
carried ermB [78]. Alternative genetic contexts for ermB 
have been discovered, including a 12.8-kb plasmid fragment 
[49], a truncated version of Tn5398 that does not confer 
resistance (ΔermB isolates) [79] and Tn6215 transduced by 
phage φC2 [80]. Other erm genes including ermG, ermQ, 
ermFS and ermC have also been detected on transposons 
including Tn6398, Tn6194, Tn6149 and Tn6215, some of 
which are transmissible across species boundaries [4, 9, 46, 
55, 68, 81].

An as-yet unexplained but common phenomenon is the 
existence of C. difficile strains with MLSB resistant pheno-
type but lacking erm genes of any type, indicating the pres-
ence of other resistance mechanisms [6, 9, 11, 46, 67, 78]. 
Alterations to ribosomal proteins and rDNA are present in 
non-resistant isolates, and pump inhibitors such as reserpine 
had no effect despite suggestions of a role for the cme efflux 
pump [11], providing evidence against target alteration or 
efflux pump mechanisms [35, 55]. Several other putative 
mechanisms and genes of interest have been identified; 
erythromycin-resistant but clindamycin-susceptible strains 
have been identified with the msrA gene [49] which acts as 
a protein-oxidation repair enzyme in Escherichia coli, and 
one strain with high-level clindamycin and erythromycin 
resistance but lacking any known resistance genes encoded 
an rRNA methyltransferase enzyme identical to one found in 
Erysipelotrichaceae (accession AYM48329.1) [46].

A cluster of MLSB resistance-associated genes was found 
in MDR C. difficile isolates, encoding ermG, mefA and 
msrD (macrolide efflux) and vat (streptogramin A acetyl-
transferase) [81]. This cluster appeared to be on a putative 
mobile genetic element, exhibiting a mosaic structure and 
including a type 1 restriction-modification (RM) system, an 
intact prophage and an IS66 family transposase as well as 
the AMR determinants. The element was later detected in 
several other C. difficile genomes in GenBank [81].

The cfr and cfr-like 23S rRNA methyltransferases con-
fer resistance to a large group of antimicrobials (including 
phenicols, lincosamides, oxazolidinones, pleuromutilins, 
streptogramin A and large macrolides) in several bacte-
rial species [82, 83]. While several cfr genes have now 
been detected in C. difficile, often carried on MGEs [84], 
their contribution to resistance requires further research. 
Some variants of Tn6218 contain cfrB, suggested to be a 

mechanism of clindamycin and erythromycin resistance in 
C. difficile [6, 49]. The cfrC gene has also been found in 
clindamycin-resistant strains [49], while Stojkovic et al. 
identified a new cfr-like gene named cfrE in a clinical 
isolate from South America [84]. In vitro testing showed 
that both cfrC and cfrE had methylation activity in vitro 
in E. coli, but poor activity in C. difficile [84]. A study 
of an MDR (erythromycin, chloramphenicol, clindamycin 
and florfenicol, linezolid and streptogramin A) C. difficile 
isolate discovered a constitutively expressed cfrC gene 
which was later identified in search of several other C. 
difficile genomes [83]. The genomic context surrounding 
the gene indicated that C. difficile acquired cfrC some time 
ago and may be a reservoir for other bacteria [83]. Putative 
plasmids containing cfr genes have been detected in C. 
difficile; a putative plasmid containing cfrC was detected 
in silico (which has not yet been experimentally verified) 
[30], and a 6961 bp-sized plasmid named pCd13-Lar was 
identified carrying both the aphA3 aminoglycoside resist-
ance gene and a cfrC gene 99% similar to one found in 
the pTx40 plasmid from Campylobacter coli [49]. All cfr 
genes were uncommon in C. difficile, with a ~ 4% (cfrC), 
1.3% (cfrB) and 0.09% (cfrE) detection rate according to 
examination of protein sequences from > 2000 genomes 
[84].

Clindamycin use poses a high risk for inducing CDI [6], 
and it was the first antimicrobial to be recognised as such 
[54]. Indeed, the disease was initially called clindamycin-
associated colitis. Resistance is most prevalent in Asia and 
South America [8] and very common in human isolates in 
Australia (84%) [85]. A meta-analysis found no significant 
[79] difference in resistance rates for clindamycin between 
historic and modern strains [8]; however, a study in Eastern 
China found a statistically significant increase in MICs for 
erythromycin and clindamycin between 2015 and 2020 [78], 
which were the most common resistances found in China 
along with ciprofloxacin [66].

Oxazolidinones

Oxazolidinones such as linezolid are broad-spectrum antimi-
crobials active against Gram-positive bacteria. They inhibit 
protein synthesis by binding to the 50S ribosomal subunit 
and preventing the formation of the initiation complex [83, 
86]. Linezolid inhibits protein synthesis by targeting the 
23S rRNA and inhibited C. difficile cytotoxin production 
in in vitro models [11]; however, it is not recommended for 
CDI treatment [84]. Linezolid causes gut dysbiosis due to 
its broad spectrum of activity [87], but this appears short-
lived [88]. Reports have emerged of linezolid-induced C. 
difficile colitis, and there is a suggestion that faecal concen-
trations may not be sufficient due to renal metabolism [89]. 
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The cfrC gene carried via a transposon and a mutation in the 
rplC (ribosomal protein 3) gene has been associated with 
resistance to linezolid [11, 54]. While C. difficile is generally 
susceptible to linezolid, a small number of resistant strains 
have been reported in Europe, with estimates of prevalence 
ranging from 1–5.7% [54].

Chloramphenicol

Chloramphenicol inhibits protein synthesis by binding to the 
50S subunit of the ribosome and blocking the action of pep-
tidyl transferase and thus peptide bond formation. It is active 
against a wide range of bacteria including Gram-positives 
and anaerobes. Resistance mechanisms focus on protecting 
the ribosomes via methylation or inactivating the antimicro-
bial via enzymes such as the chloramphenicol acetyltrans-
ferase encoded by the catD gene [55]. In C. difficile, catD 
has been found on transposons Tn4453a and Tn4453b [6]. 
Problems with toxicity to human cells limit the use of chlo-
ramphenicol for C. difficile, so research is rare. Resistance 
is uncommon [55] with < 5% of strains from prevalent RTs 
resistant in in vitro tests according to the ClosER study of 
22 European countries [28].

Aminoglycosides

Aminoglycosides target the 16S rRNA aminoacyl-tRNA 
recognition site and inhibit protein synthesis. Intrinsic 
resistance in anaerobes means that the presence of amino-
glycoside genes is likely a poor indicator of phenotype [81]. 
Despite intrinsic resistance, some strains of C. difficile also 
contain acquired aminoglycoside resistance genes, indicat-
ing transfer from other bacteria [46]. Resistance mechanisms 
mainly involve aminoglycoside-inactivating enzymes [90]. 
Multiple resistance genes have been identified such as npmA 
(a 16S rRNA methyltransferase), aph(3’)-III (an aminogly-
coside phosphotransferase) and ant(6)-Ia (an aminogly-
coside nucleotidyltransferase) [91], as well as a range of 
putative resistance determinants commonly found in other 
species, such as aadE (an aminoglycoside 6-adenylyltrans-
ferase) and aac(6’)-Ie-aph(2″)-Ia [81]. CLSI breakpoints are 
not defined for aminoglycosides in C. difficile [91].

Newer aminoglycosides such as amikacin, arbekacin and 
plazomicin are less vulnerable to some resistance mecha-
nisms than the earlier gentamicin and tobramycin but are 
still affected by some mechanisms such as 16S-rRNA meth-
yltransferases and certain aac and aph genes [90]. In C. 
difficile, resistance to apramycin, a newer aminoglycoside 
under development, is rare and associated with the npmA 
gene [90].

β‑Lactams

β-Lactam antimicrobials, including penicillins, carbapenems 
and cephalosporins, feature a β-lactam ring and inactivate 
cell wall synthesis enzymes. C. difficile is intrinsically resist-
ant to many β-lactams due to the presence of chromosomal 
class D β-lactamase genes (blaCDDs) which confer broad-
spectrum resistance to β-lactam antimicrobials including 
penicillins, monobactams and all generations of cephalo-
sporins [92, 93]. Unlike many β-lactamases, the blaCDD 
genes appear not to be mobile elements, as they are not 
surrounded by known MGE genes and are only distantly 
related to other β-lactamases [46] while maintaining high 
amino acid sequence identity with blaCDDs from other C. 
difficile strains [92]. They remain associated with the cell 
surface and are only active under reducing conditions [93]. 
The regulation of blaCDDs is debated, with Toth et al. find-
ing blaCDD enzymes were poorly expressed [92], while 
Sandhu et al. found a high expression that was inducible 
and both dosage- and antimicrobial-dependent [93]. Regula-
tion is controlled by blaR (sensor) and blaI (repressor), with 
disruption of blaI resulting in improved growth in ampicillin 
[93]. A co-transcribed lipoprotein, blaX, enhances blaCDD 
activity but is not essential [93].

β-Lactamase inhibitors in combination with antimicro-
bials (e.g. amoxicillin-clavulanate) were effective against 
C. difficile in at least one study, although these agents are 
not often included in AMR surveillance [54]. Carbapenems 
possess a unique structure that confers resistance to most 
β-lactamases [94]; they bind to PBPs 1, 2 and 3 [94]. C. 
difficile has generally been considered susceptible to carbap-
enems, but resistance has begun to be reported [54] primar-
ily in RT017 [95], which have been found with imipenem-
resistance mutations in the active site of penicillin-binding 
protein genes pbp1 and pbp3 [54, 81]. A fifth pbp5 on a 
mobile element was also found in resistant strains, but its 
effects are unclear [95].

Resistance to cephalosporins is high in C. difficile, and 
their widespread use is recognised as a high risk for induc-
ing CDI [6], while penicillins and carbapenems have sig-
nificantly lower MICs [92]. According to Toth et al., testing 
of several β-lactam antimicrobials (ampicillin, penicillin G, 
oxacillin, cephalothin, cefotaxime, ceftriaxone, cefoxitin, 
ceftazidime, cefepime, aztreonam, imipenem and mero-
penem) revealed that the highest MICs were to aztreonam, 
followed by ceftazidime, cefotaxime and cefoxitin, with the 
lowest MICs to meropenem, followed by ampicillin, penicil-
lin G and imipenem [92].
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Efflux mechanisms

Efflux pumps are classified into ATP-binding cassette (ABC) 
transporters or secondary multidrug transporters, which 
are further divided into resistance-nodulation-cell division 
(RND), small multidrug resistance, major facilitator super-
family (MFS) and multidrug and toxic compound extrusion 
(MATE) groups [23, 96]. Their role in C. difficile AMR has 
not been clearly described; however, C. difficile does possess 
efflux pump genes known to confer resistance when tested 
in other species; the cdeA gene encodes an MATE efflux 
mechanism that confers resistance to norfloxacin and cipro-
floxacin in E. coli, while the cme MFS mechanism confers 
erythromycin resistance in E. faecalis [23, 97]. The cdeA 
transporter conferred resistance only under the control of 
the Plac promoter, not its natural promoter [98].

ABC transporters conferring AMR have been found 
in other Clostridium spp. as well, including cmpA in C. 
hathewayi and CPE1506 in C. perfringens [99]. A puta-
tive ABC transporter is also present in C. difficile; cd2068 
expression is induced by antimicrobials (cloxacillin, ampi-
cillin, cefoxitin, ciprofloxacin, gentamicin and levofloxacin) 
and confers increased resistance to these antimicrobials 
[99]. Interestingly, C. difficile has an efflux pump complex 
homologous to the TolC pump found in E. coli, in which it 
locates in the outer membrane and thus has not otherwise 
been found in Gram-positive species [96]. Mutants lacking 
this complex had their growth inhibited by tetracyclines and 
penicillins as well as acidic pH, fungicides and some inor-
ganic and organic compounds not used against C. difficile 
[96].

Multidrug resistance

MDR in C. difficile, defined as resistance to three or more 
antimicrobial agents, is common and usually involves clinda-
mycin, erythromycin, fluoroquinolones and cephalosporins 
[6, 44]. Like AMR rates, MDR rates vary by location and 
strain type. The majority of epidemic and emerging strains 
such as C. difficile RTs 176 and 356/607 are MDR [6]. In 
Europe, MDR estimates varied between 28 and 77%, with 
RTs 027, 017 and 198 resistant to five or more antimicrobi-
als and some strains even resistant to nine antimicrobials 
[6, 27, 35]. Oddly, rifampicin resistance was always asso-
ciated with moxifloxacin resistance in one study [35]. In 
the Asia–Pacific region, multidrug resistance was present 
in 100% of RT369, 92.7% of RT018 and 66.1% of RT017 
[44]. Li et al. found MDR varied from 5.8% in Southwest 
China to 43.75% in South China and suggested increasing 
wealth correlated to increasing MDR [66], possibly due to 
the availability of more drug classes. MDR also remained 

common in US RT027 strains, with a significant increase in 
co-resistance to clindamycin, moxifloxacin, rifamycins and 
tetracyclines over time [25].

Difficulties in determining AMR in C. difficile

Characterising AMR in a strain of C. difficile can be surpris-
ingly difficult. Heteroresistance (small numbers of resistant 
cells within a susceptible population) and reduced suscep-
tibility can prevent accurate determination by standard sus-
ceptibility tests [4]. Treatment failure unrelated to known 
resistance mechanisms also occurs. While known mutations 
in gyrA, gyrB and rpoB were highly concordant with their 
respective resistance phenotypes [46], the same cannot be 
said for other resistance mechanisms, highlighting a key 
issue with modern methods of AMR determination in sil-
ico: While in silico methods can provide rapid, high-volume 
detection of many antimicrobial resistance determinants at 
once, genotype does not always correlate with phenotype. 
In a recent study of Australian C. difficile ST11 strains, in 
silico AMR screening matched well (100%) with agar dilu-
tion MIC results for fluoroquinolones and tetracycline, but 
only poorly for MLSBs (36%, screened using ermB), further 
indicating alternate mechanisms exist [100].

In silico methods also depend on comprehensive knowl-
edge of genetic features to search for, and in many cases, this 
information is not yet known, or there is a delay between 
discovery and implementation in databases. Figure 4 pro-
vides an overview of potential resistance-conferring loci. 
While large AMR gene databases and search tools exist, 
there are several, each with differences, and they require a 
separate set of skills from in vitro testing. In vitro testing 
is not immune to these challenges either, with a variety of 
methods and standards in use making comparisons difficult. 
Antimicrobial susceptibility tests include the agar dilution 
assay (gold standard), E-tests (most commonly used [6, 8]) 
and broth microdilution [4]. The E-test is less laborious than 
agar dilution but can have discrepancies in MICs which are 
generally lower than those determined by agar dilution [4, 
67]. Many methods are based on set ‘checkpoints’ of con-
centration or dilution, thus limiting exact measurements, 
and chemical properties, e.g. solubility, may limit testing of 
concentrations outside a set range [11]. Even only using the 
E-test, one study found clindamycin MICs changed around 
the resistance breakpoint depending on how MIC endpoints 
were read, either via the product insert or using methods 
described in the literature [25]. When MICs cluster around 
breakpoints (as is common with cephalosporins), small 
changes (e.g. changes in media or testing method) can have 
large consequences for perceived resistance rates [101].

Similar strains may also compromise testing; in one 
study, a newly discovered clindamycin-resistant strain 

2471European Journal of Clinical Microbiology & Infectious Diseases (2021) 40:2459–2478



1 3

RT591 was misidentified via Xpert C. difficile PCR (Cep-
heid) as RT027 due to similar genetic composition of the 
PaLoc and presence of cdtB [102]. C. difficile RT244 in an 
Australian outbreak was also misidentified as RT027 by the 
same test [103].

One of the most common issues for in vitro testing is the 
lack of a single standard, making comparisons between stud-
ies difficult. Various measures are reported such as weighted 
pooled resistance (WPR), MIC50 and MIC90, S/I/R classi-
fications, cumulative mean resistance, high- or low-level 
resistance, or resistance prevalence. Clinical breakpoints 
characterise microbes as susceptible, intermediate or resist-
ant depending on whether a level of antimicrobial activity is 
associated with a likelihood of treatment success or failure 
[104]. Breakpoints from CLSI, EUCAST and prior literature 
are used, with some taken from their use in other bacteria 
as breakpoints are not available [5]. Epidemiological cut-off 
values may also be used, characterising microbes as wild 
type (absence of acquired or mutational resistance mecha-
nism) or non-wild type (presence of acquired or mutational 
resistance mechanism) [104].

EUCAST and CLSI guidelines are the most commonly 
used in determining the classification of bacteria as suscep-
tible/intermediate/resistant [67]; however, the breakpoints 
of each are not equivalent. For metronidazole, for example, 
the CLSI breakpoint is ≥ 32 mg/L [105], while the EUCAST 
breakpoint is ≥ 2 mg/L [106]. One study comparing AMR 
in several Gram-negative bacteria found that resistance rates 
were dramatically different with different breakpoints, as 
much as 52.3% (EUCAST) vs 19.9% (CLSI) for amoxicillin-
clavulanic acid [107]. Also, the CLSI breakpoint is based 
on serum rather than intestinal concentration, but ESCMID 
guidelines are based on intestinal activity [67]. Due to dif-
ferences in classification schemes and disagreement between 
methods, some groups have suggested that the use of direct 
MIC data would better enable comparisons between studies 
[5].

On a broader scale, it can be difficult to definitively state 
levels of resistance of certain C. difficile populations. Saha 
et al. analysed 60 studies between 1982 and 2017, including 
data from 27 countries and over 8000 isolates [5], and found 
the majority of reports were from Europe or North America. 

Fig. 4   Genomic loci suggested to play a role in AMR in C. diffi-
cile. Graphical representation of the C. difficile genome with loci 
that have been implicated as potentially playing a role in AMR indi-
cated by coloured lines (red = metronidazole, blue = vancomycin, 

purple = fidaxomicin, teal = efflux, yellow = MLSB). These genes 
are listed beside with gene names and the suggested antimicrobial 
affected. GC content is indicated on the inner circle, with above aver-
age in yellow and below average in purple
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Unfortunately, this is a consistent issue with limited publi-
cations from many regions, e.g. Africa and many parts of 
Asia. Antimicrobial susceptibility testing is not routinely 
performed for C. difficile in most places [30], and diagnos-
tic assays for CDI differ between locations, affecting the 
recruitment of cases/strains for study [44]. The quality of 
studies also has a statistically significant impact on AMR, 
with vancomycin resistance threefold higher in studies rated 
low quality compared to those rated high quality [8].

Adding to these challenges is the sheer diversity in this 
species. C. difficile has one of the lowest gene conserva-
tion rates of all bacterial species, with only an estimated 
16–32% of genes conserved [108, 109] out of a large, open 
pangenome of over 10,000 genes [100, 108, 109]. Moreo-
ver, C. difficile is taxonomically incoherent, displaying 
genomic characteristics representative of distinct species 
divided along with the major evolutionary clades [110]. 
It also has a highly mobile genome with a demonstrated 
capacity to exchange genes with other species [46, 108], 
enhanced by the ability of C. difficile to persist as spores, 
and its niche within environments considered hotspots for 
genetic exchange (such as the human gut, soil and sewage) 
[49, 62]. In Southeast Asia, more than half the non-toxi-
genic strains studied carried mobile elements featuring AMR 
genes, many of which were similar to those found in other 
bacterial species of the porcine gut, such as E. rhusiopathiae 
and S. suis [46]. AMR genes included tetM, ermB, tetO, tetB, 
catP, the ant(6)-iae aph(30)-IIIl sat4A cluster and aac(60)-
Ie-aph(200)-Ia [46]. While non-toxigenic strains have been 
suggested as an option for reducing CDI due to the protec-
tive effect they have against toxigenic strains [111], their 
ability to gain or pass on resistance genes to other bacteria 
remains a risk.

Epidemic strains are typically more resistant than non-
epidemic counterparts [62, 67], with a lower diversity of RTs 
also correlated with increased AMR [28]. C. difficile RT017 
(common in Asia) was reported to have greater resistance to 
several antimicrobials [44] as well as higher rates of MDR. 
Analysis of isolates from the Asia–Pacific region found 
that RT014/020 and RT002 (both common in Australia) 
to have lower rates of resistance [44, 54]. C. difficile RTs 
027, 001/072, 017, 018 and 356 were associated with resist-
ance in Europe [28]. Surviving antimicrobial treatment may 
not be the only benefit to resistant strains, with Baines and 
Wilcox suggesting strains with reduced susceptibility hold 
a competitive advantage as they would be able to recolo-
nise the gut sooner after antimicrobial treatment than other 
strains [11].

Several analyses showed that rates of AMR varied sig-
nificantly not just with strain but with location (country and 
continent), wealth and patient age (with AMR increasing 
to a peak in the 65–85 year age group) [8, 44, 66, 67]. As 
the evolution of resistance is largely driven by selective 

pressure, differences in population dynamics and antimi-
crobial use policies explain much of this finding [9, 28]. An 
excellent example of this is the rapid expansion of C. difficile 
RT027 across North America where fluoroquinolone usage 
was high [9], compared to the scarcity and much-delayed 
development of the same strain in Australia, where fluoro-
quinolones were strictly limited [62], although the lack of a 
local reservoir likely contributed to the failure of RT027 to 
establish in Australia.

Economic factors may also play a part. The association 
with the gross domestic product (inversely correlated to 
combined AMR) [44] may be due to a host of factors such 
as less stringent antimicrobial stewardship, poorer health-
care infrastructure and increased rates of other pathogens 
requiring antimicrobial treatment. Many Asian countries 
have some of the world’s highest antimicrobial consump-
tion rates, with availability often not requiring prescriptions 
nor appropriate diagnosis [44]. Australia, in contrast, with 
higher wealth and strict antimicrobial stewardship policies, 
had the lowest mean cumulative resistance score (2.58) of 
12 Asia–Pacific countries [44].

A solution to these issues is unlikely to be easily found. 
In silico testing appears promising with its ability to avoid 
much of the methodological variance of in vitro testing and 
the increasing use of genome sequencing. Further research 
to identify currently unknown genetic determinants, as 
well as a greater scope of gene search databases to include 
potential AMR acquisition from other species, would greatly 
improve the predictive value of in silico testing.

Barring the development of a quick, easy, cheap and 
effective testing method suitable for both clinical use and 
the research lab, there are simply too many factors at play 
to easily resolve the variance in physical testing around 
the world. Perhaps a more achievable solution would be to 
improve data sharing and understanding of these factors so 
that they may be taken into account when determining resist-
ance. Large databases are already widely used for a vari-
ety of purposes, such as the ENA, GenBank or CARD, and 
enable large-scale analyses by pooling research from around 
the globe. Integration of susceptibility testing data, along 
with methods used, into a centralised database may enable 
a greater understanding of the factors influencing the deter-
mination of resistance. Such a database would ideally allow 
for filtering and comparison of methodology factors (such 
as test used, media, storage and breakpoints) to account for 
their effects. This would enable comparisons of resistance 
between datasets using different methods without requiring 
global standardisation of laboratories with different needs 
and resources.
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Concluding remarks

AMR in C. difficile remains a serious threat and burden to 
healthcare systems, with many mechanisms of resistance 
still poorly understood and MDR widespread. Treatment 
options are narrowing, with both metronidazole and van-
comycin seeing increasing treatment failures with no clear 
answer, while rifaximin is especially vulnerable to the rapid 
development of resistance. Evidence is increasingly point-
ing towards a diverse array of environmental and animal 
reservoirs of C. difficile with the transfer of AMR genes to 
and from other species. Resistance-conferring plasmids have 
now been identified, while previously, they were assumed to 
play no role in C. difficile AMR.

With high diversity, a mobile resistome and new resist-
ance mechanisms being discovered, ongoing genomic-
focused public health surveillance of C. difficile is critical for 
understanding and combating CDI. Yet, determining AMR 
in C. difficile remains challenging for a variety of genetic, 
epidemiological and practical reasons. Continuing AMR 
research with a One Health perspective, as well as improve-
ments to collaborative data collection, distribution and use, 
will be key to combating this pathogen in the future.
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