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Abstract: Clostridioides difficile is the most important cause of healthcare-associated diarrhea in the
United States. The high incidence and recurrence rates of C. difficile infection (CDI), associated with
high morbidity and mortality, pose a public health challenge. Although antibiotics targeting C. difficile
bacteria are the first treatment choice, antibiotics also disrupt the indigenous gut flora and, therefore,
create an environment that is favorable for recurrent CDI. The challenge of treating CDI is further
exacerbated by the rise of antibiotic-resistant strains of C. difficile, placing it among the top five most
urgent antibiotic resistance threats in the USA. The evolution of antibiotic resistance in C. difficile
involves the acquisition of new resistance mechanisms, which can be shared among various bacterial
species and different C. difficile strains within clinical and community settings. This review provides a
summary of commonly used diagnostic tests and antibiotic treatment strategies for CDI. In addition,
it discusses antibiotic treatment and its resistance mechanisms. This review aims to enhance our
current understanding and pinpoint knowledge gaps in antimicrobial resistance mechanisms in
C. difficile, with an emphasis on CDI therapies.
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1. Introduction

With an estimated incidence rate of 110.2 cases per 100,000, C. difficile infection (CDI)
is one of the leading causes of morbidity and mortality due to infectious diarrhea in the
United States [1]. CDI occurs when there is a shift in the colonic microbial flora allowing
toxin-producing strains of the Gram-positive, spore-forming, anaerobic bacillus to over
proliferate [2]. Antibiotic exposure, the most important risk factor for CDI, results in a
reduction in the population of non-pathogenic anaerobes that normally inhabit the gut [2,3].
This leads to a decrease in competition for space and resources for C. difficile allowing it to
replicate unchecked [2]. Additionally, an ineffective host immune response contributes to
this disease process due to the reduced elimination of this pathogenic bacterium as well
as an increased inflammatory response to the bacterium and its toxins [2,4-7]. Clinical
manifestations of CDI commonly include fever, leukocytosis, abdominal pain and profuse
watery diarrhea [8,9]. Severe complications from CDI include dehydration, electrolyte
imbalances, acute kidney injury (AKI) and pseudomembranous colitis [8-10]. The presence
of toxic megacolon, ileus or shock indicates fulminant (severely complicated) disease which
requires aggressive medical therapy [8-10].

The C. difficile bacterium produces clostridial toxins, which are its major virulence
factors, and are responsible for CDI [2,11]. CDI generally occurs from strains that produce
two exotoxins, toxin A (tcdA) and toxin B (tcdB) [2,11,12]. Rare toxigenic strains that harbor
mutations in tcdA have been reported throughout the world [13-15]. These strains lack toxin
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A production; however, they still retain the ability to produce toxin B [13,14]. Interestingly,
these toxin B-only producing C. difficile strains are still strongly associated with CDI [13,14].
In contrast, strains that produce only toxin A, as well as non-toxigenic strains, are rarely
associated with pathogenicity [11,13,14,16]. A third toxin (clostridium binary toxin, CDT)
has been identified in approximately 20% of C. difficile strains [2,11,12,17,18]. Strains that
produce CDT, such as PCR ribotype 027 /North American pulse-field type 1, restriction
endonuclease analysis type B1 strain (NAP1/B1/027 or RT-027), are often associated with
severe disease and are known as hypervirulent strains [11,15,17,18]. In addition to CDT
production, mutations in the toxin regulator gene (tcdC) have been found in these strains,
possibly leading to hyperproduction of toxin A and toxin B [11,18-20]. The NAP1/B1/027
strain is notable not only for its heightened toxin production but also for an increased
sporulation rate, potentially enhancing the pathogen’s survival and promoting the spread
of CDI [21].

C. difficile was discovered in 1935 and was successfully isolated from the stool of
healthy infants [11]. It was initially considered part of the normal flora of the human
gastrointestinal tract, and commonly, that is the case [11]. In the 1970s, its association with
antibiotic-associated diarrhea and its nature as a pathogen was first realized [11]. During the
early 2000s, the hypervirulent C. difficile strain RT-027 acquired fluoroquinolone-resistance
and several epidemic outbreaks have occurred in North America and Europe periodically
since that time [19,22,23]. Prevalent strains in the US currently include ribotypes (RT) 027,
106, 014/20 and 002 [15]. In addition to RT-027, hypervirulent strains RT-078 and RT-244
are also present, but with a much lower prevalence rate [15]. Of note, RT-017 has emerged
as the major cause of CDI outbreaks in Asia and Africa [15,24]. Distinct C. difficile strains
continue to emerge globally making CDI a worldwide issue [15].

2. Laboratory Tests to Diagnose CDI
2.1. Toxigenic Culture

Culturing viable organisms from stool followed by the confirmation of toxin produc-
tion is considered the “gold standard” for diagnosing CDI [25]. Cycloserine—cefoxitin—
fructose—egg yolk agar (CCFA), or a modified version, is the standard media used for the
isolation of C. difficile [9,25,26]. Fresh stool samples should be treated with alcohol or heat
shock to facilitate the conversion of spores to their vegetative forms prior to inoculation on
CCFA or a similar selective media [9,26]. This is followed by anaerobic incubation at 37 °C
for 48 h or longer [9,25,26]. Colonies with the typical appearance of C. difficile (flat, yellow,
ground-glass-appearing colonies with a yellow halo) are selected for Gram staining and
confirmatory testing [26,27]. This is generally accomplished by either biochemical analysis
or through matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF) [9,25]. Differentiating C. difficile from other Clostridia can be accomplished
by identifying motility, gelatin hydrolysis, glucose fermentation and esculin hydrolysis,
while demonstrating the negative production of lecithinase, lipase, indole and urease [28].
Chromogenic media are commercially available, allowing for direct plating and a reduced
incubation time (24 h), but are generally a more costly alternative to standard selective
media [25]. Confirmed isolates are then tested for toxin production using a cell cytotoxicity
neutralization assay (CCNA) [9,25-27]. Although considered the “gold standard”, the long
turn-around-time and high complexity of this testing makes its routine use in clinical labs
impractical [9]. Its current use is largely confined to research labs.

2.2. Cell Cytotoxicity Neutralization Assay

In addjition to testing for toxin production from cultured C. difficile isolates, CCNA
can be performed directly on fresh stool which allows for the detection of in vivo toxin
production. For this testing, a stool filtrate is generated followed by the application of
the supernatant to a cell line monolayer, commonly a human foreskin fibroblast-derived
line [9,27,29]. Additionally, a second cell culture is incubated with a toxin-specific antibody
following the application of the stool filtrate supernatant [9,27,29]. The monolayers are ex-
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amined under high power microscopy at designated times over 48 h for signs of cytopathic
effects (CPE) [9,27,29]. CPE refers to observable cellular changes, particularly cell rounding,
resulting from the inactivation of Rho proteins. C. difficile toxins induce CPE by glucosylat-
ing low-molecular-weight GTP-binding proteins from the Rho subfamily, leading to actin
reorganization and cell rounding [30]. This cell culture-based test is interpreted as being
positive if >50% of the cultures cells exhibit cell rounding (CPE) with no CPE identified in
the cells from the antibody treated culture. When performed properly this testing has high
clinical sensitivity and specificity; however, several factors limit its clinical utility [9]. It has
a prolonged turn-around-time and subjective interpretation issues compared to antigen-
and molecular-based testing [9]. Additionally, as most clinical microbiology labs have
transitioned to molecular testing for most assays, maintaining cell lines for this testing is
often not practical. Like toxigenic culture, this testing is best used for reference testing in a
research setting [9].

2.3. Nucleic Acid Amplification Testing

Molecular testing allows for the rapid and analytically sensitive detection of toxigenic
C. difficile from clinical samples. Examples of nucleic acid amplification testing (NAAT)
methods routinely used in clinical microbiology labs include polymerase chain reaction and
loop-mediated isothermal amplification [9,31-33]. NAAT detects genes specific to toxigenic
C. difficile, most commonly toxin-related genes [34]. Most molecular assays contain the
toxin B gene target (fcdB); however, some assays also contain a target for tcdA, cdt and/or
tcdC [34]. Limitations of NAAT include a higher average cost than alternative testing for the
detection of asymptomatic colonization [9]. Among healthy adults, C. difficile colonization
without clinical signs of CDI ranges from 0% to 17.5%, while hospitalized adults show
a higher prevalence, ranging from 0% to 51% [35,36]. Molecular testing does not detect
active toxin production, thus leading to specificity issues in the diagnosis of CDI when
used alone [9]. Unnecessary treatment of asymptomatic colonized individuals can lead to
adverse effects [35].

2.4. Enzyme Immunoassays

Antigen testing, most commonly in the form of enzyme immunoassays (EIAs), pro-
vides a rapid, simple and cost-effective alternative to other diagnostic tests for CDI. This
form of testing had previously fallen out of favor due to poor analytical performance;
however, newer technological advancements have significantly improved these methods’
clinical performance [37]. EIAs utilize antibodies that bind specifically to the antigen of
interest [38]. EIAs that target toxin A and toxin B (toxin EIA) are considered the most
specific diagnostic testing method routinely used by clinical microbiology labs for CDI
diagnosis [8,9,39,40]. Since clostridial toxins degrade rapidly, the toxin EIA testing has
relatively poor sensitivity [41,42]. This necessitates the use of a second, more sensitive,
test alongside toxin EIA testing [9,41,43]. Glutamate dehydrogenase (GDH) is an antigen
found in high levels in C. difficile and is not present in appreciable levels in other related
organisms [44]. This creates an EIA that detects GDH (GDH EIA) a suitable screening
target for the presence of C. difficile. The presence of GDH does not distinguish between
toxigenic C. difficile and non-toxigenic strains [44]. This can be problematic as a positive
result may indicate colonization as opposed to CDI, especially in individuals with a low
test probability for CDI [44]. Thus, the detection of CDI by EIA is best optimized by pairing
GDH and toxin detection [9,41,44].

2.5. Current Landscape of Clinical CDI Testing

Like syphilis testing, no single stand-alone test is currently recommended for the
optimal clinical diagnosis of CDI [9,45,46]. An algorithmic approach is best suited for this
task [8,9,41,46—-48]. Current recommendations include a sensitive test (GDH EIA, NAAT)
as the first step in CDI screening followed by a specific test (toxin EIA) to confirm in vivo
toxin production [8,9]. For institutions that utilize a GDH EIA as the first part of the
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algorithm, a C. difficile NAAT can be used to arbitrate specimens that are GDH+/Toxin—
to confirm whether the detected organism is a toxigenic strain [8,9]. This can be carried
out reflexively or in all patients in whom the pre-test probability for CDI is high. Toxigenic
culture and direct stool CCNA offer the best sensitivity/specificity but are practically
illogical for most clinical laboratories [9]. Ultimately, there is no one test or algorithm
that has a strong literature to support its use over others [49]. However, it is important to
note that depending solely on molecular tests may result in overdiagnosis, unnecessary
treatment and elevated healthcare costs associated with CDI. A study conducted by Polage
at al. aimed to determine the natural history and treatment necessity for patients testing
Tox— /PCR+ (toxin immunoassay negative, polymerase chain reaction positive) for CDI [50].
Among 1416 hospitalized adults, 21% were PCR positive, but only 44.7% of these had toxins
that were detected by clinical tests. Tox—/PCR+ patients showed a lower bacterial load, less
antibiotic exposure and fewer complications compared to Tox+/PCR+ patients. The median
duration of diarrhea was shorter in Tox— /PCR+ patients, and no CDI-related complications
or deaths occurred, unlike in Tox+/PCR+ patients. The study suggests that relying solely on
molecular tests for CDI diagnosis may lead to overdiagnosis, overtreatment and increased
healthcare costs. The decision for which testing should be used for the diagnosis of CDI
is largely decided by the laboratory in conjunction with their associated clinical staff
leadership. It is important to note that, while laboratory testing is supportive for diagnosis,
CDI should not be eliminated from the differential diagnosis for individuals with significant
risk factors for and a clinical presentation consistent with CDI based solely on laboratory
results [8,9].

3. Treatment of C. difficile Infection
3.1. Treatment of the Initial Episode of CDI

The treatment of CDI, which was initially considered relatively straight forward, has be-
come more challenging as antibiotic resistant and hypervirulent strains have emerged [19,51-53].
The current standard of care (SOC) for CDI treatment is largely based on recently published
recommendation guidelines from the Infectious Disease Society of America/Society for
Healthcare Epidemiology of America (IDSA/SHEA), American College of Gastroenterol-
ogy (ACG) and the European Society of Clinical Microbiology and Infectious Disease
(ESCMID) [8-10,54]. However, it should be noted these recommendations are based on low
levels of evidence and lack high-quality research evidence [49].

The management of CDI primarily relies on three antibiotics: metronidazole, van-
comycin and fidaxomicin, which are routinely employed in its treatment [8,10,54]. Metron-
idazole belongs to the nitroimidazole class of drug that is highly effective in the treatment
of anaerobic bacterial infections and certain parasites [55]. Its mechanism of action is
based on generation of reactive free radicals that damage nucleic acid. For the treatment of
CD], it can be administered orally or intravenously [8,10,54]. Vancomycin, a glycopeptide,
prevents crosslinking of D-Ala-D-Ala moieties in peptidoglycan leading to impairment in
cell wall synthesis and stability [56]. It has activity predominantly towards Gram-positive
bacteria [56]. Vancomycin is minimally absorbed by the intact gastrointestinal tract and con-
centrates at high levels in the colon lumen, the site of its intended antimicrobial effect [57].
Although relatively new for CDI treatment, fidaxomicin has established an important role in
the treatment of this disease [8,10,54,58]. Belonging to the macrocyclic lactones (macrolide)
class of antimicrobial agents, fidaxomicin is unique in its narrow spectrum of anti-bacterial
activity [58]. It effectively targets C. difficile without disrupting much of the remaining
colonic flora [58,59]. Research studies have shown a decreased rate of treatment failure and
recurrence compared to treatment with metronidazole or vancomycin [60-62]. In addition
to initiating C. difficile-targeted antimicrobial therapy discontinuing non-CDI antimicrobials,
if being administered, allows for the re-establishment of the normal colonic flora [8,10,54].
Fluid resuscitation is also important in CDI treatment to prevent complications associated
with dehydration [8,10,54].
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Standard-of-care (SOC) treatment for an initial episode of CDI involves a treatment
course based on either fidaxomicin or oral vancomycin [8,10,54]. Per IDSA guidelines,
fidaxomicin and vancomycin are recommended as the SOC for adults, while vancomycin
and metronidazole continue to be considered standard for pediatric patients [9,54]. Fidax-
omicin (200 mg) taken orally twice a day for 10 days is the preferred first-line treatment in
these cases as its narrow spectrum likely leads to less gut dysbiosis and lower C. difficile
recurrence rates [8,10,54]. ESCMID guidelines recommends the consideration of an ex-
tended course of fidaxomicin (200 mg twice daily for 5 days, then 200 mg every other day
for 7-25 days) for patients at high risk for recurrence (e.g., geriatric patients, continued
use of antibiotics and/or proton pump inhibitors, etc.) [10]. Fidaxomicin is significantly
more expensive than oral vancomycin and not available at all treatment facilities [8,10,54].
An acceptable alternative is 125 mg vancomycin taken orally fourtimes a day for ten
days [8,10,54]. If both agents are unavailable, 500 mg metronidazole taken by mouth three
times a day for 10-14 days can be considered in initial, non-severe, cases [8,10,54]. Per ACG
guidelines, metronidazole can also be considered over fidaxomicin and oral vancomycin
for use in initial episodes of non-severe CDI in low-risk patients [8]. Severe cases are
generally defined by a high fever, marked leukocytosis and the development of acute
kidney injury [8,10,54].

For fulminant (severe complicated) CDI, treatment is the same regardless of whether
it is an initial episode or a recurrence [8,10,54]. Fulminant CDI is largely defined as the
development of profound hypotension/shock, toxic megacolon, ileus or other signs of
rapid deterioration in medical condition [8,10,54]. IDSA /SHEA and ACG guidelines sug-
gest the administration of 500 mg vancomycin by mouth or nasogastric tube every 6 h
combined with 500 mg metronidazole administered intravenously every 8 h [8,54]. If ileus
is present, rectal vancomycin administration (500 mg every 6 h) should be considered [8,54].
ESCMID guidelines differ from IDSA/SHEA and ACG, in that there is no recommendation
to increase the dose or frequency of the administration of vancomycin [10]. The guidelines
cite concerns for increased adverse effects and the development of antimicrobial resis-
tance [10]. The basis of this recommendation is that, as the standard dose already results in
high colonic intraluminal concentrations, the therapeutic benefits of the higher dose are
uncertain [10]. The ESCMID guidelines also state the adjunctive additions of intravenous
metronidazole and/or intravenous tigecycline for individual’s with a deteriorating SOC
and CDI antimicrobial agents can be considered on a case-by-case basis; however, their
routine use is not recommended [10]. Early surgical consultation is recommended for
severe and fulminant cases of CDI as prompt surgical intervention when indicated may
lead to less aggressive surgical procedures and better surgical outcomes [8-10].

3.2. Treatment of Recurrent CDI

Recurrent CDI (rCDI) is generally defined as the return of symptoms consistent
with CDI within 8 weeks of an initial episode with laboratory confirmation [8-10,63].
For rCDI episodes, anti-C. difficile antimicrobial agents remain the backbone of medical
therapy [8,10,54]. Novel treatment strategies incorporating toxin-binding monoclonal anti-
bodies and fecal microbiota transplantations have now become established in treatment
courses for rCDI cases [8,10,54,64]. For a first recurrence of CDI, fidaxomicin remains the
preferred treatment option per most societal guidelines [8,10,54]. The standard 200 mg
dose can be given twice a day for 10 days, or an extended course where the standard
dose is given twice a day for 5 days followed every other day for 20 days based on
IDSA /SHEA guidelines or 7-25 days if following ESCMID guidelines [10,54]. Alternatively,
oral vancomycin in a standard 10-day course or in a tapered /pulsed-dosed regiment can
be considered [8,10,54]. The ACG guidelines strongly recommend the use of fidaxomicin if
oral vancomycin or metronidazole was the treatment agent used in the initial CDI episode
and tapered/pulsed dosing of oral vancomycin over a standard course when used in
recurrence [8].



Pathogens 2024, 13,118

6 of 17

For second and subsequent recurrences, the IDSA /SHEA guidelines recommend ei-
ther a standard or extended course of fidaxomicin, a tapered/pulsed-dose oral vancomycin
regiment or a standard course of oral vancomycin followed by rifaximin 400 mg three times
daily for 20 days [54]. The ACG and ESCMID guidelines recommend fecal microbiota
transplantation (FMT) as the first-line treatment option for second and subsequent recur-
rences [8,10]. FMT has been shown to be effective in preventing recurrence in individuals
who have failed SOC antimicrobials in the past [65-69]. The goal of FMT is to restore a
functioning gut microbiome to suppress the growth of C. difficile by competing for resources
and epithelial surface area [67]. If FMT is not a feasible option, SOC antimicrobials can be
considered [10]. In the FMT procedure, stool samples from healthy donors are chosen for
transplantation into the recipient’s colon. The preferred methods for this transplantation
include ingestion through an oral capsule or administration via a colonoscopy [65,69]. It is
important to note that a rectal enema is another option, although it is not recommended
according to ACG guidelines [8,69]. The ACG and ESCMID guidelines state that FMT can
also be considered for severe and fulminant CDI cases where individuals on SOC therapy
are failing, and a surgical intervention is not feasible [8,70].

On 30 November 2022, the FDA announced the approval of Rebyota as a preven-
tive measure for rCDI in individuals aged 18 and above who have undergone antibiotic
treatment [71]. Rebyota is a rectally administered, pre-packaged, single-dose microbiota
suspension of 150 mL. Its effectiveness has been evaluated through randomized, double-
blind, placebo-controlled, multicenter studies, demonstrating that Rebyota is well-tolerated
and safe for use in adults with rCDI [72,73]. Additionally, the FDA recently approved
Vowst as the first orally administered fecal microbiota product for preventing CDI recur-
rence following antibacterial treatment [74]. Vowst, containing live bacteria, is derived
from human fecal matter donated by qualified individuals, with a dosing regimen of four
capsules taken orally once a day for three consecutive days [74].

While effective in managing rCDI, FMT poses a potential risk of transmitting infectious
agents. IDSA/SHEA guidelines recommend reserving FMT for individuals with two
prior recurrences based on the concern for adverse events. These include the inadvertent
transplantation of antimicrobial-resistant or pathogenic organisms and the development of
sepsis due to these newly introduced gut microorganisms. It should be noted that these are
rare occurrences with this procedure [54,66,67,75,76]. Additionally, although FMT poses the
risk of transmitting multi-drug resistant pathogens, the FDA’s approval ensures that these
products meet certain safety and efficacy standards for clinical use, potentially reducing
associated risks [77].

Bezlotoxumab is a monoclonal antibody that binds and neutralizes toxin A and
toxin B [78]. Several studies have shown decreased recurrence rates when it is admin-
istered alongside SOC antimicrobial therapy for CDI [79,80]. This is especially evident in
the case of oral vancomycin, as this was the antimicrobial agent largely used in these clinical
studies [8,54,70]. Data on its use with fidaxomicin are limited [8,54,70]. Congestive heart
failure (CHF) is also a relative contraindication for its use; its benefit in prevention of CDI
recurrence needs to be weighed against the potential risk of CHF exacerbation [8,54,70]. Its
incorporation into the treatment course as a one-time dose administered intravenously for
both the first and subsequent recurrence is highly recommended [8,54,70]. It should also be
considered in patients at high risk for recurrence even during an initial CDI episode [8,54,70].
Managing recurrent CDI poses a significant challenge, requiring attention in both treating
the underlying infection and implementing preventive measures for future episodes in
every treatment plan.

4. Antimicrobial Resistance in C. difficile and Its Mechanisms of Resistance

As mentioned earlier, the management of CDI primarily hinges on three antibiotics:
metronidazole, vancomycin and fidaxomicin [8,54]. For over three decades, metronidazole
and vancomycin have stood as the frontline treatments, while fidaxomicin, gaining ap-
proval in 2011, has predominantly been employed for managing recurrent CDI [49,54,61,70].



Pathogens 2024, 13,118

7 of 17

Despite their historical efficacy, there have been documented instances of C. difficile isolates
demonstrating diminished susceptibility and, in some cases, resistance to these antibi-
otics [81-83]. Moreover, the use of various other antimicrobials, including ampicillin,
cephalosporins, fluoroquinolones and clindamycin, has been identified as a risk factor for
CDI and the emergence of epidemic strains of C. difficile, which are resistant to multiple
antibiotics [84-86]. For example, the extensive utilization of fluoroquinolones in North
America preceded the rise and dissemination of fluoroquinolone-resistant RT027 strains,
catalyzing the global surge in CDI in the early 2000s [23,87,88]. Furthermore, measures such
as curtailing the prescription of fluoroquinolones have been correlated with a reduction in
infections attributed to fluoroquinolone-resistant C. difficile isolates, potentially elucidating
the decline in CDI in the UK.

After antibiotic treatment, over 20% of patients encounter rCDI, and among these
individuals, 45-65% undergo multiple subsequent episodes [89,90]. The impact of antibiotic
failure or resistance on treatment outcomes and the initiation of rCDI remains uncertain.
Strikingly, the assessment of CDI treatment outcomes often overlooks antimicrobial re-
sistance, given that anaerobic susceptibility testing of patient isolates is not routinely
conducted in the diagnostic evaluation of CDI. Nevertheless, the growing instances of
resistance to both conventional and newer CDI antibiotics, such as fidaxomicin, necessitate
a reassessment of this perspective [15,49,91,92].

The rise and dissemination of antibiotic-resistant C. difficile isolates, particularly within
the hypervirulent C. difficile ribotype 027 strains, poses a growing challenge in the treatment
of CDI. This section will review the issue of antibiotic resistance and the mechanisms of
resistance related to commonly used antimicrobial drugs for CDI management.

4.1. Metronidazole Resistance

For three decades, metronidazole was the recommended primary treatment for CDI [9].
However, recent evidence indicates that it has fewer clinical benefits compared to van-
comycin [9]. Due to this decreasing effectiveness, current guidelines from the IDSA/SHEA
and ESCMID no longer endorse metronidazole as the first-line treatment for adult CDI. This
marks a significant change in how CDl is treated. Presently, metronidazole is recommended
only for the initial episode of non-severe CDI in situations where access to vancomycin or
fidaxomicin is limited [9]. Alternatively, metronidazole may be reserved for intravenous
therapy in combination with vancomycin for severe CDI [9].

Metronidazole belongs to the bactericidal nitroimidazole class of antibiotics and is
administered as a prodrug [55,93]. Within the cell, it undergoes activation through reactions
facilitated by oxidoreductases, such as pyruvate-ferredoxin/flavodoxin oxidoreductase [55].
This activation results in the formation of reactive species that cause damage to nucleic
acids and proteins while depleting cellular thiols. The reduction in its nitro group takes
place via anaerobic enzymatic reactions with low redox potentials, resulting in cytotoxicity
and the death of anaerobic bacteria [55,93,94]. The reductive activation process itself can be
potentially cytotoxic, as metronidazole acts as an alternative electron acceptor, disrupting
the proton motive force and inhibiting ATP production [55,93,95].

Over the past two decades, metronidazole has exhibited diminishing effectiveness
compared to vancomycin. This trend was initially noted in a randomized clinical trial
spanning from 1994 to 2002, where vancomycin achieved a cure rate of 97%, while metron-
idazole demonstrated a cure rate of 84% [96]. Subsequent clinical research conducted from
2005 to 2007 further underscored vancomycin’s superior cure rates compared to metron-
idazole, recording rates of 81.1% and 72.7%, respectively [97]. These studies emphasize a
decline in the efficacy of metronidazole, particularly during the epidemic era. The decreased
effectiveness of metronidazole in treating CDI is thought to have multiple contributing
factors [98-101]. One potential explanation is that the heightened usage of metronida-
zole creates selection pressures, facilitating the emergence of drug-resistant strains of
C. difficile [98,99].
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The resistance of C. difficile to metronidazole has been found to be associated with
impaired intracellular iron content (Figure 1). In a study conducted by Deshpande et al., a
laboratory-generated C. difficile mutant with a truncated feoB1 gene (encoding a ferrous
iron transporter) exhibited reduced intracellular iron levels and a low level of resistance to
metronidazole [102]. The authors suggested that a decrease in intracellular iron shifts cells
toward flavodoxin-mediated oxidoreductase reactions, consequently hindering cellular
effectiveness of metronidazole. Additionally, another study analyzing the metronidazole-
resistant CD26A54_R isolate through proteomic analysis revealed a significant increase in
the expression of the ferrous iron transport B (FeoB) protein in the absence of metronida-
zole [103]. This observation suggests that deficiencies in iron uptake and/or regulation
may be linked to the development of metronidazole-resistant strains.

The Ferric Uptake Regulator (Fur) protein, a regulatory protein that governs the
transcription of various genes in response to iron availability and oxidative stress, has
been linked to metronidazole resistance [104]. Genomic analysis of serially passaged
metronidazole-resistant CD26A54_R strain identified a point mutation (Glu41Lys) in the fur
gene, which is absent in metronidazole-susceptible variant CD26A54_S of this strain [105].
Nevertheless, the precise role of this mutation in metronidazole resistance in C. difficile
remains unclear.

Proteins engaged in electron transfer reactions play a pivotal role in the reduction of
metronidazole, leading to the activation of the drug [55,106]. Analyses of C. difficile’s clinical
isolate CD26A54_R, which sustained resistance to metronidazole through serial passages
at sublethal concentrations, revealed mutations in genes linked to electron transport [105].
More precisely, the gene glyC, encoding glycerol-3-phosphate dehydrogenase, displayed an
Ala229Thr mutation, while the gene nif], encoding pyruvate-flavodoxin oxidoreductase
(PFOR), exhibited a Gly423Glu mutation [105]. Another in vitro study underscored the
importance of PFOR in the context of metronidazole resistance in C. difficile [102].

Specific mutations found only in the metronidazole-resistant variant CD26A54_R,
which underwent serial passages, indicate a possible connection to nutrient limitation
and the abnormal growth observed in its culture [105]. Notably, the frameshift muta-
tion Tyr214fs in the hemN gene, responsible for encoding oxygen-independent copropor-
phyrinogen III oxidase involved in hem biosynthesis, and a Ser328Phe mutation in the
thiH gene, encoding a thiamine biosynthesis protein peptidase, are among the identified
mutations [105]. These genetic alterations are proposed to contribute to nutrient scarcity,
potentially influencing the aberrant growth characteristics observed in the strain’s culture.

Interestingly, heme plays a crucial role in accurately identifying metronidazole re-
sistance in C. difficile, with most metronidazole-resistant strains demonstrating heme-
dependent resistance [107]. A recent study revealed that epidemic strains underwent a
shared mutation in the regulatory promoter of 5-nitroimidazole reductase (CDR20291_1308,
annotated as nimB), transforming it from a latent to a consistently expressed resistance
gene [108]. Additionally, the study demonstrated that the protein C. difficile NimB (CdNimB)
functions as a heme-binding flavoenzyme, biochemically deactivating 5-nitroimidazoles
to corresponding amines, with a substrate profile extending to 4-nitrobenzoic acid and
2-nitroimidazole. This study emphasizes the significance of heme in the context of metron-
idazole resistance, as it is intricately involved in regulating expression of key resistance
genes like nimB.

These findings collectively shed light on the diverse mechanisms shaping metronida-
zole resistance in C. difficile, emphasizing the need for further exploration to comprehend
the intricate interplay of genetic and environmental factors in resistance evolution.
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Figure 1. The diagram depicts the mechanisms by which C. difficile develops resistance to commonly
utilized antibiotics in the treatment of CDI, encompassing vancomycin, metronidazole, fidaxomicin
and rifamycins. (I) Vancomycin functions by tightly binding to the D-Ala-D-Ala C-terminus of uracil
diphosphate-N-acetylmuramyl-pentapeptide, impeding the transglycosylation reaction responsible
for incorporating late precursors into the developing peptidoglycan chain. This action inhibits the
synthesis of the bacterial cell wall. Resistance to vancomycin in C. difficile is linked to mutations
in the VanScp sensor histidine kinase and VanRcp response regulator of the vanG operon-like
gene cluster, vanG¢cp. These mutations modify peptidoglycan precursors, altering the vancomycin
binding site and contributing to the emergence of vancomycin resistance in C. difficile. (II) An
additional mechanism contributing to vancomycin resistance is associated with a point mutation
in MurG N acetylglucosaminyltransferase. This mutation impacts the conversion of peptidoglycan
precursor lipid I to lipid II, a crucial step in bacterial cell wall synthesis. (III) Fidaxomicin exerts its
bactericidal effects by inhibiting bacterial RNA polymerase, thereby disrupting transcription and
subsequent protein synthesis. Resistance to fidaxomicin in C. difficile has been linked to induced
mutations in the RNA polymerase subunit-f3 (rpoB). In contrast, rifamycins hinder bacterial RNA
synthesis by binding to the 3 subunit of RNA polymerase, RpoB, at a distinct site and step of RNA
synthesis compared to fidaxomicin. Rifamycin resistance is associated with mutations in the rifamycin
resistance-determining region of rpoB, identified in clinical isolates of C. difficile. (IV) Metronidazole
induces DNA strand breakage and cytotoxicity, leading to bacterial cell death. Resistance in C. difficile
to Metronidazole may arise through mechanisms that impede the formation of the active drug form,
potentially mediated by multigenetic processes associated with oxidoreductive and iron-dependent
metabolic pathways.

4.2. Vancomycin Resistance

Vancomycin, initially considered a last-resort drug for severe infections, is now recom-
mended as the first-line therapy for initial, recurrent and fulminant CDI [9]. Although this
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glycopeptide antibiotic was found to be superior in treating CDI compared to metronida-
zole, recent years have seen emerging strains with resistance or reduced susceptibility to
vancomycin, raising significant concerns [109-111]. Notably, there has been an increase in
strains with reduced susceptibility, as indicated by a rise in the minimum inhibitory concen-
tration (MIC90) from 1 pug/mL for isolates from 1984 to 2003 to 4 pug/mL for isolates from
2011 to 2012 [110]. This shift suggests a growing challenge in treating CDI with vancomyecin.

Initially hailed as a powerful antimicrobial with resistance-immune properties, van-
comycin encountered challenges when reports of vancomycin-resistant Enterococcus species
emerged in 1988, succeeded by Staphylococcus aureus in 2002 [56,112]. Vancomycin resis-
tance mechanisms in enterococci are well documented, involving the modification of the
terminal D-Ala with either D-Lac or D-Ser [56,113]. The vanA and vanB gene clusters encode
high-level resistance, characterized by D-Ala-D-Lac, whereas low-level resistance is at-
tributed to D-Ala-D-Ser, encoded by the vanC, vanE and vanG gene clusters [112,113]. vanG,
an inducible chromosomal operon, induces vancomycin resistance in Enterococci through
a sensor operon and a resistance operon. These work in tandem to produce the altered
peptidoglycan precursor D-Ala-D-Ser. The sensor operon comprises a two-component
regulatory system with a membrane-bound sensor histidine kinase (vanS) and a response
regulator (vanR) transcriptional activator [56,113,114]. Upon exposure to vancomycin, this
system activates the expression of subsequent resistance genes.

A gene cluster resembling the vanG operon, named vanGcp, has been identified in
approximately 85% of clinical isolates of C. difficile [109,111]. Historically, the functional
presence of this gene cluster did not demonstrate a direct role in mediating vancomycin
resistance in C. difficile. However, recent findings indicate that mutations within the genes of
this cluster are associated with vancomycin resistance in newly identified strains exhibiting
unique genomic sequences and antibiotic resistance patterns (Figure 1). It has been observed
that constitutive expression of vanG¢p occurs in vancomycin-resistant clinical strains and
laboratory-generated mutants, which harbor mutations in the vanSR two-component
system that governs vanGcp [109].

Additional mechanisms, such as mutations in specific genes (Figure 1), have been
proposed to account for vancomycin resistance in C. difficile. Genetic alterations were
observed in certain strains and clinical isolates that were exposed to increasing vancomycin
concentration, resulting in reduced susceptibility to the antibiotic [92]. One notable muta-
tion, Pro108Leu, was identified in MurG N-acetylglucosaminyltransferase, responsible for
catalyzing the conversion of peptidoglycan precursor lipid I to lipid II—an essential step
in bacterial cell wall synthesis [92]. The identical strain displayed two extra mutations: a
Glu327stop substitution in the presumed RNA /single-stranded DNA exonuclease CD3659
and removal of a solitary amino acid within a sequence of alanines in 1-Ser deaminase
encoded by sdaB gene [92]. This genetic change possibly mediates resistance by affecting
multiple gene expression pathways.

Recently, a plasmid-mediated decrease in vancomycin susceptibility has been docu-
mented in isolates from patients unresponsive to vancomycin therapy [115]. The plasmid,
named pX18-498, is a broad-host-range plasmid containing 51 ORFs, including a gene that
encodes a putative N-acetylmuramoyl-L-alanine-amidase, a peptidoglycan remodeling
enzyme. Introducing plasmid pX18-498 into a strain susceptible to vancomycin led to
reduced susceptibility to the antibiotic [115]. The potential clinical importance of pX18-498
was illustrated by observing that mice infected with C. difficile-pX18-498 and treated with
vancomycin displayed a higher C. difficile burden than mice infected with an isogenic strain
lacking the plasmid [115]. Questions arise from this study regarding whether there are
interactions between determinants on pX18—498 and the core genome, as well as whether
specific concentrations of vancomycin in certain niches favor colonization and survival
with low-level resistant mutants.
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4.3. Fidaxomicin Resistance

In May 2011, fidaxomicin received approval from the Food and Drug Administration
(FDA) for treating CDI [58,116]. As a bactericidal antibiotic, fidaxomicin displays a lower
minimum inhibitory concentration (MIC) in vitro against C. difficile strains, including
NAP1/B1/027, in comparison to metronidazole or vancomycin [59,60].

Fidaxomicin stands out for its potential advantages in treating CDI. Unlike van-
comycin, which is bacteriostatic, fidaxomicin is bactericidal [61,92]. When taken orally, both
fidaxomicin and vancomycin have limited absorption from the gastrointestinal tract, lead-
ing to high fecal concentrations that surpass the MIC for C. difficile [58,61,92,117]. In contrast,
metronidazole is almost entirely absorbed in the proximal jejunum, contributing to fecal
concentrations above the MIC for C. difficile only when stools remain unformed [55,100].
Fidaxomicin exhibits a notably narrow spectrum of antimicrobial activity compared to
vancomycin and metronidazole, resulting in a lesser impact on the normal intestinal micro-
biota [59].

Fidaxomicin, classified as a macrolide antibiotic, exerts its bactericidal effects by in-
hibiting bacterial RNA polymerase, consequently impeding transcription and subsequent
protein synthesis [118]. While resistance to fidaxomicin in C. difficile is not widely docu-
mented, there is a reported instance of a C. difficile strain, isolated from a patient with rCD],
exhibiting reduced susceptibility [110,119].

Two separate studies identified associations between C. difficile resistance to fidax-
omicin and induced mutations in the RNA polymerase subunit 3 (rpoB) during in vitro
investigations (Figure 1). Specifically, in one study, the A3221G mutation in rpoB led to the
GIn1073Arg substitution [92]. In another study, genetically engineered mutations—T3428A,
T3428G and G3427C in rpoB—resulted in Val1143Asp, Val1143Gly and Val1143Phe substitu-
tions, respectively [120]. Notably, the latter three mutations were observed concurrently
with diminished in vivo virulence and in vitro fitness [120].

In a different investigation, mutants resistant to fidaxomicin were discovered to harbor
a frameshift mutation in CD22120, a homolog of MarR (multiple antibiotic resistance
regulator) [92]. However, the conclusive validation of the mutation’s role in fidaxomicin
resistance necessitates molecular genetic confirmation.

4.4. Rifamycins Resistance

Rifamycins like rifaximin and rifampicin are being explored as supplementary treat-
ments for CDI. Rifaximin has been suggested as a subsequent therapy following the initial
treatment with vancomycin for recurrent CDI [8,54,70]. Rifamycins work by inhibiting
bacterial DNA-dependent RNA polymerase [121]. The primary site for mutations caus-
ing resistance is the bacterial RNA polymerase RpoB, particularly its 3-subunit [120,121].
These mutations can either interfere with direct interaction between the target and the
antimicrobial molecule or alter the rifamycin-binding pocket [121].

Rifamycin resistance in C. difficile has been documented in various countries [122,123].
Mutations located in the rifamycin resistance-determining region (RRDR) of rpoB, identified
in clinical C. difficile isolates, have been linked to rifamycin resistance, potentially causing
a reduction in drug binding [120,122]. There is a suggestion that resistance to rifaximin
may develop during CDI therapy, leading to clinical failure, given C. difficile’s mutation
frequency of approximately 108 to rifaximin [120,124]. This mutation frequency can give
rise to high-level resistant mutants without significant impacts on in vitro or in vivo fitness.

Numerous mutations, including the frequently observed Arg505Lys, as well as Asp492Tyr,
Ser507Leu, Serd88Tyr, Ser550Tyr, His502Asn, Leu584Phe, His502Tyr, Ser550Tyr, GIn489Leu
and Gly510Arg, have been identified in strains resistant to rifamycins [120]. Nevertheless,
most of these mutations did not impose a fitness cost on the bacteria in vitro, suggest-
ing that additional unidentified mechanisms might contribute to rifamycin resistance in
C. difficile [120].

It is essential to note that the described resistance mechanisms in CDI can have varying
effects on clinical outcomes. Take vancomycin resistance, for example: an elevated MIC
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in vitro, classified as “resistant” based on CLSI or FDA criteria, may not necessarily result
in treatment failure. This is because the oral administration of vancomycin leads to high
concentrations in the gastrointestinal tract, potentially exceeding the in vitro MIC. Similar
considerations apply to oral doses of fidaxomicin. The ongoing debate regarding the
implications of resistance, particularly elevated MICs, and its correlation with treatment
failure often centers on the concentrations of antibiotics in the gastrointestinal tract.

5. Conclusions

Antibiotic resistance in C. difficile is a global concern, marked by a rise in multidrug
resistance (MDR) and the emergence of novel, often more virulent, strains worldwide.
The evolution of antibiotic resistance in C. difficile continues as it acquires new resistance-
determining mechanisms. In addition to toxigenic strains, non-toxigenic C. difficile strains
are gaining significance as a notable reservoir of antibiotic resistance. These strains, preva-
lent in the natural environment, can colonize both humans and animals, thereby playing a
substantial role in disseminating antibiotic resistance. In this regard, continuous surveil-
lance of antibiotic resistance in C. difficile isolates from patients is crucial for comprehending
the epidemiology and evolution of C. difficile. Moreover, public health surveillance focusing
on genomics is essential for understanding and addressing the MDR in C. difficile, given its
high diversity, mobile resistome and the continual discovery of new resistance mechanisms.
Along with monitoring antibiotic resistance over time, practicing antibiotic stewardship
and judicious use of antimicrobial agents with minimal impact on beneficial gut bacteria
are essential strategies to address the problem. Ongoing research into the resistance mecha-
nisms of C. difficile, as well as the development of new antimicrobial agents effective against
C. difficile, is imperative. Additionally, the pursuit of alternative therapies that boost the
host immune response and support gut microbiota and its associated metabolites for CDI
should be considered. Ultimately, an effective vaccine would be the most effective way of
preventing CDI-associated morbidity and mortality. No FDA-approved C. difficile vaccine
currently exists; however, clinical trials and research into the development of an effective
vaccine against CDI are ongoing [125-127].

Author Contributions: J.E.M. conducted research and wrote the manuscript. ]J.T.F. conducted a
comprehensive review of the manuscript, offering feedback. R.M. performed a thorough review of
the manuscript, providing edits and feedback. M.Z.A. conducted research, formulated the outline,
wrote the manuscript, and created the figure. All authors made significant contributions to the article.
All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported in part by the National Institutes of Health (NIH) R01A115845 and
Veterans Affairs MERIT Review 101BX004630 (both to R.M.).

Acknowledgments: Figures were created using BioRender.com.

Conflicts of Interest: The authors declare no conflicts of interest. The authors assert that the research
was conducted without any affiliations or financial interests that might be perceived as a potential
conflict of interest.

1.  Centers for Disease Control and Prevention. 2021 Annual Report for the Emerging Infections Program for Clostridioides difficile Infection;
Centers for Disease Control and Prevention: Atlanta, GA, USA, 2021.
2. Smits, WK,; Lyras, D.; Lacy, D.B.; Wilcox, M.H.; Kuijper, E.J. Clostridium difficile Infection. Nat. Rev. Dis. Primers 2016, 2, 16020.

[CrossRef]

3.  Kesavelu, D.; Jog, P. Current Understanding of Antibiotic-Associated Dysbiosis and Approaches for Its Management. Ther. Adv.
Infect. Dis. 2023, 10, 20499361231154443. [CrossRef] [PubMed]

4. Donlan, A.N.; Simpson, M.E; Petri, W.A.]. Type 2 Cytokines IL-4 and IL-5 Reduce Severe Outcomes from Clostridiodes difficile
Infection. Anaerobe 2020, 66, 102275. [CrossRef] [PubMed]

5. Hernandez Del Pino, R.E.; Barbero, A.M.; Espaiiol, L.A.; Morro, L.S.; Pasquinelli, V. The Adaptive Immune Response to
Clostridioides difficile: A Tricky Balance between Immunoprotection and Immunopathogenesis. J. Leukoc. Biol. 2021, 109, 195-210.

[CrossRef]

6.  Kelly, C.P; Kyne, L. The Host Immune Response to Clostridium difficile. ]. Med. Microbiol. 2011, 60, 1070-1079. [CrossRef]


BioRender.com
https://doi.org/10.1038/nrdp.2016.20
https://doi.org/10.1177/20499361231154443
https://www.ncbi.nlm.nih.gov/pubmed/36860273
https://doi.org/10.1016/j.anaerobe.2020.102275
https://www.ncbi.nlm.nih.gov/pubmed/32971206
https://doi.org/10.1002/JLB.4VMR0720-201R
https://doi.org/10.1099/jmm.0.030015-0

Pathogens 2024, 13,118 13 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Nibbering, B.; Gerding, D.N.; Kuijper, E.J.; Zwittink, R.D.; Smits, W.K. Host Immune Responses to Clostridioides difficile: Toxins
and Beyond. Front. Microbiol. 2021, 12, 804949. [CrossRef]

Kelly, C.R.; Fischer, M.; Allegretti, ].R.; LaPlante, K.; Stewart, D.B.; Limketkai, B.N.; Stollman, N.H. ACG Clinical Guidelines:
Prevention, Diagnosis, and Treatment of Clostridioides difficile Infections. Am. ]. Gastroenterol. 2021, 116, 1124-1147. [CrossRef]
[PubMed]

McDonald, L.C.; Gerding, D.N.; Johnson, S.; Bakken, ].S.; Carroll, K.C.; Coffin, S.E.; Dubberke, E.R.; Garey, K.W.; Gould, C.V,;
Kelly, C.; et al. Clinical Practice Guidelines for Clostridium difficile Infection in Adults and Children: 2017 Update by the Infectious
Diseases Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA). Clin. Infect. Dis. 2018, 66,
el-e48. [CrossRef]

van Prehn, J.; Reigadas, E.; Vogelzang, E.H.; Bouza, E.; Hristea, A.; Guery, B.; Krutova, M.; Norén, T.; Allerberger, F.; Coia, J.E.;
et al. European Society of Clinical Microbiology and Infectious Diseases: 2021 Update on the Treatment Guidance Document for
Clostridioides difficile Infection in Adults. Clin. Microbiol. Infect. 2021, 27 (Suppl. 52), S1-521. [CrossRef]

Orrell, K.E.; Melnyk, R.A. Large Clostridial Toxins: Mechanisms and Roles in Disease. Microbiol. Mol. Biol. Rev. 2021, 85, €0006421.
[CrossRef]

Aktories, K.; Schwan, C.; Jank, T. Clostridium difficile Toxin Biology. Annu. Rev. Microbiol. 2017, 71, 281-307. [CrossRef] [PubMed]
Takemori-Sakai, Y.; Satou, K.; Senda, Y.; Nakamura, Y.; Otani, H.; Maekawa, A.; Oe, H.; Oshima, M.; Yoneda-Nakagawa, S.;
Miyagawa, T.; et al. Rare Toxin A-Negative and Toxin B-Positive Strain of Clostridioides difficile from Japan Lacking a Complete
tcdA Gene. J. Infect. Chemother. 2022, 28, 651-656. [CrossRef] [PubMed]

van den Berg, R.J.; Claas, E.C.J.; Oyib, D.H.; Klaassen, C.H.W.; Dijkshoorn, L.; Brazier, ].S.; Kuijper, E.J. Characterization of Toxin
A-Negative, Toxin B-Positive Clostridium difficile Isolates from Outbreaks in Different Countries by Amplified Fragment Length
Polymorphism and PCR Ribotyping. J. Clin. Microbiol. 2004, 42, 1035-1041. [CrossRef] [PubMed]

Liu, C.; Monaghan, T.; Yadegar, A.; Louie, T.; Kao, D. Insights into the Evolving Epidemiology of Clostridioides difficile Infection
and Treatment: A Global Perspective. Antibiotics 2023, 12, 1141. [CrossRef]

Jeon, C.-H.; Kim, S.-H.; Wi, Y.M. Prevalence of Non-Toxigenic Clostridioides difficile in Diarrhoea Patients and Their Clinical
Characteristics. Antibiotics 2023, 12, 1360. [CrossRef]

Aktories, K.; Papatheodorou, P.; Schwan, C. Binary Clostridium difficile Toxin (CDT)—A Virulence Factor Disturbing the Cytoskele-
ton. Anaerobe 2018, 53, 21-29. [CrossRef]

Martinez-Meléndez, A.; Cruz-Lépez, F.; Morfin-Otero, R.; Maldonado-Garza, H.]J.; Garza-Gonzélez, E. An Update on Clostridioides
difficile Binary Toxin. Toxins 2022, 14, 305. [CrossRef]

Clements, A.C.A.; Magalhaes, R].S.; Tatem, A.J.; Paterson, D.L.; Riley, T.V. Clostridium difficile PCR Ribotype 027: Assessing the
Risks of Further Worldwide Spread. Lancet Infect. Dis. 2010, 10, 395-404. [CrossRef]

Valiente, E.; Cairns, M.D.; Wren, B.W. The Clostridium difficile PCR Ribotype 027 Lineage: A Pathogen on the Move. Clin. Microbiol.
Infect. 2014, 20, 396-404. [CrossRef]

Akerlund, T.; Persson, L.; Unemo, M.; Norén, T.; Svenungsson, B.; Wullt, M.; Burman, L.G. Increased Sporulation Rate of Epidemic
Clostridium difficile Type 027 /NAP1. ]. Clin. Microbiol. 2008, 46, 1530-1533. [CrossRef] [PubMed]

Razavi, B.; Apisarnthanarak, A.; Mundy, L.M. Clostridium difficile: Emergence of Hypervirulence and Fluoroquinolone Resistance.
Infection 2007, 35, 300-307. [CrossRef]

He, M.; Miyajima, F,; Roberts, P.; Ellison, L.; Pickard, D.J.; Martin, M.J.; Connor, T.R.; Harris, S.R.; Fairley, D.; Bamford, K.B.; et al.
Emergence and Global Spread of Epidemic Healthcare-Associated Clostridium difficile. Nat. Genet. 2013, 45, 109-113. [CrossRef]

Collins, D.A.; Sohn, KM.; Wu, Y.; Ouchi, K;; Ishii, Y.; Elliott, B.; Riley, T.V.; Tateda, K. Clostridioides difficile Infection in the
Asia-Pacific Region. Emerg. Microbes Infect. 2020, 9, 42-52. [CrossRef]

Luk, S.; To, WK.; Ng, TK.; Hui, W.T,; Lee, WK,; Lau, E; Ching, AM.W. A Cost-Effective Approach for Detection of Toxigenic
Clostridium Difficile: Toxigenic Culture Using ChromID Clostridium difficile Agar. ]. Clin. Microbiol. 2014, 52, 671-673. [CrossRef]
Marler, L.M,; Siders, J.A.; Wolters, L.C.; Pettigrew, Y.; Skitt, B.L.; Allen, S.D. Comparison of Five Cultural Procedures for Isolation
of Clostridium difficile from Stools. J. Clin. Microbiol. 1992, 30, 514-516. [CrossRef]

Reller, M.E.; Lema, C.A; Perl, TM.; Cai, M.; Ross, T.L.; Speck, K.A.; Carroll, K.C. Yield of Stool Culture with Isolate Toxin Testing
versus a Two-Step Algorithm Including Stool Toxin Testing for Detection of Toxigenic Clostridium difficile. J. Clin. Microbiol. 2007,
45,3601-3605. [CrossRef]

Leber, A.L.; Burnham, C.-A.D. Clinical Microbiology Procedures Handbook, 5th ed.; ASM: Washington, DC, USA, 2023; ISBN
978-1-68367-398-9.

Aldeen, W.E.; Bingham, M.; Aiderzada, A.; Kucera, J.; Jense, S.; Carroll, K.C. Comparison of the TOX A /B Test to a Cell Culture
Cytotoxicity Assay for the Detection of Clostridium difficile in Stools. Diagn. Microbiol. Infect. Dis. 2000, 36, 211-213. [CrossRef]
[PubMed]

Halabi-Cabezon, I.; Huelsenbeck, J.; May, M.; Ladwein, M.; Rottner, K,; Just, I.; Genth, H. Prevention of the Cytopathic Effect
Induced by Clostridium difficile Toxin B by Active Racl. FEBS Lett. 2008, 582, 3751-3756. [CrossRef] [PubMed]

Camargo, T.S.; Junior, M.S.; Camargo, L.EA.; Biotto, V.P.; Doi, A.M.; Koga, P.C.M.; Frang¢a, C.N.; Martino, M.D.V. Clostridioides
difficile Laboratory Diagnostic Techniques: A Comparative Approach of Rapid and Molecular Methods. Arch. Microbiol. 2021, 203,
1683-1690. [CrossRef] [PubMed]


https://doi.org/10.3389/fmicb.2021.804949
https://doi.org/10.14309/ajg.0000000000001278
https://www.ncbi.nlm.nih.gov/pubmed/34003176
https://doi.org/10.1093/cid/cix1085
https://doi.org/10.1016/j.cmi.2021.09.038
https://doi.org/10.1128/MMBR.00064-21
https://doi.org/10.1146/annurev-micro-090816-093458
https://www.ncbi.nlm.nih.gov/pubmed/28657883
https://doi.org/10.1016/j.jiac.2022.01.015
https://www.ncbi.nlm.nih.gov/pubmed/35078721
https://doi.org/10.1128/JCM.42.3.1035-1041.2004
https://www.ncbi.nlm.nih.gov/pubmed/15004050
https://doi.org/10.3390/antibiotics12071141
https://doi.org/10.3390/antibiotics12091360
https://doi.org/10.1016/j.anaerobe.2018.03.001
https://doi.org/10.3390/toxins14050305
https://doi.org/10.1016/S1473-3099(10)70080-3
https://doi.org/10.1111/1469-0691.12619
https://doi.org/10.1128/JCM.01964-07
https://www.ncbi.nlm.nih.gov/pubmed/18287318
https://doi.org/10.1007/s15010-007-6113-0
https://doi.org/10.1038/ng.2478
https://doi.org/10.1080/22221751.2019.1702480
https://doi.org/10.1128/JCM.03113-13
https://doi.org/10.1128/jcm.30.2.514-516.1992
https://doi.org/10.1128/JCM.01305-07
https://doi.org/10.1016/S0732-8893(00)00113-9
https://www.ncbi.nlm.nih.gov/pubmed/10764962
https://doi.org/10.1016/j.febslet.2008.10.003
https://www.ncbi.nlm.nih.gov/pubmed/18848548
https://doi.org/10.1007/s00203-020-02148-8
https://www.ncbi.nlm.nih.gov/pubmed/33459815

Pathogens 2024, 13,118 14 of 17

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

Lloyd, A.; Pasupuleti, V.; Thota, P.; Pant, C.; Rolston, D.D.K.; Hernandez, A.V.; Benites-Zapata, V.A.; Fraser, T.G.; Donskey,
C.J.; Deshpande, A. Accuracy of Loop-Mediated Isothermal Amplification for the Diagnosis of Clostridium difficile Infection: A
Systematic Review. Diagn. Microbiol. Infect. Dis. 2015, 82, 4-10. [CrossRef] [PubMed]

Hetem, D.J.; Bos-Sanders, I.; Nijhuis, R.H.T.; Tamminga, S.; Berlinger, L.; Kuijper, E.J.; Sickler, ].J.; Claas, E.C.J. Evaluation of the
Liat Cdiff Assay for Direct Detection of Clostridioides difficile Toxin Genes within 20 Minutes. J. Clin. Microbiol. 2019, 57, €00416-19.
[CrossRef]

Shin, B.-M.; Yoo, S.M.; Shin, W.C. Evaluation of Xpert C. Difficile, BD MAX Cdiff, IMDx C. difficile for Abbott M2000, and
Ilumigene C. difficile Assays for Direct Detection of Toxigenic Clostridium difficile in Stool Specimens. Ann. Lab. Med. 2016, 36,
131-137. [CrossRef] [PubMed]

Krouss, M.; Israilov, S.; Alaiev, D.; Tsega, S.; Talledo, J.; Chandra, K.; Zaurova, M.; Manchego, P.A.; Cho, H.J. SEE the DIFFerence:
Reducing Unnecessary C. difficile Orders through Clinical Decision Support in a Large, Urban Safety-Net System. Am. |. Infect.
Control 2023, 51, 786-791. [CrossRef]

Schiffler, H.; Breitriick, A. Clostridium difficile—From Colonization to Infection. Front. Microbiol. 2018, 9, 646. [CrossRef] [PubMed]
Johnson, S. The Rise and Fall and Rise Again of Toxin Testing for the Diagnosis of Clostridioides difficile Infection. Clin. Infect. Dis.
2019, 69, 1675-1677. [CrossRef]

Kohl, T.O.; Ascoli, C.A. Immunoassays. Cold Spring Harb. Protoc. 2017, 2017, pdb.top093690. [CrossRef]

Planche, T.; Wilcox, M.H. Diagnostic Pitfalls in Clostridium difficile Infection. Infect. Dis. Clin. N. Am. 2015, 29, 63-82. [CrossRef]
Guh, AY,; Hatfield, KM.; Winston, L.G.; Martin, B.; Johnston, H.; Brousseau, G.; Farley, M.M.; Wilson, L.; Perlmutter, R,;
Phipps, E.C.; et al. Toxin Enzyme Immunoassays Detect Clostridioides difficile Infection With Greater Severity and Higher
Recurrence Rates. Clin. Infect. Dis. 2019, 69, 1667-1674. [CrossRef] [PubMed]

Nicholson, M.R.; Donskey, C.J. Multistep Testing Algorithms for Clostridioides difficile Infection. JAMA 2023, 330, 966-967.
[CrossRef] [PubMed]

Erb, S.; Frei, R.; Strandén, A.M.; Dangel, M.; Tschudin-Sutter, S.; Widmer, A.F. Low Sensitivity of Fecal Toxin A/B Enzyme
Immunoassay for Diagnosis of Clostridium difficile Infection in Immunocompromised Patients. Clin. Microbiol. Infect. 2015, 21,
998.€9-998.e15. [CrossRef] [PubMed]

Senoh, M.; Kato, H.; Honda, H.; Fukuda, T.; Tagashira, Y.; Horiuchi, H.; Chiba, H.; Suzuki, D.; Hosokawa, N.; Kitazono, H.; et al.
Performance of Laboratory Tests for Detection for Clostridioides difficile: A Multicenter Prospective Study in Japan. Anaerobe 2019,
60, 102107. [CrossRef]

Shetty, N.; Wren, M.W.D.; Coen, P.G. The Role of Glutamate Dehydrogenase for the Detection of Clostridium difficile in Faecal
Samples: A Meta-Analysis. |. Hosp. Infect. 2011, 77, 1-6. [CrossRef] [PubMed]

Luo, Y,; Xie, Y.; Xiao, Y. Laboratory Diagnostic Tools for Syphilis: Current Status and Future Prospects. Front. Cell Infect. Microbiol.
2020, 10, 574806. [CrossRef] [PubMed]

Rao, K; Malani, PN. Diagnosis and Treatment of Clostridioides difficile Infection in Adults in 2020. JAMA 2020, 323, 1403-1404.
[CrossRef] [PubMed]

Dbeibo, L.; Lucky, C.W.; Fadel, W.E,; Sadowski, J.; Beeler, C.; Kelley, K.; Williams, J.; Webb, D.; Kara, A. Two-Step Algorithm-Based
Clostridioides difficile Testing as a Tool for Antibiotic Stewardship. Clin. Microbiol. Infect. 2023, 29, 798.e1-798.e4. [CrossRef]
[PubMed]

Khuvis, J.; Alsoubani, M.; Mae Rodday, A.; Doron, S. The Impact of Diagnostic Stewardship Interventions on Clostridiodes difficile
Test Ordering Practices and Results. Clin. Biochem. 2023, 117, 23-29. [CrossRef] [PubMed]

Gu, T; Li, W,; Yang, L.-L.; Yang, S.-M.; He, Q.; He, H.-Y,; Sun, D.-L. Systematic Review of Guidelines for the Diagnosis and
Treatment of Clostridioides difficile Infection. Front. Cell Infect. Microbiol. 2022, 12, 926482. [CrossRef]

Polage, C.R.; Gyorke, C.E.; Kennedy, M.A ; Leslie, ].L.; Chin, D.L.; Wang, S.; Nguyen, H.H.; Huang, B.; Tang, Y.-W.; Lee, LW,; et al.
Overdiagnosis of Clostridium difficile Infection in the Molecular Test Era. JAMA Intern. Med. 2015, 175, 1792-1801. [CrossRef]
Lutgring, ].D.; McKay, S.L.; Gargis, A.S.; Halpin, A.L.; McDonald, L.C. Are Vancomycin Non-Susceptible Clostridioides difficile
Strains Emerging? Clin. Infect. Dis. 2022, 75, 1677-1678. [CrossRef]

Cheknis, A.; Johnson, S.; Chesnel, L.; Petrella, L.; Sambol, S.; Dale, S.E.; Nary, J.; Sears, P.; Citron, D.M.; Goldstein, E.].C.; et al.
Molecular Epidemiology of Clostridioides difficile Strains Recovered from Clinical Trials in the US, Canada and Europe from
2006-2009 to 2012-2015. Anaerobe 2018, 53, 38-42. [CrossRef]

O’Grady, K.; Knight, D.R,; Riley, T.V. Antimicrobial Resistance in Clostridioides difficile. Eur. ]. Clin. Microbiol. Infect. Dis. 2021, 40,
2459-2478. [CrossRef] [PubMed]

Johnson, S.; Lavergne, V.; Skinner, A.M.; Gonzales-Luna, A ].; Garey, K.W.; Kelly, C.P.; Wilcox, M.H. Clinical Practice Guideline by
the Infectious Diseases Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA): 2021 Focused
Update Guidelines on Management of Clostridioides difficile Infection in Adults. Clin. Infect. Dis. 2021, 73, 755-757. [CrossRef]
Dingsdag, S.A.; Hunter, N. Metronidazole: An Update on Metabolism, Structure-Cytotoxicity and Resistance Mechanisms.
J. Antimicrob. Chemother. 2018, 73, 265-279. [CrossRef] [PubMed]

Stogios, PJ.; Savchenko, A. Molecular Mechanisms of Vancomycin Resistance. Protein Sci. 2020, 29, 654-669. [CrossRef] [PubMed]
Matzke, G.R.; Zhanel, G.G.; Guay, D.R. Clinical Pharmacokinetics of Vancomycin. Clin. Pharmacokinet. 1986, 11, 257-282.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.diagmicrobio.2015.02.007
https://www.ncbi.nlm.nih.gov/pubmed/25752201
https://doi.org/10.1128/JCM.00416-19
https://doi.org/10.3343/alm.2016.36.2.131
https://www.ncbi.nlm.nih.gov/pubmed/26709260
https://doi.org/10.1016/j.ajic.2022.11.003
https://doi.org/10.3389/fmicb.2018.00646
https://www.ncbi.nlm.nih.gov/pubmed/29692762
https://doi.org/10.1093/cid/ciz012
https://doi.org/10.1101/pdb.top093690
https://doi.org/10.1016/j.idc.2014.11.008
https://doi.org/10.1093/cid/ciz009
https://www.ncbi.nlm.nih.gov/pubmed/30615074
https://doi.org/10.1001/jama.2023.15875
https://www.ncbi.nlm.nih.gov/pubmed/37603324
https://doi.org/10.1016/j.cmi.2015.07.016
https://www.ncbi.nlm.nih.gov/pubmed/26232535
https://doi.org/10.1016/j.anaerobe.2019.102107
https://doi.org/10.1016/j.jhin.2010.07.024
https://www.ncbi.nlm.nih.gov/pubmed/21145132
https://doi.org/10.3389/fcimb.2020.574806
https://www.ncbi.nlm.nih.gov/pubmed/33628742
https://doi.org/10.1001/jama.2019.3849
https://www.ncbi.nlm.nih.gov/pubmed/32150234
https://doi.org/10.1016/j.cmi.2023.02.008
https://www.ncbi.nlm.nih.gov/pubmed/36804907
https://doi.org/10.1016/j.clinbiochem.2022.03.009
https://www.ncbi.nlm.nih.gov/pubmed/35378064
https://doi.org/10.3389/fcimb.2022.926482
https://doi.org/10.1001/jamainternmed.2015.4114
https://doi.org/10.1093/cid/ciac375
https://doi.org/10.1016/j.anaerobe.2018.05.009
https://doi.org/10.1007/s10096-021-04311-5
https://www.ncbi.nlm.nih.gov/pubmed/34427801
https://doi.org/10.1093/cid/ciab718
https://doi.org/10.1093/jac/dkx351
https://www.ncbi.nlm.nih.gov/pubmed/29077920
https://doi.org/10.1002/pro.3819
https://www.ncbi.nlm.nih.gov/pubmed/31899563
https://doi.org/10.2165/00003088-198611040-00001
https://www.ncbi.nlm.nih.gov/pubmed/3530582

Pathogens 2024, 13,118 15 0f 17

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Zhanel, G.G.; Walkty, A.].; Karlowsky, J.A. Fidaxomicin: A Novel Agent for the Treatment of Clostridium difficile Infection. Can. J.
Infect. Dis. Med. Microbiol. 2015, 26, 305-312. [CrossRef]

Cao, X.; Boyaci, H.; Chen, J.; Bao, Y.; Landick, R.; Campbell, E.A. Basis of Narrow-Spectrum Activity of Fidaxomicin on
Clostridioides difficile. Nature 2022, 604, 541-545. [CrossRef]

Wolf, ].; Kalocsai, K.; Fortuny, C.; Lazar, S.; Bosis, S.; Korczowski, B.; Petit, A.; Bradford, D.; Croos-Dabrera, R.; Incera, E.; et al.
Safety and Efficacy of Fidaxomicin and Vancomycin in Children and Adolescents with Clostridioides difficile Infection: A Phase 3,
Multicenter, Randomized, Single-Blind Clinical Trial (SUNSHINE). Clin. Infect. Dis. 2020, 71, 2581-2588. [CrossRef]

Louie, T.].; Miller, M.A.; Mullane, K.M.; Weiss, K.; Lentnek, A.; Golan, Y.; Gorbach, S.; Sears, P.; Shue, Y.-K. Fidaxomicin versus
Vancomycin for Clostridium difficile Infection. N. Engl. J. Med. 2011, 364, 422-431. [CrossRef]

Cornely, O.A.; Crook, D.W.; Esposito, R.; Poirier, A.; Somero, M.S.; Weiss, K.; Sears, P.; Gorbach, S. Fidaxomicin versus Vancomycin
for Infection with Clostridium difficile in Europe, Canada, and the USA: A Double-Blind, Non-Inferiority, Randomised Controlled
Trial. Lancet Infect. Dis. 2012, 12, 281-289. [CrossRef]

Baunwall, SM.D.; Lee, M.M.; Eriksen, M.K.; Mullish, B.H.; Marchesi, J.R.; Dahlerup, J.F.; Hvas, C.L. Faecal Microbiota Transplan-
tation for Recurrent Clostridioides difficile Infection: An Updated Systematic Review and Meta-Analysis. EClinicalMedicine 2020,
29-30, 100642. [CrossRef]

Lowy, L; Molrine, D.C.; Leav, B.A.; Blair, B.M.; Baxter, R.; Gerding, D.N.; Nichol, G.; Thomas, W.D.J.; Leney, M,; Sloan, S.; et al.
Treatment with Monoclonal Antibodies against Clostridium difficile Toxins. N. Engl. ]. Med. 2010, 362, 197-205. [CrossRef]

Kelly, C.R.; Khoruts, A.; Staley, C.; Sadowsky, M.].; Abd, M.; Alani, M.; Bakow, B.; Curran, P.; McKenney, J.; Tisch, A.; et al. Effect
of Fecal Microbiota Transplantation on Recurrence in Multiply Recurrent Clostridium difficile Infection: A Randomized Trial. Ann.
Intern. Med. 2016, 165, 609-616. [CrossRef] [PubMed]

Osman, M.; Budree, S.; Kelly, C.R; Panchal, P.; Allegretti, ].R.; Kassam, Z. Effectiveness and Safety of Fecal Microbiota Transplan-
tation for Clostridioides difficile Infection: Results From a 5344-Patient Cohort Study. Gastroenterology 2022, 163, 319-322. [CrossRef]
[PubMed]

Minkoff, N.Z.; Aslam, S.; Medina, M.; Tanner-Smith, E.E.; Zackular, J.P,; Acra, S.; Nicholson, M.R.; Imdad, A. Fecal Microbiota
Transplantation for the Treatment of Recurrent Clostridioides difficile (Clostridium difficile). Cochrane Database Syst. Rev. 2023, 4,
CDO013871. [CrossRef] [PubMed]

Kelly, C.R.; Thunnah, C.; Fischer, M.; Khoruts, A.; Surawicz, C.; Afzali, A.; Aroniadis, O.; Barto, A.; Borody, T.; Giovanelli, A.; et al.
Fecal Microbiota Transplant for Treatment of Clostridium difficile Infection in Immunocompromised Patients. Am. J. Gastroenterol.
2014, 109, 1065-1071. [CrossRef]

Kao, D.; Roach, B.; Silva, M.; Beck, P.; Rioux, K.; Kaplan, G.G.; Chang, H.-].; Coward, S.; Goodman, K.J.; Xu, H; et al. Effect of Oral
Capsule- vs Colonoscopy-Delivered Fecal Microbiota Transplantation on Recurrent Clostridium difficile Infection: A Randomized
Clinical Trial. JAMA 2017, 318, 1985-1993. [CrossRef]

Song, Y.N.; Yang, D.Y.; van Zanten, S.V.; Wong, K.; McArthur, E.; Song, C.Z.; Ianiro, G.; Cammarota, G.; Kelly, C.; Fischer, M.; et al.
Fecal Microbiota Transplantation for Severe or Fulminant Clostridioides difficile Infection: Systematic Review and Meta-analysis.
J. Can. Assoc. Gastroenterol. 2022, 5, e1-e11. [CrossRef]

The Medical Letter. Live Fecal Microbiota (Rebyota) for Prevention of CDI Recurrence. Med. Lett. Drugs Ther. 2023, 65, 35-36.
[CrossRef]

Garey, KW.; Dubberke, E.R.; Guo, A.; Harvey, A.; Yang, M.; Garcia-Horton, V.; Fillbrunn, M.; Wang, H.; Tillotson, G.S.; Bancke,
L.L.; et al. Effect of Fecal Microbiota, Live-Jslm (REBYOTA [RBL]) on Health-Related Quality of Life in Patients With Recurrent
Clostridioides difficile Infection: Results From the PUNCH CD3 Clinical Trial. Open Forum Infect. Dis. 2023, 10, ofad383. [CrossRef]
Lee, C.; Louie, T.; Bancke, L.; Guthmueller, B.; Harvey, A.; Feuerstadt, P.; Khanna, S.; Orenstein, R.; Dubberke, E.R. Safety of Fecal
Microbiota, Live-Jslm (REBYOTA(™)) in Individuals with Recurrent Clostridioides difficile Infection: Data from Five Prospective
Clinical Trials. Therap Adv. Gastroenterol. 2023, 16, 17562848231174277. [CrossRef] [PubMed]

Jain, N.; Umar, T.P; Fahner, A.-F,; Gibietis, V. Advancing Therapeutics for Recurrent Clostridioides difficile Infections: An Overview
of Vowst’s FDA Approval and Implications. Gut Microbes 2023, 15, 2232137. [CrossRef] [PubMed]

Zellmer, C.; Sater, M.R.A.; Huntley, M.H.; Osman, M.; Olesen, S.W.; Ramakrishna, B. Shiga Toxin-Producing Escherichia coli
Transmission via Fecal Microbiota Transplant. Clin. Infect. Dis. 2021, 72, e876—e880. [CrossRef] [PubMed]

Khanna, S.; Kraft, C.S. Fecal Microbiota Transplantation: Tales of Caution. Clin. Infect. Dis. 2021, 72, e881-e882. [CrossRef]
[PubMed]

Carlson, P.E.J. Regulatory Considerations for Fecal Microbiota Transplantation Products. Cell Host Microbe 2020, 27, 173-175.
[CrossRef] [PubMed]

Hernandez, L.D.; Racine, E; Xiao, L.; DiNunzio, E.; Hairston, N.; Sheth, P.R.; Murgolo, N.J.; Therien, A.G. Broad Coverage of
Genetically Diverse Strains of Clostridium difficile by Actoxumab and Bezlotoxumab Predicted by in Vitro Neutralization and
Epitope Modeling. Antimicrob. Agents Chemother. 2015, 59, 1052-1060. [CrossRef]

Gerding, D.N.; Kelly, C.P; Rahav, G.; Lee, C.; Dubberke, E.R.; Kumar, PN.; Yacyshyn, B.; Kao, D.; Eves, K,; Ellison, M.C.; et al.
Bezlotoxumab for Prevention of Recurrent Clostridium difficile Infection in Patients at Increased Risk for Recurrence. Clin. Infect.
Dis. 2018, 67, 649-656. [CrossRef]

Wilcox, M.H.; Gerding, D.N.; Poxton, L.R.; Kelly, C.; Nathan, R.; Birch, T.; Cornely, O.A.; Rahav, G.; Bouza, E.; Lee, C.; et al.
Bezlotoxumab for Prevention of Recurrent Clostridium difficile Infection. N. Engl. . Med. 2017, 376, 305-317. [CrossRef]


https://doi.org/10.1155/2015/934594
https://doi.org/10.1038/s41586-022-04545-z
https://doi.org/10.1093/cid/ciz1149
https://doi.org/10.1056/NEJMoa0910812
https://doi.org/10.1016/S1473-3099(11)70374-7
https://doi.org/10.1016/j.eclinm.2020.100642
https://doi.org/10.1056/NEJMoa0907635
https://doi.org/10.7326/M16-0271
https://www.ncbi.nlm.nih.gov/pubmed/27547925
https://doi.org/10.1053/j.gastro.2022.03.051
https://www.ncbi.nlm.nih.gov/pubmed/35398345
https://doi.org/10.1002/14651858.CD013871.pub2
https://www.ncbi.nlm.nih.gov/pubmed/37096495
https://doi.org/10.1038/ajg.2014.133
https://doi.org/10.1001/jama.2017.17077
https://doi.org/10.1093/jcag/gwab023
https://doi.org/10.58347/tml.2023.1671b
https://doi.org/10.1093/ofid/ofad383
https://doi.org/10.1177/17562848231174277
https://www.ncbi.nlm.nih.gov/pubmed/37333464
https://doi.org/10.1080/19490976.2023.2232137
https://www.ncbi.nlm.nih.gov/pubmed/37431860
https://doi.org/10.1093/cid/ciaa1486
https://www.ncbi.nlm.nih.gov/pubmed/33159210
https://doi.org/10.1093/cid/ciaa1492
https://www.ncbi.nlm.nih.gov/pubmed/32991697
https://doi.org/10.1016/j.chom.2020.01.018
https://www.ncbi.nlm.nih.gov/pubmed/32053787
https://doi.org/10.1128/AAC.04433-14
https://doi.org/10.1093/cid/ciy171
https://doi.org/10.1056/NEJMoa1602615

Pathogens 2024, 13,118 16 of 17

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Dureja, C.; Olaitan, A.O.; Hurdle, J.G. Mechanisms and Impact of Antimicrobial Resistance in Clostridioides difficile. Curr. Opin.
Microbiol. 2022, 66, 63-72. [CrossRef]

Sholeh, M.; Krutova, M.; Forouzesh, M.; Mironov, S.; Sadeghifard, N.; Molaeipour, L.; Maleki, A.; Kouhsari, E. Antimicrobial
Resistance in Clostridioides difficile Derived from Humans: A Systematic Review and Meta-Analysis. Antimicrob. Resist. Infect.
Control 2020, 9, 158. [CrossRef]

Wickramage, I.; Spigaglia, P.; Sun, X. Mechanisms of Antibiotic Resistance of Clostridioides difficile. ]. Antimicrob. Chemother. 2021,
76, 3077-3090. [CrossRef] [PubMed]

Rea, M.C.; Dobson, A.; O’Sullivan, O.; Crispie, E; Fouhy, E,; Cotter, P.D.; Shanahan, F; Kiely, B.; Hill, C.; Ross, R.P. Effect of Broad-
and Narrow-Spectrum Antimicrobials on Clostridium difficile and Microbial Diversity in a Model of the Distal Colon. Proc. Natl.
Acad. Sci. USA 2011, 108 (Suppl. S1), 4639-4644. [CrossRef]

Freeman, J.; Wilcox, M.H. Antibiotics and Clostridium difficile. Microbes Infect. 1999, 1, 377-384. [CrossRef] [PubMed]

Rafey, A; Jahan, S.; Farooq, U.; Akhtar, F; Irshad, M.; Nizamuddin, S.; Parveen, A. Antibiotics Associated With Clostridium difficile
Infection. Cureus 2023, 15, €39029. [CrossRef] [PubMed]

McDonald, L.C.; Killgore, G.E.; Thompson, A.; Owens, R.C.J.; Kazakova, S.V.; Sambol, S.P; Johnson, S.; Gerding, D.N. An
Epidemic, Toxin Gene-Variant Strain of Clostridium difficile. N. Engl. ]. Med. 2005, 353, 2433-2441. [CrossRef] [PubMed]

Rasko, D.A. Clostridium difficile Healthcare-Associated Epidemics. Nat. Genet. 2013, 45, 6-7. [CrossRef] [PubMed]

Kelly, C.P. Can We Identify Patients at High Risk of Recurrent Clostridium difficile Infection? Clin. Microbiol. Infect. 2012,
18 (Suppl. S6), 21-27. [CrossRef] [PubMed]

Madoff, S.E.; Urquiaga, M.; Alonso, C.D.; Kelly, C.P. Prevention of Recurrent Clostridioides difficile Infection: A Systematic Review
of Randomized Controlled Trials. Anaerobe 2020, 61, 102098. [CrossRef] [PubMed]

Peng, Z.; Jin, D.; Kim, H.B.; Stratton, C.W.; Wu, B.; Tang, Y.-W.; Sun, X. Update on Antimicrobial Resistance in Clostridium difficile:
Resistance Mechanisms and Antimicrobial Susceptibility Testing. J. Clin. Microbiol. 2017, 55, 1998-2008. [CrossRef]

Leeds, ].A.; Sachdeva, M.; Mullin, S.; Barnes, S.W.; Ruzin, A. In Vitro Selection, via Serial Passage, of Clostridium difficile Mutants
with Reduced Susceptibility to Fidaxomicin or Vancomycin. J. Antimicrob. Chemother. 2014, 69, 41-44. [CrossRef]

Miiller, M. Mode of Action of Metronidazole on Anaerobic Bacteria and Protozoa. Surgery 1983, 93, 165-171. [PubMed]

Dai, Y.-Y,; Qin, C.; Huang, G.-R;; Qin, Y.-C.; Huang, Y.-Y.; Huang, Y.-Q.; Zhao, L.-]. Linolenic Acid-Metronidazole: A Compound
Relieving Drug Resistance and Inhibiting Helicobacter pylori. Antimicrob. Agents Chemother. 2022, 66, €0007322. [CrossRef]

Sigeti, ].S.; Guiney, D.G.].; Davis, C.E. Mechanism of Action of Metronidazole on Bacteroides fragilis. J. Infect. Dis. 1983, 148,
1083-1089. [CrossRef]

Zar, F.A.; Bakkanagari, S.R.; Moorthi, KM.L.S.T.; Davis, M.B. A Comparison of Vancomycin and Metronidazole for the Treatment
of Clostridium difficile-Associated Diarrhea, Stratified by Disease Severity. Clin. Infect. Dis. 2007, 45, 302-307. [CrossRef] [PubMed]
Johnson, S.; Louie, T.J.; Gerding, D.N.; Cornely, O.A.; Chasan-Taber, S.; Fitts, D.; Gelone, S.P.; Broom, C.; Davidson, D.M.
Vancomycin, Metronidazole, or Tolevamer for Clostridium difficile Infection: Results from Two Multinational, Randomized,
Controlled Trials. Clin. Infect. Dis. 2014, 59, 345-354. [CrossRef] [PubMed]

Alauzet, C.; Lozniewski, A.; Marchandin, H. Metronidazole Resistance and Nim Genes in Anaerobes: A Review. Anaerobe 2019,
55,40-53. [CrossRef] [PubMed]

Boekhoud, I.M.; Hornung, B.V.H,; Sevilla, E.; Harmanus, C.; Bos-Sanders, LM.].G.; Terveer, E.M.; Bolea, R.; Corver, J.; Kuijper,
E.J.; Smits, W.K. Plasmid-Mediated Metronidazole Resistance in Clostridioides difficile. Nat. Commun. 2020, 11, 598. [CrossRef]
[PubMed]

Cherian, PT.; Wu, X.; Yang, L.; Scarborough, ].S.; Singh, A.P.; Alam, Z.A.; Lee, R.E.; Hurdle, ].G. Gastrointestinal Localization of
Metronidazole by a Lactobacilli-Inspired Tetramic Acid Motif Improves Treatment Outcomes in the Hamster Model of Clostridium
difficile Infection. |. Antimicrob. Chemother. 2015, 70, 3061-3069. [CrossRef]

Appaneal, H].; Caffrey, A.R.; LaPlante, K.L. What Is the Role for Metronidazole in the Treatment of Clostridium difficile Infection?
Results From a National Cohort Study of Veterans With Initial Mild Disease. Clin. Infect. Dis. 2019, 69, 1288-1295. [CrossRef]
Deshpande, A.; Wu, X.; Huo, W.; Palmer, K.L.; Hurdle, ].G. Chromosomal Resistance to Metronidazole in Clostridioides difficile
Can Be Mediated by Epistasis between Iron Homeostasis and Oxidoreductases. Antimicrob. Agents Chemother. 2020, 64, €00415-20.
[CrossRef]

Chong, PM.; Lynch, T.; McCorrister, S.; Kibsey, P.; Miller, M.; Gravel, D.; Westmacott, G.R.; Mulvey, M.R. Proteomic Analysis of a
NAP1 Clostridium difficile Clinical Isolate Resistant to Metronidazole. PLoS ONE 2014, 9, e82622. [CrossRef]

Troxell, B.; Hassan, H.M. Transcriptional Regulation by Ferric Uptake Regulator (Fur) in Pathogenic Bacteria. Front. Cell Infect.
Microbiol. 2013, 3, 59. [CrossRef] [PubMed]

Lynch, T.; Chong, P; Zhang, J.; Hizon, R.; Du, T.; Graham, M.R,; Beniac, D.R; Booth, T.E; Kibsey, P.; Miller, M.; et al. Characteriza-
tion of a Stable, Metronidazole-Resistant Clostridium difficile Clinical Isolate. PLoS ONE 2013, 8, e53757. [CrossRef]

Dione, N.; Khelaifia, S.; Lagier, J.-C.; Raoult, D. The Aerobic Activity of Metronidazole against Anaerobic Bacteria. Int. ].
Antimicrob. Agents 2015, 45, 537-540. [CrossRef] [PubMed]

Boekhoud, I.M.; Sidorov, I.; Nooij, S.; Harmanus, C.; Bos-Sanders, .M.].G.; Viprey, V.; Spittal, W.; Clark, E.; Davies, K.; Freeman, J.;
et al. Haem Is Crucial for Medium-Dependent Metronidazole Resistance in Clinical Isolates of Clostridioides difficile. ]. Antimicrob.
Chemother. 2021, 76, 1731-1740. [CrossRef]


https://doi.org/10.1016/j.mib.2022.01.004
https://doi.org/10.1186/s13756-020-00815-5
https://doi.org/10.1093/jac/dkab231
https://www.ncbi.nlm.nih.gov/pubmed/34297842
https://doi.org/10.1073/pnas.1001224107
https://doi.org/10.1016/S1286-4579(99)80054-9
https://www.ncbi.nlm.nih.gov/pubmed/10602670
https://doi.org/10.7759/cureus.39029
https://www.ncbi.nlm.nih.gov/pubmed/37323360
https://doi.org/10.1056/NEJMoa051590
https://www.ncbi.nlm.nih.gov/pubmed/16322603
https://doi.org/10.1038/ng.2499
https://www.ncbi.nlm.nih.gov/pubmed/23268129
https://doi.org/10.1111/1469-0691.12046
https://www.ncbi.nlm.nih.gov/pubmed/23121551
https://doi.org/10.1016/j.anaerobe.2019.102098
https://www.ncbi.nlm.nih.gov/pubmed/31493500
https://doi.org/10.1128/JCM.02250-16
https://doi.org/10.1093/jac/dkt302
https://www.ncbi.nlm.nih.gov/pubmed/6849201
https://doi.org/10.1128/aac.00073-22
https://doi.org/10.1093/infdis/148.6.1083
https://doi.org/10.1086/519265
https://www.ncbi.nlm.nih.gov/pubmed/17599306
https://doi.org/10.1093/cid/ciu313
https://www.ncbi.nlm.nih.gov/pubmed/24799326
https://doi.org/10.1016/j.anaerobe.2018.10.004
https://www.ncbi.nlm.nih.gov/pubmed/30316817
https://doi.org/10.1038/s41467-020-14382-1
https://www.ncbi.nlm.nih.gov/pubmed/32001686
https://doi.org/10.1093/jac/dkv231
https://doi.org/10.1093/cid/ciy1077
https://doi.org/10.1128/AAC.00415-20
https://doi.org/10.1371/journal.pone.0082622
https://doi.org/10.3389/fcimb.2013.00059
https://www.ncbi.nlm.nih.gov/pubmed/24106689
https://doi.org/10.1371/journal.pone.0053757
https://doi.org/10.1016/j.ijantimicag.2014.12.032
https://www.ncbi.nlm.nih.gov/pubmed/25813393
https://doi.org/10.1093/jac/dkab097

Pathogens 2024, 13,118 17 of 17

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

123.

124.

125.

126.

127.

Olaitan, A.O.; Dureja, C.; Youngblom, M.A.; Topf, M.A.; Shen, W.-].; Gonzales-Luna, A.].; Deshpande, A.; Hevener, K.E,;
Freeman, J.; Wilcox, M.H.; et al. Decoding a Cryptic Mechanism of Metronidazole Resistance among Globally Disseminated
Fluoroquinolone-Resistant Clostridioides difficile. Nat. Commun. 2023, 14, 4130. [CrossRef]

Shen, W.-J.; Deshpande, A.; Hevener, K.E.; Endres, B.T.; Garey, K.W.; Palmer, K.L.; Hurdle, J.G. Constitutive Expression of the
Cryptic vanGCd Operon Promotes Vancomycin Resistance in Clostridioides difficile Clinical Isolates. |. Antimicrob. Chemother. 2020,
75, 859-867. [CrossRef] [PubMed]

Snydman, D.R.; McDermott, L.A.; Jacobus, N.V.; Thorpe, C.; Stone, S.; Jenkins, S.G.; Goldstein, E.J.C.; Patel, R.; Forbes, B.A;
Mirrett, S.; et al. U.S.-Based National Sentinel Surveillance Study for the Epidemiology of Clostridium difficile-Associated Diarrheal
Isolates and Their Susceptibility to Fidaxomicin. Antimicrob. Agents Chemother. 2015, 59, 6437-6443. [CrossRef]

Ammam, F.; Meziane-Cherif, D.; Mengin-Lecreulx, D.; Blanot, D.; Patin, D.; Boneca, I.G.; Courvalin, P; Lambert, T.; Candela, T.
The Functional vanGCd Cluster of Clostridium difficile Does Not Confer Vancomycin Resistance. Mol. Microbiol. 2013, 89, 612-625.
[CrossRef]

Courvalin, P. Vancomycin Resistance in Gram-Positive Cocci. Clin. Infect. Dis. 2006, 42 (Suppl. S1), 525-534. [CrossRef]
Gardete, S.; Tomasz, A. Mechanisms of Vancomycin Resistance in Staphylococcus aureus. |. Clin. Investig. 2014, 124, 2836-2840.
[CrossRef]

Watanakunakorn, C. Mode of Action and In-Vitro Activity of Vancomycin. J. Antimicrob. Chemother. 1984, 14, 7-18. [CrossRef]
Pu, M.; Cho, ].M.; Cunningham, S.A.; Behera, G.K.; Becker, S.; Amjad, T.; Greenwood-Quaintance, K.E.; Mendes-Soares, H.;
Jones-Hall, Y.; Jeraldo, PR; et al. Plasmid Acquisition Alters Vancomycin Susceptibility in Clostridioides difficile. Gastroenterology
2021, 160, 941-945.e8. [CrossRef] [PubMed]

Lancaster, ] W.; Matthews, S.J. Fidaxomicin: The Newest Addition to the Armamentarium against Clostridium difficile Infections.
Clin. Ther. 2012, 34, 1-13. [CrossRef] [PubMed]

Hogenauer, C.; Mahida, Y.; Stallmach, A.; Marteau, P.; Rydzewska, G.; Ivashkin, V.; Gargalianos-Kakolyris, P.; Michon, I;
Adomakoh, N.; Georgopali, A.; et al. Pharmacokinetics and Safety of Fidaxomicin in Patients with Inflammatory Bowel Disease
and Clostridium difficile Infection: An Open-Label Phase IIIb/IV Study (PROFILE). J. Antimicrob. Chemother. 2018, 73, 3430-3441.
[CrossRef] [PubMed]

Venugopal, A.A.; Johnson, S. Fidaxomicin: A Novel Macrocyclic Antibiotic Approved for Treatment of Clostridium difficile
Infection. Clin. Infect. Dis. 2012, 54, 568-574. [CrossRef] [PubMed]

Goldstein, E.J.C.; Citron, D.M.; Sears, P.; Babakhani, F.; Sambol, S.P.; Gerding, D.N. Comparative Susceptibilities to Fidaxomicin
(OPT-80) of Isolates Collected at Baseline, Recurrence, and Failure from Patients in Two Phase III Trials of Fidaxomicin against
Clostridium difficile Infection. Antimicrob. Agents Chemother. 2011, 55, 5194-5199. [CrossRef]

Dang, U.T.; Zamora, I.; Hevener, K.E.; Adhikari, S.; Wu, X.; Hurdle, ].G. Rifamycin Resistance in Clostridium difficile Is Generally
Associated with a Low Fitness Burden. Antimicrob. Agents Chemother. 2016, 60, 5604-5607. [CrossRef]

Floss, H.G.; Yu, T.-W. Rifamycin-Mode of Action, Resistance, and Biosynthesis. Chem. Rev. 2005, 105, 621-632. [CrossRef]
O’Connor, J.R.; Galang, M.A.; Sambol, S.P.; Hecht, D.W.; Vedantam, G.; Gerding, D.N.; Johnson, S. Rifampin and Rifaximin
Resistance in Clinical Isolates of Clostridium difficile. Antimicrob. Agents Chemother. 2008, 52, 2813-2817. [CrossRef] [PubMed]
Carman, R.J.; Boone, ].H.; Grover, H.; Wickham, K.N.; Chen, L. In Vivo Selection of Rifamycin-Resistant Clostridium difficile during
Rifaximin Therapy. Antimicrob. Agents Chemother. 2012, 56, 6019—-6020. [CrossRef] [PubMed]

Curry, S.R.; Marsh, J.W,; Shutt, K.A.; Muto, C.A.; O’Leary, M.M.; Saul, M.L; Pasculle, A.W.; Harrison, L.H. High Frequency of
Rifampin Resistance Identified in an Epidemic Clostridium difficile Clone from a Large Teaching Hospital. Clin. Infect. Dis. 2009,
48,425-429. [CrossRef] [PubMed]

Christensen, S.; Bouguermouh, S.; llangovan, K.; Pride, M.W.; Webber, C.; Lockhart, S.P,; Shah, R.; Kitchin, N.; Lamberth, E.;
Zhang, H.; et al. A Phase 3 Study Evaluating the Lot Consistency, Inmunogenicity, Safety, and Tolerability of a Clostridioides
difficile Vaccine in Healthy Adults 65 to 85 Years of Age. Vaccine 2023, 41, 7548-7559. [CrossRef] [PubMed]

Heuler, J.; Chandra, H.; Sun, X. Mucosal Vaccination Strategies against Clostridioides difficile Infection. Vaccines 2023, 11, 887.
[CrossRef]

Razim, A.; Goérska, S.; Gamian, A. Non-Toxin-Based Clostridioides difficile Vaccination Approaches. Pathogens 2023, 12, 235.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41467-023-39429-x
https://doi.org/10.1093/jac/dkz513
https://www.ncbi.nlm.nih.gov/pubmed/31873741
https://doi.org/10.1128/AAC.00845-15
https://doi.org/10.1111/mmi.12299
https://doi.org/10.1086/491711
https://doi.org/10.1172/JCI68834
https://doi.org/10.1093/jac/14.suppl_D.7
https://doi.org/10.1053/j.gastro.2020.10.046
https://www.ncbi.nlm.nih.gov/pubmed/33197449
https://doi.org/10.1016/j.clinthera.2011.12.003
https://www.ncbi.nlm.nih.gov/pubmed/22284993
https://doi.org/10.1093/jac/dky368
https://www.ncbi.nlm.nih.gov/pubmed/30260412
https://doi.org/10.1093/cid/cir830
https://www.ncbi.nlm.nih.gov/pubmed/22156854
https://doi.org/10.1128/AAC.00625-11
https://doi.org/10.1128/AAC.01137-16
https://doi.org/10.1021/cr030112j
https://doi.org/10.1128/AAC.00342-08
https://www.ncbi.nlm.nih.gov/pubmed/18559647
https://doi.org/10.1128/AAC.00974-12
https://www.ncbi.nlm.nih.gov/pubmed/22908175
https://doi.org/10.1086/596315
https://www.ncbi.nlm.nih.gov/pubmed/19140738
https://doi.org/10.1016/j.vaccine.2023.11.003
https://www.ncbi.nlm.nih.gov/pubmed/37977942
https://doi.org/10.3390/vaccines11050887
https://doi.org/10.3390/pathogens12020235

	Introduction 
	Laboratory Tests to Diagnose CDI 
	Toxigenic Culture 
	Cell Cytotoxicity Neutralization Assay 
	Nucleic Acid Amplification Testing 
	Enzyme Immunoassays 
	Current Landscape of Clinical CDI Testing 

	Treatment of C. difficile Infection 
	Treatment of the Initial Episode of CDI 
	Treatment of Recurrent CDI 

	Antimicrobial Resistance in C. difficile and Its Mechanisms of Resistance 
	Metronidazole Resistance 
	Vancomycin Resistance 
	Fidaxomicin Resistance 
	Rifamycins Resistance 

	Conclusions 
	References

