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Abstract

Background. There have been several recent reports of Clostridioides difficile infection (CDI) 

due to isolates with reduced fidaxomicin susceptibility (minimum inhibitory concentration [MIC] 

≥ 2 μg/mL). However, the clinical implications are uncertain because fidaxomicin achieves high 

concentrations in the intestinal tract.

Methods. In an acute care hospital, we conducted a 3-year cohort study of patients with CDI to 

determine the frequency of infection with isolates with reduced fidaxomicin susceptibility and the 

impact on response to fidaxomicin treatment. Stool specimens were cultured for C. difficile, and 

susceptibility testing was performed using agar dilution. Whole-genome sequencing was used to 

identify mutations associated with reduced fidaxomicin susceptibility and to determine relatedness 
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of isolates. For genomically related susceptible and reduced susceptibility isolates from the same 

patient, we compared rates of growth, sporulation, and toxin production.

Results. Of 108 fidaxomicin-treated patients, 6 (5.6%) were infected with isolates that possessed 

reduced fidaxomicin susceptibility (MICs 8–32 μg/mL), including 3 with initially susceptible 

isolates followed by clinical failure with subsequent recovery of genomically related isolates 

with reduced susceptibility. Isolates with reduced fidaxomicin susceptibility harbored mutations in 

RNA polymerase associated with reduced susceptibility and exhibited reduced toxin production, 

and 20% to 40% of isolates tested had reduced growth and/or sporulation in comparison with 

susceptible isolates. Three patients were infected with genomically indistinguishable ribotype 097 

isolates with reduced fidaxomicin susceptibility.

Conclusions. Our findings highlight the potential for the emergence on therapy of clinically 

relevant reduced fidaxomicin susceptibility in C. difficile and its spread via transmission to other 

patients.
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Fidaxomicin and vancomycin are the primary antibiotics recommended for treatment of 

Clostridioides difficile infection (CDI) [1, 2]. Although the potential for emergence of 

resistance to these agents is a concern [3], they have remained effective in achieving clinical 

cure of CDI, and reduced susceptibility has been rare in recent surveillance studies in the 

United States and Europe [4–7]. However, recent reports have raised concern that isolates 

with reduced susceptibility to fidaxomicin and vancomycin may be emerging [8–11]. The 

clinical implications of reduced susceptibility have been uncertain as these antibiotics 

achieve high concentrations in the intestinal tract [3]. However, Eubank et al [9] recently 

reported that C. difficile isolates with vancomycin minimum inhibitory concentrations 

[MICs] >2 μg/mL (range, 4–16) were associated with reductions in initial cure and sustained 

clinical response.

Fidaxomicin is a macrocyclic antibiotic that targets bacterial RNA polymerase [12, 13]. 

The Clinical and Laboratory Standards Institute (CLSI) has not established clinical 

breakpoints for fidaxomicin. The European Committee on Antimicrobial Susceptibility 

Testing breakpoint for resistance is >0.5 mg/L based on the epidemiological cutoff value 

[14]. Baines and Wilcox [15] considered isolates with MICs of 2–4 μg/mL to have reduced 

susceptibility and isolates with MIC ≥16 μg/mL to be resistant. In vitro, selection of mutants 

with reduced fidaxomicin susceptibility has been associated with mutations in the genes 

rpoB and rpoC that encode the RNA polymerase complex β and β′ subunits, respectively 

[12, 16, 17]. To our knowledge, there have been 7 reports of clinical C. difficile isolates 

with reduced fidaxomicin susceptibility (MICs 2 to >64 μg/mL), including several isolates 

recovered from patients with recurrent infections [11, 18–25]. In 5 reports, mutations were 

identified in the rpoB or rpoC gene [11, 16–20, 23]. The potential for strains with these 

mutations to compromise the efficacy of fidaxomicin is uncertain because the mutations 

may result in defects in growth, sporulation, and toxin production [11, 16, 17]. Moreover, 

Redmond et al. Page 2

Clin Infect Dis. Author manuscript; available in PMC 2026 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



no reports have demonstrated that reduced fidaxomicin susceptibility results in failure to 

achieve clinical cure.

It is unclear if reduced susceptibility to fidaxomicin is emerging as an important concern 

because surveillance is limited and susceptibility testing is not included in diagnostic 

algorithms [1, 2]. At our institution, we have occasionally identified CDI patients who failed 

to respond to fidaxomicin. We therefore examined the frequency of detection of isolates with 

reduced fidaxomicin susceptibility in all CDI patients and tested the hypothesis that reduced 

susceptibility may be associated with treatment failure.

METHODS

Setting

The Cleveland VA Medical Center is a 215-bed hospital with an adjacent long-term care 

facility (LTCF). A 2-step CDI test algorithm is used with an initial nucleic acid amplification 

test (NAAT) followed by an enzyme immunoassay for toxin in NAAT-positive samples [1]. 

During the study, fidaxomicin was recommended for initial CDI cases in patients aged ≥65 

years, immunocompromised patients, and LTCF residents and for first recurrences. The 

Supplementary Material provides information on CDI epidemiology, diagnosis, treatment, 

and control measures in the facility.

Study Design

The facility’s institutional review board approved the study protocol. Between 1 July 2020 

and 30 June 2023, we conducted a cohort study of all patients with a positive NAAT for 

C. difficile who were treated with oral vancomycin or fidaxomicin. For patients considered 

treatment failures, stool specimens were collected for CDI testing prior to a change in 

therapy to assess for microbiologic response to the treatment and emergence of resistance. 

NAAT-positive stool specimens were cultured for toxigenic C. difficile, and isolates were 

tested for fidaxomicin susceptibility. All isolates from patients with 1 or more isolates with 

reduced susceptibility to fidaxomicin were subjected to whole-genome sequencing. Isolates 

with reduced susceptibility and paired genomically related susceptible isolates from the 

same patients were assessed for growth, toxin production, and sporulation. Medical records 

were reviewed to obtain information on demographics, laboratory results, and response to 

therapy.

Epidemiologic Definitions

CDI was defined as the presence of diarrhea (≥3 unformed stools in 24 hours) and a 

positive test for C. difficile. CDI cases were classified as severe versus nonsevere based 

on standard definitions [1]. Recurrence was defined as a CDI episode occurring 8 weeks 

or less after the onset of a previous CDI episode, provided that symptoms from the earlier 

episode resolved [1, 19]. Clinical cure was defined as resolution of diarrhea and no need 

for further CDI therapy as of the second day after completing ≥10 days of therapy. Clinical 

failure was defined as persistent diarrhea and/or need for additional CDI therapy [1, 26]. 

Refractory CDI was defined as CDI with no response after 3–5 days of treatment with no 

alternative explanation for diarrhea and resulting in a change in therapy [27]. Microbiologic 
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failure was defined as refractory CDI or clinical failure in conjunction with recovery of 

>4 log10 colony-forming units (CFUs) of C. difficile in stool. Hospital ward and non-ward 

transmission were defined as described previously [28].

Microbiology and Molecular Typing

Stool specimens were cultured for toxigenic C. difficile by plating on C. difficile brucella 

agar [29]. Broth enrichment cultures were performed if agar cultures were negative [30]. 

Isolates recovered on the selective media were plated on nonselective blood agar plates and 

subjected to identification using matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry. Polymerase chain reaction (PCR) ribotyping was performed [31].

Additional screening was performed for patients with initial fidaxomicin-susceptible isolates 

followed by recovery of isolates with reduced susceptibility. The initial stool specimens 

were cultured using C. difficile brucella agar and broth that contained 2 μg/mL of 

fidaxomicin to determine if subpopulations with reduced fidaxomicin susceptibility were 

present.

Susceptibility Testing

MICs for fidaxomicin, vancomycin, erythromycin, rifampin, and moxifloxacin were 

determined using the reference agar dilution method in accordance with CLSI 

recommendations [6, 32]. For fidaxomicin, reduced susceptibility was defined as MIC 

≥2 μg/mL and resistance was defined as MIC ≥16 μg/mL [15]. Isolates with reduced 

fidaxomicin susceptibility were sent to 2 laboratories with expertise in C. difficile 
susceptibility testing for confirmation. The Supplementary Material provides detailed 

methods.

Whole-Genome Sequencing and Bioinformatic Analysis

Whole-genome sequencing was performed as previously described (the Supplementary 

Material provides detailed methods) [30]. Sequencing was performed on the NextSeq 550 

sequencing system (Illumina). De novo assembly of reads was done using SPAdes genome 

assembler (v.3.9), and a multilocus sequence type was assigned. The rpoB and rpoC genes 

were detected using BLAST v2.11.0 using reference genes against the assembled sequences. 

Trimmed reads were mapped to a C. difficile reference genome after dynamic trimming, and 

a dendrogram of the genome was created using advanced cluster analysis (similarity matrix) 

on Bionumerics software (v.7.6, Applied Maths). Isolates were considered highly genetically 

related if they differed by ≤2 single nucleotide polymorphisms (SNPs) [19].

Evaluation of Growth, Sporulation, and Toxin Production

We measured growth rates, sporulation rates, and toxin production in strains with reduced 

fidaxomicin susceptibility in comparison with susceptible isolates from the same patients 

using previously described methods [11, 17]. Growth curves were performed over 24 hours 

in brucella broth with 5 mg/L hemin and 1 mg/L vitamin K1 [17]. Sporulation was assessed 

after 24, 48, and 72 hours of incubation. The log10 CFU of spores was measured after 

heat shock for 30 minutes at 65°C [11]. Toxin production was measured after 24, 48, and 

72 hours of incubation using a toxin A/B enzyme-linked immunoassay (Techlab TOX A/B 
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ELISA) with absorbance measurements at OD 450 (SpectraMax M3, Molecular Devices, 

San Jose, CA).

Data Analysis

For 3 patients with genomically related fidaxomicin-susceptible and reduced susceptibility 

isolates, linear mixed-effects models were used to compare growth, sporulation, and toxin 

production for the susceptible and reduced susceptibility isolates.

RESULTS

Figure 1 provides a flow diagram for the study. Of 328 episodes of CDI in 296 patients, 

262 (79.9%) were initial diagnoses. Of the 328 CDI episodes, 122 (37.2%) were treated with 

fidaxomicin and 206 (62.8%) were treated with vancomycin. Clinical cure was achieved 

in 114 (93.4%) episodes treated with fidaxomicin and 192 (93.2%) episodes treated with 

vancomycin. Recurrences occurred in 13.2% of cured episodes treated with fidaxomicin 

and 17.7% of cured episodes treated with vancomycin. Of the 108 patients treated with 

fidaxomicin, 6 (5.4%) had isolates with reduced fidaxomicin susceptibility, including 3 who 

achieved clinical cure with fidaxomicin, 2 with clinical failure, and 1 with refractory CDI. 

One patient treated with vancomycin was infected with an isolate with reduced fidaxomicin 

susceptibility and was cured with vancomycin.

Characterization of C. difficile Isolates

Table 1 shows the characteristics of the 9 C. difficile isolates recovered from the 6 patients 

infected with isolates with reduced fidaxomicin susceptibility. Eight of the 9 isolates were 

recovered from stool specimens with C. difficile NAAT cycle threshold values <30, and 3 

were recovered from toxin-positive specimens. All 6 patients had more than 3 unformed 

stools per day without an alternative explanation for each episode of CDI.

Three patients were infected with ribotype 097 (sequence type 21) isolates (N = 6) with 

MICs of 8 to 16 μg/mL, including 1 patient (patient 1) initially infected with a fidaxomicin-

susceptible ribotype 097 isolate. The ribotype 097 isolates with reduced susceptibility all 

had A265G mutations in the rpoC gene coding for an R89G substitution in the RNA 

polymerase β′ subunit. Two patients were infected with ribotype 014–020 isolates with 

fidaxomicin MICs of 32 μg/mL with T3428G or T3428A mutations in the rpoB gene 

coding for a V1143G or V1143D substitution in the RNA polymerase β subunit, including 

1 patient (patient 2) initially infected with a fidaxomicin-susceptible ribotype 014–020 

isolate. One patient (patient 6) was infected with a fidaxomicin-susceptible ribotype 015 

isolate; however, a genomically related isolate with a fidaxomicin MIC of 16 μg/mL 

was subsequently recovered with a T3428A mutation in the rpoB gene coding for a 

V1143D substitution in the RNA polymerase β subunit. None of the isolates had mutations 

in the marR homolog CD22120, which has been associated with reduced fidaxomicin 

susceptibility [12, 13]. None of the isolates with reduced fidaxomicin susceptibility had 

mutations previously associated with rifamycin resistance [33], and all were susceptible to 

vancomycin, rifampin, moxifloxacin, and erythromycin (Supplementary Material).
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Clinical Timeline for Patients Infected With Isolates With Reduced Fidaxomicin 
Susceptibility

Figure 2 provides a timeline of CDI diagnoses and treatment and infecting ribotypes for 

the 6 patients infected with 1 or more isolates with reduced fidaxomicin susceptibility. 

Four of 6 patients (patients 1, 2, 4, and 6) received treatment with fidaxomicin prior to 

isolation of the isolates with reduced susceptibility. Two patients (patients 1 and 2) were 

initially infected with fidaxomicin-susceptible isolates and subsequently had clinical failure 

based on persistent diarrhea that did not improve after ≥10 days of fidaxomicin therapy 

with no alternative explanation, resulting in collection of stool specimens to assess for 

emergence of resistance. Both were classified as microbiologic treatment failures due to 

recovery of a high burden of C. difficile in stool (patient 1: 6.6 log10 CFU/g of stool and 

PCR cycle threshold value of 21.8 on treatment day 18; patient 2: 4.4 log10 CFU/g of 

stool and PCR cycle threshold value of 28.6 on treatment day 17). For patient 1, diarrhea 

resolved after CDI therapy was switched to vancomycin. Patient 1 was again diagnosed with 

CDI 19 months after the CDI episode in July 2021 and was found to again be infected 

with a ribotype 097 isolate with reduced fidaxomicin susceptibility. Patient 2 underwent 

colectomy due to fulminant colitis. Three patients (patients 3, 4, and 5) achieved clinical 

cure with fidaxomicin despite infection with C. difficile isolates with reduced susceptibility 

to fidaxomicin (MICs of 8 to 32 μg/mL).

One patient (patient 6) was infected with a ribotype 015 isolate that was initially susceptible 

to fidaxomicin. He had refractory CDI with no improvement after 4 days of fidaxomicin 

treatment, and a related ribotype 015 isolate with a fidaxomicin MIC of 16 μg/mL was 

recovered from stool. His diarrhea subsequently resolved after treatment was switched to 

oral vancomycin and metronidazole.

For the 4 patients with initial recovery of susceptible isolates followed by recovery of 

isolates with reduced susceptibility (patients 1, 2, 4, and 6), additional screening of 

the initial stool specimens did not identify subpopulations of C. difficile with reduced 

fidaxomicin susceptibility (ie, no colonies recovered from media containing 2 μg/mL of 

fidaxomicin).

Relatedness of the C. difficile Isolates by Whole-Genome Sequencing

Figure 3 is a dendrogram that shows the relatedness of all isolates recovered from the 6 

patients infected with isolates with reduced fidaxomicin susceptibility. For patient 1, an 

initially susceptible ribotype 097 isolate (1B, 9 February 2021) differed by only 1 SNP from 

2 subsequent isolates with reduced susceptibility (1D, 8 July 2021 and 1E, 29 July 2021) 

associated with treatment failure. However, when patient 1 again was diagnosed with CDI 

19 months later, he was infected with an isolate (1F, 4 April 2023) that had the same RpoC 

R89G amino acid substitution as the earlier isolates but also had a RpoB D814Y amino 

acid substitution. This isolate differed by 7 SNPs from the previous 1.D and 1.E isolates 

(Supplementary Material).

For patient 2, an initially susceptible ribotype 014–020 isolate differed by only 1 SNP from 

the subsequent isolate with reduced susceptibility. For patient 3, the ribotype 097 isolates 
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with reduced fidaxomicin susceptibility associated with initial and recurrent CDI episodes 

were genomically indistinguishable.

Five ribotype 097 isolates from patients 1, 3, and 4 with reduced fidaxomicin susceptibility 

were genomically indistinguishable (1D, 1E, 3A, 3B, and 4B). Temporally, the first isolate 

with reduced susceptibility was recovered from patient 4 (4B, 27 April 2021). However, 

patient 1 had a genomically related (ie, 1 SNP difference) but fidaxomicin-susceptible 

ribotype 097 isolate recovered several months earlier (1B, 9 February 2021). Patient 1 had 

multiple hospital and adjacent LTCF admissions between August 2020 and September 2021, 

with 11 months of total inpatient care. Patients 3 and 4 were not hospitalized, but each 

had multiple outpatient clinic visits at the hospital during the period when patient 1 was an 

inpatient.

Patients 2 and 5 were infected with ribotype 014–020 isolates. However, the isolates were 

genomically distinct with different mutations in the rpoB gene.

Evaluation of Growth, Sporulation, and Toxin Production

Figure 4 shows growth rates, sporulation rates, and toxin production for isolates from 

patients 1, 2, and 6 with reduced fidaxomicin susceptibility in comparison with paired 

genomically related, susceptible isolates from the same patients. In comparison with 

susceptible isolates, growth rates were significantly decreased at time points ≥10 hours 

in isolates with reduced fidaxomicin susceptibility for patients 2 and 6 (P < .001) but 

not patient 1 (P = .07). In comparison with susceptible isolates, there was no significant 

decrease in sporulation except in the ribotype 097 isolate, which had mutations in both rpoC 
and rpoB (1.F; P < .01). In comparison with susceptible isolates, all isolates with reduced 

susceptibility had significantly reduced toxin production at 48 and 72 hours (P < .001).

DISCUSSION

In a cohort study of 296 CDI patients, isolates with reduced fidaxomicin susceptibility were 

recovered from 6 of 108 (5.6%) patients who received fidaxomicin. In 3 of the 6 patients, 

clinical failure or refractory CDI occurred with subsequent recovery of isolates with reduced 

fidaxomicin susceptibility that were genomically related to initially susceptible isolates. 

Each isolate with reduced fidaxomicin susceptibility harbored mutations in RNA polymerase 

previously associated with reduced fidaxomicin susceptibility. Our findings highlight 

the potential for the emergence on therapy of clinically relevant reduced fidaxomicin 

susceptibility in C. difficile.

We are the first to suggest that elevated fidaxomicin MICs may contribute to treatment 

failure. The microbiologic basis for CDI treatment failure despite the reported high 

concentrations of fidaxomicin and vancomycin in stool is uncertain. It has been proposed 

that factors such as reduced concentrations of drug in the intestinal lumen versus in stool 

and elevated minimum bactericidal concentrations versus MICs might contribute to clinical 

failure [8]. Alternatively, some patients may have relatively low drug concentrations in stool. 

Louie et al [34] reported wide variation in fidaxomicin concentrations in patients after 10 

days of treatment (range, 12 to 787 μg/g of stool).
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Previous reports have revealed that some mutations that confer decreased fidaxomicin 

susceptibility reduce the fitness of C. difficile isolates based on reductions in growth, 

sporulation, and toxin production [11, 16, 17]. In our investigation, the mutations reduced 

toxin production but did not consistently alter growth and sporulation. Moreover, 3 patients 

infected with isolates with reduced fidaxomicin susceptibility had positive stool toxin 

assays, and 1 patient developed an episode of CDI with the same ribotype 097 isolate 

2 years after an initial infection, suggesting long-term carriage of the isolate. Of 8 CDI 

episodes due to isolates with reduced fidaxomicin susceptibility, 1 (11%) was classified 

as severe [1]. Notably, the patient with severe CDI (patient 2) had a negative enzyme 

immunoassay for toxin in stool and underwent colectomy due to fulminant colitis. Others 

have reported that a substantial proportion of CDI patients who meet criteria for severe CDI 

have negative enzyme immunoassays for toxin in stool [35, 36].

Our findings suggest that isolates with reduced fidaxomicin susceptibility may have spread 

from patient to patient in our facility. Three patients were infected with genomically 

indistinguishable isolates from ribotype 097 (sequence type 21), a rarely reported C. difficile 
ribotype [7, 37], accounting for only 0.3% of CDI cases from 2012 through 2020 in the 

Centers for Disease Control and Prevention’s CDI Surveillance Program (Amy Gargis, 

written personal communication, 4 December 2024). There were no ward-level interactions 

between the patients. However, the presumptive index case had prolonged hospital and 

LTCF stays, and the other 2 patients had 6 to 7 outpatient visits each in the hospital during 

that period.

Our study has some limitations. The study was conducted in 1 hospital during a period 

in which 36% of CDI patients were treated with fidaxomicin. We isolated and performed 

molecular typing for 1 colony of C. difficile per culture; we cannot exclude the possibility 

that multiple strains were present. We cannot state with certainty whether isolates with 

reduced susceptibility emerged due to new genetic mutations during fidaxomicin therapy 

versus due to expansion of preexisting subpopulations due to fidaxomicin selective pressure. 

However, we did not identify subpopulations of C. difficile with reduced susceptibility in 

stool collected at the start of treatment. Finally, we did not screen asymptomatic patients or 

patients diagnosed in outside hospitals prior to transfer to our facility.

In conclusion, our findings suggest that C. difficile isolates with clinically relevant 

reduced fidaxomicin susceptibility may emerge during therapy and spread to other patients. 

Clinicians should be aware that reduced susceptibility should be considered as a potential 

contributor to fidaxomicin treatment failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow diagram for the study participants, including 6 patients infected with isolates with 

reduced fidaxomicin susceptibility. * indicates that the patient was clinically cured with 

vancomycin and had a subsequent infection with the same strain that was cured with 

fidaxomicin. Abbreviation: CDI, Clostridioides difficile infection.
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Figure 2. 
Timeline of Clostridioides difficile infection (CDI) diagnoses and treatments and infecting 

ribotypes for the 6 patients infected with isolates with reduced fidaxomicin susceptibility. 

Green rectangles indicate fidaxomicin treatment; black rectangles indicate vancomycin 

treatment; orange rectangle indicates metronidazole treatment. Blue shapes indicate isolates 

with fidaxomicin MIC < 2 μg/mL; red shapes indicate isolates with fidaxomicin MIC ≥2 

μg/mL. Patient 4 was enrolled in a randomized trial of vancomycin versus fidaxomicin 

for treatment of his second CDI episode in 2021. Abbreviation: MIC, minimum inhibitory 

concentration.
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Figure 3. 
Dendrogram showing the relatedness of all isolates recovered from the 6 patients infected 

with isolates with reduced fidaxomicin susceptibility. *, isolate with reduced fidaxomicin 

susceptibility. Ribotypes corresponding to STs: ST 21, ribotype 097; ST 58, ribotype 255; 

ST 2 and 224, ribotype 014–020; ST 1, ribotype 027. Abbreviations: N/A, not assigned; ST, 

multilocus sequence type.
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Figure 4. 
Growth rates (A, D, G), sporulation rates (B, E, H) , and toxin production (C, F, I) for 

strains from patients 1 (A–C), 2 (D–F), and 6 (G–I) with reduced fidaxomicin susceptibility 

in comparison with paired susceptible isolates from the same patients. Abbreviation: CFU, 

colony-forming unit.
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