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Abstract

Recurrence of Clostridium difficile infection (CDI) places a major burden on the healthcare 

system. Previous studies have suggested that specific C. difficile strains, or ribotypes, are 

associated with severe disease and/or recurrence. However, in some patients a new strain is 

detected in subsequent infections, complicating longitudinal studies focused on strain differences 

that may contribute to disease outcome. We examined ribotype composition over time in patients 

who did or did not develop recurrence to examine infection with multiple C. difficile ribotypes 

(mixed infection), during the course of infection. Using a retrospective patient cohort, we isolated 

and ribotyped a median of 36 C. difficile colonies from 61 patients (105 total samples) at initial 

infection, recurrence (a second case of CDI within 15–56 days of initial infection), and reinfection 

(a second case of CDI after 56 days of initial infection). We observed mixed infection in 78.6% of 

samples at initial infection in patients who went on to develop recurrence compared to 18.1% of 

patients who did not, and mixed infection remained associated with subsequent recurrence after 

adjusting for gender and prior antibiotic exposure (OR 3.5, 95% CI 1.3–9.4, P =.015). In patients 

who were sampled longitudinally (44 consecutive events in 32 patients), the dominant ribotype 

changed in 31.8% of consecutive samples and the newly dominant ribotype was not detected in 

prior samples from that patient. Our results suggest that mixed C. difficile infection is more 

prevalent than previously demonstrated and potentially a marker of susceptibility to recurrence.
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Introduction

Clostridium difficile infection (CDI) is the most common hospital associated infection in the 

United States, contributing to an estimated $1.5 billion in healthcare costs (1, 2). Of the half 

million individuals diagnosed with CDI each year, nearly 83,000 patients will develop a 

second infection after the completion of treatment (1). Recurrent cases of CDI, which occur 

after treatment and initial symptomatic recovery, have been associated with more severe 

health outcomes and can significantly increase disease burden and healthcare costs (3).

Susceptibility to CDI and the development of recurrence is impacted by a combination of 

environmental, host, and pathogen factors. Antibiotic use and increased age, which both 

have the potential to cause disruption of the microbiota, the indigenous microbial 

community of the host, are known risk factors for developing CDI (4). Both the host 

immune response (5) and a lack of microbiota recovery have been implicated in the 

development of recurrent CDI (6). In the early 2000s, increased rates of CDI were observed 

in in North American and European hospitals and attributed to epidemics caused by a 

specific strain of C. difficile, the PCR ribotype F027 (7). This strain has subsequently been 

associated with more severe infection and recurrence (8). In recent epidemiological studies, 

hospital transmission and outbreaks have been attributed to other emerging strains of 

concern (9, 10).

One aspect of C. difficile epidemiology that complicates the identification of the role of 

pathogenic factors or strain type in CDI is the presence of multiple strains during infection 

(referred to as “mixed infection”), throughout recurrence/reinfection. Previous studies have 

suggested that anywhere from 16% to 50% of individuals who experience a second 

incidence of CDI are due to infection with a new strain (11–13). Furthermore, the presence 

of multiple C. difficile strains has been estimated to be as high as 16% in a single sample 

from an individual (12, 14). The relationship between mixed infection and disease outcome 

such as disease severity or recurrence has not been examined.

In a previous retrospective, longitudinal study conducted in patients with recurrent CDI, we 

observed that 20/61 patients exhibited more than one ribotype throughout reinfection or 

recurrence when a single ribotype was sampled at a given timepoint (38%) (6). In this 

current study, we isolated multiple colonies of C. difficile from fecal samples collected from 

patients who did or did not experience disease recurrence over time for ribotyping to 

evaluate mixed C. difficile infection at diagnosis of primary CDI and throughout recurrence/

reinfection. Our main objectives were 1) to evaluate the relationship between mixed 

infection at initial disease diagnosis and recurrence and 2) determine the presence of 

detected strains throughout infection in individuals reinfected with a new strain.
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Materials and Methods

Sample collection and patient definitions

Fecal specimens used in this study were selected from a biorepository of samples collected 

from patients receiving care at the University of Michigan Health System (UMHS) from 

October 2010 to June 2014 as a part of the NIH Enterics Research Investigational Network 

(ERIN) study (6, 15). Fecal specimens were collected from discarded fecal material used by 

the clinical microbiology lab at UMHS to diagnose CDI. These specimens were collected in 

Cary-Blair Transport Media and subsequently stored at −80C. We identified a cohort of 

patients who were sampled longitudinally who did or did not develop recurrent CDI, as 

previously described by Seekatz et al. (6).

CDI diagnosis was defined following the Infectious Disease Society of America (IDSA) 

national guidelines at the discretion of the patients’ inpatient care team, who are advised to 

test only symptomatic patients (16). The UMHS clinical lab follows a two-step algorithm to 

test for presence of toxigenic C. difficile: 1) detection of glutamate dehydrogenase antigen 

and toxins A or B using the C. diff Quik Chek Complete (TechLab, Blacksburg, Virginia, 

USA), followed by reflex testing for tcdB using polymerase chain reaction (PCR) after a 

discordant test. Chart reviews of the patients’ medical history were conducted to confirm the 

patients’ first diagnosis of CDI (index) and categorize patients into the following categories: 

nonrecurrent (no subsequent CDI diagnoses following index infection), recurrent (another 

positive diagnosis within 15–56 days of infection), and reinfected (another CDI diagnosis > 

56 days from index infection), as per CDC surveillance guidelines (17). Additional patient 

characteristics are described in Table S1.

C. difficile enrichment and isolation

We aimed to isolate 40 colonies of C. difficile from every sample in the study. Initial 

isolation (without enrichment) was conducted as follows: an aliquot (40 μL) of the thawed 

fecal sample on ice was placed into an anaerobic chamber (Coy), and 10μL of this was 

streaked directly onto 0.01 % taurocholate 0.025% cycloserine 0.0016% cefoxitine fructose 

agar (TCCFA) media and grown overnight at 37°C. The remaining 30μL of the sample was 

enriched prior to plating in two ways: 1) using ethanol shock (1:1 dilution of fecal material 

and 70% EtOH) and/or 2) inoculated into 1ml of TCCF-broth, grown overnight at 37°C, 

diluted 10−4 and 10−5 with PBS, and plated onto TCCFA plates for overnight growth of 

colonies at 37°C. Samples that initially failed were processed using both forms of 

enrichment. Isolated C. difficile colonies for PCR ribotyping were picked from the plates 

and inoculated into 800μL of brain heart infusion (BHI) media for an additional 18 hours of 

growth at 37°C. A 1:10 dilution of this culture in UltraPure water (Gibco) was boiled at 

95°C for 20 min for a DNA template for PCR stored at −20°C. The remaining culture 

isolates were placed in 40% glycerol and stored at −80°C for future use if necessary.

PCR and ribotype identification

We identified C. difficile ribotypes using PCR-ribotyping of the 16S and 23S rRNA 

intergenic spacer region as described previously (14, 18). The PCR reaction was carried out 

as follows: 12 μL of Promega PCR Master Mix (#M7502), 0.5 μL of the forward primer 
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(GTGCGGCTGGATCACCTCCT) and reverse primer (56-FAM/

CCCTGCACCCTTAATAACTTGACC) at 10 pmol/μL, 10.5 μL of nuclease free water, and 

1μL of DNA template, adjusting template DNA volume to 3 μL to optimize conditions if 

necessary. PCR cycling conditions were as follows: 95°C for 10 minutes followed by 35 

cycles of (30 sec at 95°C, 30 sec at 55°C, and 90 sec at 72°C), and 10 minutes at 72°C.

The PCR product was diluted 1:1000 with nuclease-free water and then loaded into a 

capillary electrophoresis (CE) plate provided by the University of Michigan DNA 

Sequencing Core containing a 1:240 ratio of ROX 1000 size standard and Hi-Di Formamide 

(18). Resulting chromatograms were analyzed using Applied Biosystems Peak Scanner 

Software (v. 1.0), generating the peak sizes between 200–1000 bp. Peak files were uploaded 

for analysis where the presence or absence of peaks and their relative abundance was used 

for comparison to a ribotype database containing known ribotypes (characterized and 

validated by Martinson et al., http://walklab.rcg.montana.edu/ribo.html) (18). Peak 

comparisons with a Bray-Curtis similarity < 0.2 were considered a match to the database. 

Sequences unmatched to database were included in analyses, marked as ‘unmatched’. The F 

designation differentiates the method used to determine the ribotype (fluorescent PCR) 

compared to ribotypes determined using traditional gel electrophoresis (generally designated 

with an R).

Data analysis and statistics

Samples with > 1 successfully isolated colonies were included in our final analyses. 

Statistical analyses, including counts, proportions, means and inter-quartile ranges, were 

conducted using R version 3.4.3 (R Foundation for Statistical Computing, Vienna, Austria) 

and the tidyverse collection of R packages (19). Graphs of relative ribotype abundance 

were created using R package ggplot2 (20). Alluvial plots were created using R package 

ggalluvial (21). For initial bivariable analyses, categorical variables were compared 

among the three patient groups (nonrecurrent, recurrent, and reinfected) using Chi-squared 

tests, and continuous variables were compared using ANOVA. For subsequent comparisons 

of mixed infection between only two of the groups (only performed if initial group-wise 

Chi-squared or ANOVA were significant), simple logistic regression was used to derive the 

odds ratio (OR), confidence interval (CI), and P value. We further modeled whether mixed 

infection during a particular episode was associated with subsequent recurrence. Since many 

patients had more than one qualifying episode for this analysis, we used generalized 

estimating equation (GEE) models to account for intra-patient correlation, using the R 

package geepack (22). Multiple covariance structures for the GEE model were considered 

and the one with the best fit was carried forward for the rest of the analyses. Covariates 

considered for adjustment were age, gender, history of prior CDI, prior or concurrent 

antibiotic use, and proton pump inhibitor use, based on review of the literature on clinical 

risk factors for recurrent CDI (23). Covariates with a P value of <.2 on bivariable analysis 

were included in the final adjusted model.
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Results

At primary infection, patients who developed recurrence are more likely to harbor multiple 
C. difficile strains

We successfully processed 2,880 C. difficile colonies from 105 total fecal samples. Samples 

were collected from 61 individuals at CDI diagnosis who experienced a single episode of 

CDI (nonrecurrent group, patient n = 20, sample n = 26), experienced recurrence (recurrent 

group, defined as another episode of CDI 14–56 days of initial, or index, infection, patient n 

= 28, sample n = 59), or reinfection (reinfected, defined as another episode of CDI > 8 

weeks after index, patient n = 13, sample n = 20) (Figure 1, Table 1). In examining Figure 1, 

one notes that we were not able to collect a sample during the index CDI episode for every 

patient, as some of the first samples we had available on a patient were later during 

treatment/recovery from an index episode, during a recurrence, or during a reinfection. Thus, 

we report our data below on all samples but also separately on those samples collected 

during an index episode.

Our dataset represents samples collected during initial CDI diagnosis and throughout 

recurrence and reinfection (Figure 1). A mean of 33.6 colonies per fecal sample (median = 

36) were isolated, processed, and ribotyped, revealing the presence of 32 unique ribotypes. 

Our ribotyping results demonstrated that 52.8% of all samples contained more than one 

unique ribotype, reflective of mixed infection. A mean of 2.65 unique ribotypes (median = 

2) were observed in these mixed samples. For 19 nonrecurrent and 14 recurrent patients, a 

sample was collected during the patient’s first CDI diagnosis (index sampling). Mixed 

infection incidence differed among patients in all three groups (P =.047) (Table 1), and in 

particular for patients who did not recur, only 36.8% of samples collected at index sampling 

were mixed compared to 78.6% of index samples collected from patients who developed 

recurrence (OR 6.3, 95% CI 1.4–35.6, P =.023). Of the three index samples collected from 

reinfected patients (patients who experienced another CDI episode later), only one sample 

harbored more than one strain.

The most dominant ribotypes in index samples collected from nonrecurrent patients were 

F002 (15.8%), F014-020 (15.8%), and F027 (10.5%). The most dominant ribotypes 

observed in index samples from recurrent and reinfected patients were F027 (14.3%/33.3%), 

F053-163 (21.4%/NA), and F078-126 (14.3%/33.3%) (Figure 2A–C). Similar ratios were 

observed for the total number of C. difficile isolates processed across index samples in each 

patient group (Figure 2D–F).

Variable and mixed C. difficile colonization was observed throughout recurrence and 
reinfection

Given the high percentage of patients presenting with a new ribotype during recurrence or 

reinfection observed in previous studies (12), we sought to delineate how mixed colonization 

might change over time in our patient population. A total of 32 patients had > 1 sample 

available (nonrecurrent sample n = 5, recurrent n = 20, reinfected n = 7), with a mean of 2.5 

samples per patient collected, and a mean of 106 days between samplings (Table 2). Of the 

samples collected subsequent to primary infection and throughout reinfection or recurrence, 
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66.1% were mixed, and the proportion was not significantly different across patient groups 

(71.8%% in recurrent patients vs. 66.6%% in nonrecurrent or 66.1% in reinfected patients; P 
= 0.26).

In patients who experienced recurrence, a subset of patients was also reinfected at later time 

points (11/20 patients). To account for this phenomenon, we analyzed the proportion of 

mixed C. difficile presence at a recurrence timepoint (within 15–56 days of the patient’s last 

CDI episode) and at a reinfected timepoint (> 8 weeks after the patient’s last CDI episode). 

The percent of mixed colonization observed in both of these episodes (64% during recurrent 

episodes and 78.6% during reinfection episodes in recurrent patients) was slightly higher but 

not statistically significant compared to patients who had only experienced reinfection 

episodes (45.1%; P = 1) (Table 2).

We observed dynamic changes in ribotype dominance and detection in longitudinally 

sampled patients (Figure 3, Figure 4). The most dominant ribotype observed in non-index 

samples collected from nonrecurrent, recurrent, and reinfected patients were F014-020, 

F027, and F078-126 (Table 2, Figure 4). In all longitudinally sampled patients, we observed 

a change in the dominant ribotype in 34% (14/44) of consecutive samplings (in 14/32 

patients, or 43.8% of patients) (Figure 3). In all patients where a change in the dominant 

ribotype was observed between consecutive samplings, we did not detect the newly 

dominant ribotype in a previous sample, independent of whether the sample was mixed or 

not (Figure 3, Table S1).

Detection of multiple strains during an episode of CDI predisposed patients to subsequent 
recurrence

When modeling subsequent recurrence for each episode of CDI, excluding episodes where 

samples were collected late during treatment/recovery, we noted an increased odds of 

subsequent recurrence when mixed infection was present during the initial episode (OR 2.7, 

95% CI 1.1–6.7, P =.032), using an exchangeable correlation structure for the GEE model. 

After adjustment for gender and prior antibiotic exposure (within 1 month of the episode), 

this increased odds of subsequent recurrence was still statistically significant (OR 3.5, 95% 

CI 1.3–9.4, P =.015).

Discussion

We observed a high rate of mixed C. difficile infection in fecal samples collected from 

patients over time at the time of CDI diagnosis and throughout recurrence. In particular, 

patients who later developed a recurrent episode of CDI were more likely to be infected with 

more than one C. difficile ribotype during primary CDI diagnosis, even after adjusting for 

other clinical predictors. Across time, multiple patients demonstrated the ability to carry 

multiple strains at a given timepoint, independent from dynamics of which dominant 

ribotype was observed at initial diagnosis.

If mixed infection is confirmed in future studies to be independently predictive of 

subsequent recurrence, it could be used as a marker to aid clinical decision-making. 

Treatments that minimize risk of recurrence currently exist, such as monoclonal antibodies 
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(24), probiotics (25), fidaxomicin in lieu of vancomycin (26), or a vancomycin taper (27) but 

are not practical to use in all patients due to expense, safety concerns, and/or tolerability. 

Although our methods were too time consuming for clinical deployment, advances and cost 

reductions in other methods to detect mixed C. difficile presence, such as a bioinformatic 

approach like metagenomics, may make detection of mixed infection more practical in a 

clinical setting.

The proportion of mixed infection observed in our study is higher than what has been 

observed in previous studies (12, 14, 28, 29). One possible explanation is that we isolated 

more colonies per sample than previous studies (up to 40), making the identification of 

mixed infection more likely. Arguing against this is that Behroozian et al isolated 100 C. 
difficile colonies from each of their 95 samples, and yet only observed mixed colonization in 

16% (14). A more likely possibility is that our high proportion of mixed infection may be a 

reflection of selection bias of the patients sampled in our study. Since one of our initial aims 

was to identify ribotype dynamics overtime, we used a convenience sample of inpatients that 

were tested for and/or developed CDI multiple times (6). It may be that such patients are at 

higher baseline risk of multiple infection compared to the general CDI population due to a 

higher burden of comorbid disease, greater antibiotic exposure, or other risk factors that may 

alter the host response and lead to alterations in the microbiota that permit infection and/or 

colonization by multiple C. difficile strains. Thus, our measured proportion of mixed 

infection may not reflect general epidemiological patterns for all patients diagnosed with 

CDI. It is possible that our patient selection unmasks the rates at which we are 

environmentally exposed to C. difficile. Rates of community-acquired CDI (CDI acquired in 

the absence of a healthcare-facility overnight stay) are increasingly reported in surveillance 

data (30). It was recently reported that 45% of C. difficile strains isolated from four 

geographically defined hospitals over the course of three years could not be genetically 

linked, suggesting diverse sources of C. difficile exposure (31). Although the rate of mixed 

infection in our study may represent a niche hospital population, it could also unmask 

already changing C. difficile epidemiology that is reflective of the general population.

Some of these factors are also supported by the proportion of samples with changes in 

dominant ribotype within a patient over time in our study (40%), which is consistent with 

what has been observed in other longitudinal studies (12, 13, 32, 33). Other studies have 

distinguished relapse (infection with the same strain) from reinfection (infection with a new 

strain) in patients over time (34). We defined recurrence vs. reinfection using CDC 

surveillance definition guidance, with the hypothesis that recurrent episodes would be more 

likely to be consistently dominated by the same ribotype. However, the proportion of 

samples with changes in dominant ribotype was the same in both recurrent and reinfected 

patient populations. What was perhaps more surprising is that in a patient where a change in 

the dominant ribotype was observed, we did not detect its presence in a previous sample for 

that patient. Although this seems unlikely, it is an observation consistent with the variable 

dynamics of mixed infection generally observed in our study.

Our study has several limitations. Of the mixtures of C. difficile ribotypes observed in our 

samples, we did not observe any relationship between combinations of C. difficile, i.e. that 

one ribotype was more likely to exist in a mixed population compared to another. However, 

Seekatz et al. Page 7

Anaerobe. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



our study was not powered to identify whether specific ribotypes were more likely to persist 

with other specific ribotypes or co-occur with any other ribotype in a given sample. We did 

however observe that patients who went on to recur were more likely to be dominated by 

certain strains (F027, F078-126, and F053-163) that have been previously associated with 

recurrence or severe disease. We also did not account for which enrichment methods (heat, 

ethanol shock, broth growth) were more likely to lead to the identification of specific strains, 

which could possibly bias towards strains that are more robust in a frozen fecal sample; i.e., 

more tolerant to heat, freeze/thaw cycles, or more likely to grow in liquid culture. Future 

studies could be designed to use samples where a specific strain has already been identified 

(likely representing a dominant strain), accounting for enrichment methods at each step, to 

investigate some of these relationships and control for specific enrichment methods. Finally, 

though we did perform adjusted modeling of subsequent recurrence with mixed infection as 

the primary risk factor, this was limited by sample size. It is possible that unmeasured 

confounders could explain this association and future studies should validate the observation 

in a larger sample size and with adjustment for a broad array of putative clinical 

confounders.

Conclusions

In summary, our study suggests that mixed C. difficile colonization may be more prevalent 

than previously thought, particularly in patient populations more susceptible to recurrence. 

These observations have implications for C. difficile epidemiology and our understanding of 

asymptomatic and symptomatic colonization across different populations.
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Highlights

• More than one Clostridium difficile strain (mixed infection) at primary C. 
difficile infection diagnosis was associated with the development of recurrent 

disease

• A high number (40%) of individuals developed recurrence or reinfection with 

a new strain of C. difficile

• Newly infecting strains were not detected in prior samples, independent of 

mixed infection status
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Figure 1. Timeline of fecal samples collected and processed for ribotyping from patients with C. 
difficile infection (CDI)
Relative time (days) to CDI index (primary diagnosed episode of CDI) in nonrecurrent 

patients (single diagnosis of CDI; green), recurrent patients (patients with at least one 

subsequent diagnosis of CDI within 15–56 days of another CDI episode; orange), and 

reinfected patients (patients with subsequent episode(s) of CDI > 8 weeks apart; yellow). 

Sample status based on CDI diagnosis at time of sampling is color-coded by legend 

(‘recovery’ status = no CDI diagnosis at that timepoint). Only available and successfully 

processed samples are displayed.
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Figure 2. Ribotypes observed at index sampling show variation among patient groups
Proportion of dominant ribotypes observed at index sampling in A) nonrecurrent patients, B) 
recurrent patients, and C) reinfected patients. The proportion of total number of isolated 

colonies in each respective group is shown in D–F.

Seekatz et al. Page 13

Anaerobe. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Patients exhibited variable status in mixed infection over time
Sample status of diagnosed CDI (index, during recovery, recurrence, or reinfection episode) 

is shown in column 1 for all samples collected from nonrecurrent, recurrent, and reinfected 

patients (samples > 1 per patient). Mixed infection (> 1 ribotype observed in sample), 

change in dominant ribotype (based on sample immediately prior), and co-occurrence of the 

number of unique ribotypes observed in each patient is shown for each sample (yes/no).
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Figure 4. Ribotype stability was variable across time in all patients
Changes observed in the dominant ribotype observed in samples collected from patients 

across consecutive samplings (color-coded by ribotype). The connecting flow lines are color 

coded to match the prior sample’s dominant ribotype.
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