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Summary: In this prospective, multicentric study Gemmiger spp., Odoribacter splanchnicus, 

Ruminococcus bromii, and other Ruminococcus spp. could be identified as biomarkers for hospital-

acquired C. difficile colonization. In silico metagenomics showed metabolic pathways for steroid 

biosynthesis to be protective against C. difficile.  
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Abstract 

Background: Asymptomatic C. difficile colonization is believed to predispose to subsequent C. 

difficile infection (CDI). While emerging insights into the role of the commensal microbiota in 

mediating colonization resistance against C. difficile have associated CDI with specific microbial 

components, corresponding prospectively collected data on colonization with C. difficile are 

largely unavailable.  

Methods: C. difficile status was assessed by GDH EIA and real-time PCR targeting the toxin A 

(tcdA) and B (tcdB) genes. 16S V3 and V4 gene sequencing results from fecal samples of patients 

tested positive for C. difficile were analyzed by assessing alpha and beta diversity, LefSe, and the 

Piphillin functional inference approach to estimate functional capacity. 

Results: 1506 patients were recruited into a prospective observational study (DRKS00005335) 

upon admission into one of five academic hospitals. 936 of them provided fecal samples on 

admission and at discharge and were thus available for longitudinal analysis. Upon hospital 

admission, 5.5% (83/1506) and 3.7% (56/1506) of patients were colonized with toxigenic 

(TCD) and non-toxigenic C. difficile (NTCD), respectively. During hospitalization, 1.7% (16/936) 

acquired TCD. Risk factors for acquisition of TCD included pre-existing lung diseases, lower GI 

endoscopy and antibiotics. Species protecting against hospital-related C. difficile acquisition 

included Gemmiger spp., Odoribacter splanchnicus, Ruminococcus bromii and other 

Ruminococcus spp.. Metagenomic pathway analysis identified steroid biosynthesis as the most 

underrepresented metabolic pathway in patients who later acquire C. difficile colonization. 

Conclusions: Gemmiger spp., Odoribacter splanchnicus, Ruminococcus bromii and other 

Ruminococci were associated with a decreased risk of C. difficile acquisition.  

 

Keywords: toxigenic C. difficile; Gemmiger spp.; bile acids; microbiota 
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Abbreviations: Clostridioides difficile infection – CDI; GDH – glutamate dehydrogenase, LefSe -  

Linear discriminant analysis Effect Size; TCD – toxigenic C. difficile, NTCD – non-toxigenic C. 

difficile 
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INTRODUCTION 1 

Clostridioides difficile (formerly Clostridium difficile) is the major known cause of infectious 2 

hospital-acquired diarrhea. Manifestations range from asymptomatic colonization to CDI (C. 3 

difficile infection) with clinical signs of severe diarrhea, toxic megacolon and death.  4 

Asymptomatic colonization is estimated to be 2% in the general adult population and up to 26% 5 

in the health care-exposed individuals [1–3]. Patients colonized with a toxigenic strain 6 

compared to non-colonized patients have an increased CDI risk [4]. Furthermore, colonized 7 

individuals or carriers play a key role in disease transmission, since they act as a reservoir and 8 

can transmit C. difficile to others [5,6]. 9 

Predisposing risk factors for C. difficile colonization/infection include gastric acid suppression 10 

[7], low levels of secondary bile acids [8], and a breakdown of the colonization resistance via 11 

disturbed niche exclusion [9], nutrient competition [10], and production of inhibitory 12 

substances [11]. Comorbidities associated with an increased risk include chronic kidney disease 13 

[12], malignancies [13], solid organ transplants [14], stem cell transplants [15], and 14 

inflammatory bowel diseases [16]. 15 

The composition of the commensal gut microbiota plays a pivotal role in the protection against 16 

C. difficile acquisition. Key findings from recent studies include the differential role of microbiota 17 

components in colonization resistance [17], and with cure rates for recurrent CDI over 90% 18 

after multiple treatments by fecal microbiota transplantation [18]. More recently, metabolic 19 

pathways with relevance to C. difficile germination have been delineated, one of the best 20 

characterized being the conversion from primary to secondary bile acids [8]. 21 

While factors leading to CDI and from asymptomatic colonization to CDI have been investigated 22 

already, there are only few data on clinical and microbiota-associated risk factors for toxigenic 23 

and non-toxigenic C. difficile colonization. The main objective of the present study was thus to 24 
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prospectively elucidate clinical and microbiota-associated risk factors for colonization with C. 25 

difficile. 26 

 27 

MATERIAL AND METHODS 28 

Participating hospitals: Five German university-affiliated hospitals (Hannover, Tübingen, Cologne, 29 

Munich and Lübeck) participated in the study (DRKS00005335). The ethics committees of all 30 

contributing study sites gave approval for the pseudonymous assessment of collected samples and 31 

patient data (internal approval number and approval data in parentheses): Hannover (No. 6444, 32 

2013), Tübingen (No. 497/2013BO2, 2013), Munich (No. 5906/13, 2013), Cologne (No. 13–282, 2013) 33 

and Lübeck (No. 15–088, 2015). All authors had access to the study data and reviewed and approved 34 

the final manuscript. 35 

Fecal samples: Participating patients provided stool with common medical stool collection 36 

tubes on admission (V1), at the onset of diarrhea (if applicable; Vc), and at discharge (V3). Fecal 37 

samples were stored in a -80°C freezer. If no immediate storage at -80°C was possible (at night, 38 

weekends), interim storage was performed at 4°C.  39 

Clinical data: Information about demographics, potential risk factors, confounding factors and 40 

concomitant medication for the three months preceding the hospital stay was collected.  41 

Laboratory assays: For initial C. difficile screening, a GDH EIA assay (GDH EIA, C. DIFF CHEK™—42 

60, Techlab, Blacksburg, USA) was performed on all fecal samples. Genomic DNA extraction was 43 

performed for all stool samples of patients with positive GDH on the QIAcube DNA Extraction 44 

System (Qiagen, Hilden, Germany) with the QIAampDNA Stool Mini Kit running a modified 45 

QIAamp DNA Stool Mini protocol for pathogen detection, as described previously [19,20]. PCR 46 

targeting of the toxin genes for toxin A (tcdA) and B (tcdB) was performed with a standardized in-47 

house real-time PCR assay on a CFX96™ Real-Time PCR Detection System (Bio-Rad Laboratories, 48 

Hercules, CA, USA) (Supplementary Material S1) [21–23]. Patients with stool samples which were 49 
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GDH positive but toxin PCR negative were presumed to contain non-toxigenic C. difficile. The 50 

screening algorithm was in accordance with the Society for Healthcare Epidemiology of America 51 

(SHEA) and the Infectious Diseases Society of America (IDSA) [1]. Toxin EIA was not performed. 52 

Partial amplification of 16S rDNA and high-throughput sequencing of amplicons:  53 

Extracted DNA was quantified using the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, 54 

Waltham, USA). For sequencing of the 16S rRNA gene amplicons on the MiSeq System (Illumina, 55 

San Diego, California), we used the workflow as described in the 16S Metagenomic Sequencing 56 

Library Preparation manual with slight modifications. Overall, a median of 189,543 high-quality 57 

sequencing reads per sample were generated (Supplementary Material S2).  58 

Bioinformatic analysis: Bioinformatic analysis was performed as described before with slight 59 

modifications (Supplementary Material S3) [24].To obtain representative species sequences for 60 

the Piphillin prediction of metagenomics content, sequences for each species were extracted 61 

from the original dereplicated fasta file [25]. The representative sequence was considered as the 62 

most common sequence for each species as identified using the usearch sortbysize command. 63 

Different abundance calculation of predicted metabolic pathways was performed using DESeq2 64 

Release 3.8 with R software version 3.5.0. Shrinkage of the calculated effect size (LFC estimates) 65 

was done using the lfcShrink command with the apeglm method [26,27]. 66 

Matching: For each GDH positive tested patient, a 1:3 optimal matching algorithm implemented 67 

in SAS by Bergstralh, Kosanke and Jacobsen was applied, which allowed up to three matched 68 

controls per case [28]. With respect to the matching algorithm (Supplementary Material S4), 520 69 

stool samples of 263 patients (520/263) were analyzed by sequencing: 64/29 who became GDH 70 

positive during hospitalization, 116/55 who stayed GDH positive, 74/36 who became GDH 71 

negative at discharge and 266/143 matched GDH negative patients. Fecal samples of eight 72 

patients were matched to patients who became GDH positive during hospitalization and to 73 

patients who remained GDH positive. Twelve patients with 26 fecal samples, who acquired 74 

toxigenic C. difficile during hospitalization, were matched to 62/31. 75 
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 76 

RESULTS 77 

Prevalence of C. difficile on hospital admission 78 

From October 2013 to June 2016, 1,506 patients fulfilled the eligibility criteria, and provided 79 

questionnaires as well as fecal samples on admission (Supplementary Material S5). A total of 80 

5.5% (83/1506) were colonized with toxigenic C. difficile (TCD), and 3.7% (56/1506) with non-81 

toxigenic C. difficile (NTCD) (Supplementary Material S6 and S7). Within the recruitment period 82 

no CDI outbreak was detected at the participating hospitals. 83 

 84 

Acquisition of toxigenic C. difficile during hospitalization 85 

In total, 936 patients provided at least one follow-up fecal sample. During hospitalization, 1.7% 86 

(16/936) became tcd gene PCR positive, 2.7% (25/936) were tcd gene PCR positive on 87 

admission, but negative at discharge, and 3.5% (33/936) were tcd gene PCR positive on 88 

admission and at discharge (4 patients were excluded due to missing tcd gene PCR test results, 89 

Supplementary Material S8). 90 

 91 

Risk factors for in-hospital acquisition of toxigenic C. difficile  92 

Baseline characteristics of cases and matched controls were equilibrated, particularly with 93 

respect to baseline demographics, gastrointestinal symptoms, and concomitant or previous 94 

medication. In terms of comorbidities, pulmonary disease was associated with acquisition of 95 

toxigenic C. difficile (Table 1; OR 7.19 (1.06-79.53)). Patients with recently performed 96 

rectoscopy (OR 8.19 (1.92-41.05)) and recently or ongoing antibiotic therapy with 97 

cephalosporins (OR 6.03 (1.17-38.53)), glycopeptides (OR 15.00 (1.13-2120.51)), macrolides 98 

(OR 15.00 (1.13-2120.51)) or nitroimidazoles (OR 7.37 (1.09-81.57)) were tested more 99 
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frequently toxin gene PCR positive at discharge (Risk factors for in-hospital acquisition of non-100 

toxigenic C. difficile, see Supplementary Material S9). 101 

 102 

Longitudinal alterations of the intestinal microbiota in patients with hospital-acquired 103 

toxigenic C. difficile  104 

In a first approach to analyze the commensal microbiota in patients acquiring C. difficile, the 105 

microbiota composition of patients who acquired toxigenic C. difficile during the stay at hospital 106 

was compared between the tcd and GDH negative samples taken at admission and the tcd 107 

positive samples taken upon discharge (n=14). Alpha diversities were calculated using 108 

Shannon’s diversity index. There was only a trend towards lower values in tcd positive 109 

(discharge) samples (Figure 1). Beta diversity was calculated using the mothur implemented 110 

AMOVA method with Bray Curtis Index as distance method, but it equally did not differ between 111 

the two sample groups (not shown). In an additional approach, we examined the abundance of 112 

OTUs using Metastats and LefSe analysis. There were no significantly different OTUs in the 113 

Metastats analysis. In the LefSe analysis, there was one OTU (OTU 35), which was significantly 114 

more abundant in the tcd positive group and belongs to the Clostridium cluster XI of which C. 115 

difficile is a member. We BLASTed the representative sequence of OUT 35 against the NCBI 116 

nucleotide database and obtained the highest correspondence with published C. difficile 117 

sequences. 118 

 119 

  120 
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Intestinal microbiota in patients with vs. without hospital-acquired toxigenic and non-121 

toxigenic C. difficile  122 

To determine potential microbial factors predisposing for the acquisition of C. difficile within the 123 

hospital, we compared the gut microbiota in C. difficile-negative samples collected on admission 124 

from patients with and without future C. difficile acquisition (Figure 2, 3). We analyzed patients 125 

who were admitted with a negative GDH result, and developed a positive result during their 126 

hospital stay, and compared them with matched controls who remained GDH negative (n=21; 127 

Figure 2). On admission, alpha and beta diversities were not significantly different (A, B). 128 

However, when fecal samples were analyzed after the GDH result changed to positive, alpha 129 

diversity was significantly reduced compared to GDH negative samples and also beta diversity 130 

differed significantly (C, D). In the next set of analyses, alpha and beta diversities were 131 

determined in fecal samples of patients who acquired toxigenic C. difficile during their hospital 132 

stay, which yielded a non-significant trend towards lower alpha diversities but significantly 133 

different beta diversities compared to matched controls (n=12; Figure 3). 134 

 135 

Identification of microbiota constituents associated with a higher or lower risk of 136 

hospital-acquired toxigenic and non-toxigenic C. difficile  137 

In order to identify microbiota constituents that might either protect individuals from C. difficile 138 

acquisition, or predispose them for C. difficile colonization, we performed LefSe analysis, which 139 

resulted in several species or OTUs that were significantly under- and overrepresented in fecal 140 

samples of patients prior to C. difficile acquisition (Figure 4). With respect to non-toxigenic C. 141 

difficile (n=21), this included a higher abundance of Gemmiger spp., Odoribacter splanchnicus, 142 

Ruminococcus bromii, and other Ruminococcus spp. (A); in patients who would be tested positive 143 

for toxigenic C. difficile (n=12), a higher abundance of potential pathogens like Escherichia / 144 

Shigella spp. or members of the family of Lachnospiraceae or of the Clostridium cluster XIVa was 145 

noted (B).  146 
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 147 

Intestinal microbiota in toxigenic C. difficile carriers vs. negative controls 148 

To differentiate our findings in patients with hospital-acquired C. difficile from potential changes 149 

associated with toxigenic C. difficile carriers, we next analyzed the microbiota of patients who 150 

were positive for toxigenic C. difficile on admission and at discharge vs. controls (n=15). Alpha 151 

diversity (Shannon index) was significantly lower in samples collected from carriers vs. controls 152 

on admission (Figure 5) and at discharge (not shown). Beta diversity was also significantly 153 

different in these samples.  154 

Differential abundance analysis revealed several species and OTUs with a significantly higher 155 

and lower abundance, respectively, between the two groups. Underrepresented species / OTUs 156 

included Ruminococcus bromii, OTU 7 (Roseburia sp.), Bacteroides fragilis, Bacteroides vulgatus, 157 

Bacteroides caccae, and OTU 31 (Ruminococcaceae). Some of these species were also found as 158 

potentially protective biomarkers for C. difficile acquisition as described above. Overrepresented 159 

species / OTUs included OTU 9, OTU 182 (both belonging to the Clostridium cluster XIVa), and 160 

OTU 35 (Clostridium cluster XI) (Figure 6). 161 

 162 

Metabolic pathway analysis in toxigenic C. difficile acquisition and carriage 163 

In the next step, we utilized the Piphillin algorithm that permits to predict the microbiome’s 164 

metabolic repertoire from the microbiota composition as determined by 16S rRNA analysis (see 165 

Supplementary Material S10 for the full DESeq2 dataset). First, we assessed fecal samples of 166 

patients who were tcd gene negative on admission, but tcd gene positive at discharge, and thus 167 

had acquired toxigenic C. difficile during their hospital stay (n=12). Comparison of V1 samples 168 

from this cohort with matched control samples yielded significant differences in 21 metabolic 169 

pathways, while 60 significant differences were detected comparing the respective V3 samples. 170 

The strongest prediction regarding a protective metabolic pathway was obtained for KEGG 171 
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ko00622 (xylene degradation; lfc -0.72), KEGG ko00621 (dioxin degradation; lfc -0.53) and 172 

KEGG ko00405 (phenazine biosynthesis; lfc -0.46).  173 

Next, fecal samples of toxigenic C. difficile carriers (tcd gene positive on admission and at 174 

discharge, n=15) were analyzed. In comparison to matched controls, the Piphillin algorithm 175 

detected significant differences in 8 metabolic pathways for V1 samples, and 29 significant 176 

differences for V3 samples. The strongest predictions for protective metabolic pathways were 177 

obtained for KEGG ko00100 (steroid biosynthesis; lfc -0.003) and KEGG ko00909 178 

(sesquiterpenoid and triterpenoid biosynthesis lfc -0.005). On the other hand, a positive 179 

association with toxigenic C. difficile carriage was computed for KEGG ko01212 (fatty acid 180 

metabolism; lfc 0.173) and KEGG ko00040 (Pentose and glucuronate interconversions; lfc 181 

0.275).  182 

  183 
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DISCUSSION 184 

We here report the results of a multicentric, longitudinal cohort study which was designed to 185 

identify microbiota-associated and clinical risk factors for hospital-associated toxigenic and non-186 

toxigenic C. difficile acquisition in patient groups at risk.  187 

The primary aim of the study was to identify risk factors for hospital-acquired C. difficile, which was 188 

carried out using a matched case-control analysis. In our study, significant clinical risk factors for 189 

toxigenic C. difficile acquisition were pulmonary diseases, previously performed rectoscopy and 190 

different antibiotic treatments. Intriguingly, patients with diabetes had a higher incidence of non-191 

toxigenic C. difficile and were more frequently colonized on admission than non-diabetic patients 192 

(S9).  193 

While some studies deal with microbiota changes in CDI patients, little is known about microbial 194 

factors predisposing for or protecting from C. difficile acquisition [29–31]. We therefore studied 195 

the microbiota of patients who acquired toxigenic and non-toxigenic C. difficile during their 196 

hospital stay and compared it with negative controls. Longitudinal analysis of alpha diversity 197 

before and after toxigenic C. difficile acquisition only yielded a trend towards reduced alpha 198 

diversity. Compared to matched controls, C. difficile acquisition was associated with reduced 199 

alpha and beta diversities in the discharge samples –beta diversity was different when only 200 

toxigenic C. difficile cases were considered -, but these changes were not yet apparent on 201 

admission. It has to be noted, however, that most hospital stays were relatively short, and that 202 

changes which may have occurred after discharge were outside the scope of this study. 203 

Additionally, it is known that bacterial DNA from nonviable organisms might persist for days to 204 

weeks after treatment [32]. So, in tcd positive samples, especially after antibiotic treatment, the 205 

abundance of several nonviable organisms might be overestimated with molecular methods. The 206 

most apparent changes were observed in patients with toxigenic C. difficile, where alpha and 207 

beta diversities were significantly reduced. In these cases, however, our approach cannot 208 

differentiate between cause and effect.  209 
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Using LefSe analysis, we identified multiple OTUs from the genera Gemmiger, Ruminococcus, 210 

Dialister and Odoribacter that potentially protected from colonization with toxigenic and non-211 

toxigenic C. difficile. The LDA scores for Gemmiger spp. and Odoribacter splanchnicus were 4 and 212 

3 in both groups, respectively. Some of these species were also significantly underrepresented in 213 

the group of TCD carriers and therefore might protect against C. difficile acquisition. Several 214 

species (Bacteroides spp., members of the Ruminococcaceae and Lachnospiraceae family) have 215 

already been described as protective biomarkers in other studies [33–35]. However, until now, 216 

little is known about the mechanistic background of these possibly protective organisms. In a 217 

recent study, Ruminococcus spp. and Gemmiger spp. have been described to be associated with 218 

the deconjugation of taurocholic acid or glycine conjugated bile acids, respectively [36]. In 2015, 219 

Buffie et al. hypothesized that secondary bile acid synthesis due to carriage of the bai operon 220 

mediated an important mechanism for resistance against CDI [8]. In addition, we could 221 

previously show that C. difficile positive fecal samples are less bai operon positive [20]. 222 

In our study, we did not perform metagenomic sequencing of the stool samples, but predicted 223 

the functional metabolic repertoire of the samples using the Piphillin pipeline. This pipeline is 224 

designed for an in silico prediction of metagenomic content of 16S-rRNA gene profiles. We 225 

detected a significantly reduced abundance of genes involved in steroid synthesis (KEGG 226 

pathway ko00100) in toxigenic C. difficile carriers (tcd gene positive on admission and at 227 

discharge). Most likely due to the complexity of steroid metabolism, we did not find C. scindens 228 

or other bai operon-harboring species as protective biomarkers. Consistent with other recent 229 

studies mentioned above, we found Ruminococcus spp. and Bacteroides spp. to be 230 

underrepresented in patients positive for toxigenic C. difficile at discharge. One potential 231 

mechanism could be the association of Ruminococcus spp. with the production of iso bile acids, 232 

which inhibit spore germination and alter growth of C. difficile in vitro [37,38]. 233 

Our study has several limitations. Departing from the power calculation which was based on 234 

previous epidemiological studies and case numbers at the participating study sites, the number 235 

of cases in our prospective approach was relatively small. Likely owing to the limited number of 236 
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patients acquiring toxigenic and non-toxigenic C. difficile during hospitalization, not all 237 

previously reported clinical risk factors could be replicated. Secondly, we did not culture and 238 

isolate C. difficile or perform ribotyping to analyze if there are any differences between toxigenic 239 

and non-toxigenic C. difficile strains, as this was not included in our study goals and would also 240 

have been hampered by low case numbers. In addition, in our study only the toxin genes were 241 

detected and no statement about toxin expression or the amount of toxin was possible (e.g. false 242 

positivity due to PCR detection of non-viable organisms). Thirdly, the duration of the hospital 243 

stay could not be exactly specified, and the time difference between the first and the last fecal 244 

sample was used as a surrogate, which leads to an underestimation of the length of in-hospital 245 

stay. Fourth, the drop out rate of the patients was quite high due to short in-hospital-stays, 246 

which led to a high percentage of missing discharge samples. Fifth, a matching algorithm was 247 

applied to identify suitable control cases for analysing potential risk factors. Thereby, 248 

comparable groups regarding the matching criteria are generated to reduce the risk of bias. 249 

However, these methods assume that all confounders are measured and included into the 250 

matching algorithm, which cannot be tested. Consequently, confounding and selection bias 251 

introduced by excluding some cases, for which no matching controls could be found, cannot be 252 

excluded. Sixth, the molecular analyses were 16s amplicon-based methods. Metabolic pathways 253 

were inferred from the 16s sequences by using the Piphillin algorithm. This might lead to 254 

overstatements of findings. 255 

In summary, our study prospectively identified components of the commensal microbiota which 256 

are associated with hospital-related toxigenic and non-toxigenic C. difficile acquisition. As the 257 

majority of cases represented colonization and not clinically overt infection, our data indicate 258 

the existence of biomarkers predictive of C. difficile colonization as a prerequisite for CDI. Future 259 

work should validate the role of the risk-enhancing OTUs identified in this study in different 260 

patient cohorts and in preclinical animal models. 261 

 262 
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TABLE LEGENDS 

Table 1: Baseline characteristics of toxigenic C. difficile colonized patients and matched controls. 

Columns 2-4 contain cases that were toxin PCR negative on admission, but toxin PCR positive at 

discharge, the respective controls, 95% CI and the p-values. Columns 5-7 contain cases that were 

toxin PCR positive on admission and at discharge, the respective controls, 95% CI and the p-values. 

Patients tested toxin PCR positive both upon admission and at discharge were more likely to 

have had received treatment with glykopeptides (OR 14.14 (1.05-2007.14)). These effects were 

not observed when only GDH positive fecal samples on admission and at discharge were 

considered (Supplementary Material S9), but antibiotics (OR 2.63 (1.18-6.10)) in general and 

penicillin (OR 24.93 (2.55-3341.02)) in detail had an effect. CDI: Clostridium difficile infection. 
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FIGURE LEGENDS 

Figure 1: Microbiome diversity in patients with hospital-acquired toxigenic C. difficile 

colonization. Fecal samples on admission (tcd negative) and at discharge (tcd positive) of n=14 

patients were analyzed. Alpha diversity was calculated using the Shannon diversity index. There 

was a trend towards a lower alpha diversity in tcd positive fecal samples (median = 2.73 [IQR = 

2.44 – 3.04] vs. median = 3.22 [IQR = 2.73 – 3.39], p=0.08, Wilcoxon rank sum test). We also 

analyzed those patients who became colonized with a non-toxigenic C. difficile strain (GDH 

positive but tcd negative, n = 12, not shown). In this group, we did not see significant alterations 

in alpha and beta diversity and did not find significantly different abundant OTUs. OTU 35 

occurred only in a few samples with low abundance.  

 

Figure 2: Microbiome diversity on admission (A,B) and at discharge (C,D) in patients with 

hospital-acquired C. difficile colonization or infection versus matched controls. A: Alpha 

diversities on admission of patients who are GDH negative on admission, but positive at 

discharge, vs. controls (median = 3.31 [IQR = 2.71 – 3.48] vs. median = 3.45 [IQR = 2.94 – 3.83], 

n=21 (patients)/57 (controls), p=0.095, Mann-Whitney U Test). B: PCoA using Bray Curtis 

distances of these groups (red= GDH negative on admission, but GDH positive at discharge, blue 

= controls; 95% confidence interval), p (PERMANOVA) = 0.17) C: Alpha diversities at discharge 

of patients who are GDH negative on admission, but positive at discharge, vs. controls (median = 

2.69 [IQR = 2.33 – 3.01] vs. median = 3.07 [IQR = 2.50 – 3.72], n=21/57, p=0.03, Mann-Whitney 

U Test). D: PCoA of these groups (red= GDH negative on admission, but GDH positive at 

discharge, blue = controls; 95% confidence interval), p (PERMANOVA) 0.02. 
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Figure 3: Microbiome diversity on admission (A,B) and at discharge (C,D) in patients with 

hospital-acquired toxigenic C. difficile versus matched controls. A: Alpha diversities on 

admission of patients who are tcd negative on admission, but positive at discharge, vs. controls 

(median = 3.31 [IQR = 2.80 – 3.44] vs. median = 3.37 [IQR = 2.24 – 3.83], n=12 (patients)/31 

(controls), p=0.59, Mann-Whitney U Test). B: PCoA using Bray Curtis distances of these groups 

(red= tcd negative in V1, but tcd positive in V3, blue = healthy patients; 95% confidence 

interval), p (PERMANOVA) = 0.11) C: Alpha diversities at discharge of patients who are tcd 

negative on admission, but positive at discharge, vs. controls (median = 2.73 [IQR = 2.38 – 3.02] 

vs. median = 3.01 [IQR = 1.99 – 3.69], n=12/31, p=0.38, Mann-Whitney U Test). D: PCoA of these 

groups (red = tcd positive V3 samples, blue = healthy patients; 95% confidence interval), p 

(PERMANOVA) 0.02. 

Figure 4: Microbiome comparisons identify microbiota constitutents that are 

overrepresented or underrepresented on admission patients who will acquire C. difficile 

while in hospital. LDA scores of species that are significantly underrepresented (blue bars) or 

overrepresented (red bars) on admission in patients who will acquire C. difficile colonization or 

infection during their hospital stay are depicted. LefSe analysis was done using the mothur 

implemented Lefse command. A: Analysis of samples collected on admission of patients who are 

GDH negative on admission, but positive at discharge (n=21), vs. controls. B: Analysis of samples 

collected on admission of patients who are tcdb negative on admission, but positive at discharge 

(n=12), vs. controls. 
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Figure 5: Microbiome diversity on admission in patients colonized with toxigenic C. 

difficile on admission and colonized/infected at discharge. A) Alpha diversities on admission 

in patients colonized with toxigenic C. difficile on admission and colonized/infected at discharge 

(n=15) vs. controls (median = 2.73 [IQR = 2.19 – 2.96] vs. median = 3.40 [IQR = 3.15 – 3.72], 

n=15/37, p < 0.01, Mann-Whitney U Test). B: PCoA using Bray Curtis distances of these groups 

(red= C. difficile colonized/infected patients, blue = controls; 95% confidence interval), p 

(PERMANOVA) < 0.01; 95% confidence interval). 

 

Figure 6: Species associated with C. difficile colonization/infection throughout the 

hospital stay. LDA scores of species that are significantly underrepresented (blue bars) or 

overrepresented (red bars, FDR<0.05) in patients colonized/infected with C. difficile on 

admission and at discharge vs. controls are depicted. 
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Variable 
neg-pos 

(n=15) 

neg-neg 

(n=40) 
Odds ratio (95% CI) 

p-

Valu

e 

pos-pos 

(n=13) 

neg-neg 

(n=32) 
Odds ratio (95% CI) 

p-

Valu

e 

Age (years; 

mean±SD) 

63.33±16.2

3 

67.05±11.4

0 
0.98 (0.94-1.02) 0.32 

59.23±16.9

2 

63.375±13.5

2 
0.98 (0.94-1.02) 0.39 

Sex (male; %) 46.67 47.5 1.03 (0.32-3.34) 0.96 30.77 37.5 1.29 (0.35-5.21) 0.71 

BMI (kg/m2; 

mean±SD) 
25.05±4.10 26.44±4.31 0.93 (0.80-1.07) 0.3 25.38±6.46 25.20±4.33 1.01 (0.89-1.14) 0.86 

Disease 

        

Heart (%) 13.33 20.51 0.69 (0.12-2.92) 0.63 7.69 15.63 0.60 (0.06-3.47) 0.59 

Lung (%) 20 2.56 7.19 (1.06-79.53) 0.04 8.33 12.5 0.83 (0.08-5.15) 0.85 

Gastric ulcer (%) 0 5.13 0.52 (0.00-6.88) 0.66 7.69 0 7.80 (0.39-1170.10) 0.18 

Liver (%) 20 30.77 

 

0.84 25 27.59 

 

1 

mild 0 2.56 0.73 (0.00-14.77) 

 

8.33 10.34 0.97 (0.09-6.93) 

 

moderate to severe 20 28.21 0.67 (0.15-2.48) 

 

16.67 17.24 1.03 (0.16-5.23) 

 

Diabetes (%) 46.67 17.5 

 

0.07 38.46 25 

 

0.34 

with organ damage  0 2.5 1.31 (0.01-27.02) 

 

7.69 0 8.65 (0.42-1312.96) 

 

without organ 

damage 
46.67 15 4.55 (1.26-17.29) 

 

30.77 25 1.53 (0.36-6.04) 

 

Nutrition 

        

Breast fed (%) 90 90.9 

 

0.91 91.67 96.67 

 

0.4 

1-3 month 10 12.12 0.78 (0.05-13.08) 

 

8.33 16.67 0.27 (0.01-5.27 

 

4-6 month 10 24.24 0.41 (0.03-6.43) 

 

16.67 6.67 1.00 (0.05-20.42) 

 

over 6 month 10 12.12 0.78 (0.05-13.08) 

 

0.00 3.33 0.33 (0.00-14.13) 

 

unknown 60 42.42 1.05 (0.14-12.40) 

 

66.67 70 

  

Vegetarian (%) 13.33 10 1.50 (0.24-7.69) 0.64 0 9.38 0.31 (0.00-3.56) 0.4 

Milk products (%) 60 85 0.28 (0.07-1.02) 0.05 72.72 81.25 0.60 (0.13-2.96) 0.51 

Fruits (per week; 

mean±SD) 
7.93±4.62 7.65±5.26 1.01 (0.90-1.13) 0.79 

10.85±22.3

0 
8.75±5.69 1.01 (0.97-1.06) 0.54 

Coffee (%) 80 75 

 

0.89 92.31 78.12 

 

0.64 

1-2 cups daily 53.33 45 1.38 (0.34-6.61) 

 

53.85 53.13 2.14 (0.36-22.91) 

 

3-6 cups daily 26.67 30 1.08 (0.21-5.86) 

 

30.77 21.88 3.00 (0.41-35.55) 

 

over 6 cups daily N/A N/A 

  

7.69 3.13 5.00 (0.27-116.94) 

 

Alcohol (%) 0 7.5 0.35 (0.00-3.88) 0.44 0 3.12 0.84 (0.01-16.88) 0.92 

Smoking (%) 13.33 15.38 

 

0.99 7.69 3.12 

 

0.41 
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< 1 daily N/A N/A 

  

N/A N/A 

  

1-10 daily 6.67 7.69 1.06 (0.10-7.22) 

 

0 3.13 0.84 (0.01-16.88) 

 

11-20 daily 6.67 5.13 1.49 (0.13-12.29) 

 

N/A N/A 

  

over 20 daily 0 2.56 0.83 (0.01-16.54) 

 

7.69 0 7.56 (0.38-1134.37) 

 

Digestion 

        

Defecation (n/week; 

mean±SD) 
9.20±11.48 

11.33±15.5

8 
1.00 (0.94-1.03) 0.88 

12.23±10.8

6 
8.63±5.99 1.05 (0.98-1.14) 0.17 

Diarrhea (%) 28.58 25 

 

0.21 38.46 22.58 

 

0.46 

under 2 weeks 7.14 15 0.67 (0.06-3.77) 

 

30.77 19.35 2.00 (0.46-8.43) 

 

2-4 weeks 14.29 0 
14.52 (1.07-

2068.41) 
 

0 3.23 0.96 (0.01-19.89) 

 

over 4 weeks 7.14 10 0.97 (0.09-6.08) 

 

7.69 0 8.65 (0.42-1312.96) 

 

Previous use of 

health services 
        

Hospitalization within 

previous 6 months 

(%) 

80 71.79 1.44 (0.39-6.45) 0.6 76.92 74.19 1.09 (0.27-5.13) 0.91 

Previous CDI (%) N/A N/A 

 

N/A 9.09 6.45 1.69 (0.14-14.24) 0.64 

Gastroscopy (%) 78.57 82.5 0.74 (0.18-3.45) 0.68 84.62 75 1.60 (0.36-9.48) 0.55 

Colonoscopy (%) 71.43 77.5 0.70 (0.19-2.83) 0.61 84.62 81.25 1.13 (0.24-6.88) 0.88 

Rectoscopy (%) 42.86 7.5 8.19 (1.92-41.05) 0.004 30.77 21.87 0.37 (0.17-0.76) 0.51 

Medication 

        

Antibiotics (%) 53.33 40 1.68 (0.52-5.52) 0.38 53.85 40.63 1.67 (0.47-6.04) 0.43 

Penicillin 6.7 2.5 2.72 (0.21-35.65) 0.41 7.7 12.5 0.76 (0.07-4.7) 0.78 

Chephalosporin 26.7 5 6.03 (1.17-38.53) 0.032 7.7 3.13 2.52 (0.19-33.35) 0.45 

Monobactam N/A N/A 

 

N/A N/A N/A 

 

N/A 

Carbapenem 0 5 0.5 (0-6.58) 0.64 7.7 6.25 1.46 (0.12-12.18) 0.73 

Oxazolidone N/A N/A 

 

N/A N/A N/A 

 

N/A 

Beta-Lactamase 

inhibitors 
13.3 25 0.54 (0.09-2.21) 0.41 15.4 9.4 1.83 (0.27-10.77) 0.51 

Glycopeptide 13.3 0 
15.00 (1.13-

2120.51) 
0.04 15.4 0 

14.13 (1.05-

2007.14) 
0.046 

Tetracycline 0 2.5 0.85 (0.01-16.83) 0.92 7.7 0 7.80 (0.39-1170.10) 0.18 

Macrolide 13.3 0 
15.00 (1.13-

2120.51) 
0.04 7.7 0 7.80 (0.39-1170.10) 0.18 

Nitroimidazole 20.0 2.5 7.37 (1.09-81.57) 0.04 7.7 3.12 2.52 (0.19-33.35) 0.45 
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Aminoglycoside 0 2.5 0.85 (0.01-16.83) 0.92 7.7 0 7.80 (0.39-1170.10) 0.18 

Polypeptide N/A N/A 

 

N/A N/A N/A 

 

N/A 

Sulfonamide 13.3 12.5 1.20 (0.20-5.69) 0.83 15.4 9.4 1.83 (0.27-10.77) 0.51 

Quinolone 6.7 12.5 0.67 (0.06-3.78) 0.67 7.7 12.5 0.76 (0.07-4.70) 0.78 

Statins (%) 20 17.5 1.25 (0.27-5.00) 0.76 15.38 9.38 1.83 (0.27-10.77) 0.51 

Proton-pump 

inhibitor (%) 
86.67 72.5 2.11 (0.52-11.98) 0.31 8.46 59.38 3.18 (0.77-18.43) 0.11 

Immunosuppressive 

drugs (%) 
33.33 37.5 0.86 (0.24-2.83) 0.81 61.54 46.87 1.74 (0.50-6.54) 0.39 

Antiviral drugs (%) 6.67 17.5 0.46 (0.05-2.42) 0.39 15.39 12.5 1.38 (0.22-7.23) 0.71 

Chemotherapeutics 

(%) 
26.67 37.5 0.64 (0.17-2.18) 0.49 23.08 31.25 0.71 (0.15-2.79) 0.64 
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Figure 1 
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Figure 2 
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Figure 3 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/cid/advance-article/doi/10.1093/cid/ciaa871/5863409 by U

niversity of Verona user on 05 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

34 
 

Figure 4 
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Figure 5 
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Figure 6 
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