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Background. Recurrent Clostridioides difficile infection (CDI) is a critical clinical issue due to the increase in incidence and 
difficulty in treatment. We aimed to identify gut microbial and metabolic features associated with disease recurrence in a group 
of pediatric CDI patients.

Methods. A total of 84 children with primary CDI were prospectively enrolled in the study. Fecal samples collected at the initial 
diagnosis were subjected to 16S rRNA gene sequencing and targeted metabolomics analysis to profile the bacterial composition and 
metabolome.

Results. Twenty-six of 84 (31.0%) pediatric CDI patients experienced recurrence. The alpha diversity of the fecal microbiota 
was significantly lower in the recurrent group than in the nonrecurrent group, and the beta diversity was different from that of 
the nonrecurrent group. Taxonomic profiles revealed that the relative abundances of multiple bacterial taxa significantly 
differed between the recurrent and nonrecurrent groups. Linear discriminant analysis effect size analysis identified several 
bacterial genera that discriminated between recurrent and nonrecurrent groups, including Parabacteroides, Coprococcus, 
Dialister, and Clostridium. Recurrent bacteria presented lower abundances of several short-chain fatty acid (SCFA)–producing 
bacteria (Faecalibacterium, Butyricicoccus, Clostridium, Roseburia, and Ruminococcus), which were correlated with reduced fecal 
SCFA levels. In addition, several bile acids, including lithocholic acid (LCA), 12-ketoLCA, trihydroxycholestanoic acid, and 
deoxycholic acid, were decreased in recurrent patients.

Conclusions. Our study suggests that the differing gut microbiota profiles in pediatric CDI patients may contribute to disease 
recurrence by modulating SCFA concentrations and bile acid profiles. The gut microbiota and metabolite signatures may be used to 
predict disease recurrence in children with CDI.
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Clostridioides difficile is the most common opportunistic path-
ogen responsible for healthcare-associated infection in both 
adults and children [1]. The symptoms of C difficile infection 
(CDI) range from self-resolving diarrhea to life-threatening 
fulminant colitis and toxic megacolon [2]. The disease is attrib-
uted to the production of 2 major virulence factors, toxins A 

(TcdA/enterotoxin) and B (TcdB/cytotoxin), by toxigenic C 
difficile strains, which can bind to intestinal epithelia to induce 
cell death and severe inflammation [3]. Due to increasing mor-
bidity and mortality, CDI is a serious substantial health and 
economic burden on the healthcare system worldwide [4–6].

The development of CDI is associated with increased sus-
ceptibility to C difficile caused by alterations in the gut micro-
biota composition and function [7, 8]. Previous studies have 
revealed that either asymptomatic colonization or infection 
with C difficile in the human gut is associated with a loss of 
gut microbiota diversity [7, 8]. In CDI patients, the relative 
abundances of taxa of the phyla Bacteroidetes and Firmicutes 
generally decrease, whereas those of species belonging to the 
phylum Proteobacteria increase [8]. Specific changes in gut 
microbial populations increase susceptibility to C difficile colo-
nization [7]. Therefore, factors resulting in gut microbiota 
disruption, such as advanced age, hospitalization, antibiotic ex-
posure, proton pump inhibitor (PPI) use, immunosuppression, 
and comorbidities (inflammatory bowel diseases, etc), are rec-
ognized as risk factors for CDI [6, 7].

Current clinical practice guidelines recommend vancomycin 
as the first-line option for pediatric CDI and fidaxomicin for 
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adult CDI [2, 9]. However, conventional antibiotic treatment is 
limited by a high risk of recurrence, which is defined as an ep-
isode of symptom onset and positive assay result following an 
episode with positive assay result in the previous 2–8 weeks 
[2]. Recurrent CDI (rCDI) occurs in 15%–30% of patients 
who respond to first-round antibiotic treatment, and the subse-
quent recurrence rate can reach 45%–65% after the first and 
second recurrences [10]. Our previous study revealed that 
rCDI occurred in 48.53% (33/68) and 46.33% (19/41) of pedi-
atric CDI patients treated with metronidazole and vancomycin, 
respectively [11]. Fecal microbiota transplantation (FMT) has 
been used to manage rCDI, with high cure rates in both adults 
and children [12–15].

To further explore the roles of the gut microbiota in primary 
and rCDI, several studies have compared the differences in 
the gut microbiota composition at the initial CDI diagnosis 
between individuals with and without recurrence. Khanna 
et al reported that, compared with patients without recur-
rence, patients with rCDI presented significant increases in 
Veillonella, Enterobacteriaceae, streptococci, Parabacteroides, 
and Lachnospiraceae before treatment [16]. Pakpour et al iden-
tified Veillonella dispar as a candidate organism for reducing risk 
of CDI recurrence [17]. Seekatz et al reported a less diverse mi-
crobial community in patients with rCDI [18]. Furthermore, a 
recent study conducted by Dawkins et al revealed that gut me-
tabolites can predict disease recurrence at 1 week and 2 weeks 
posttreatment for primary CDI [19]. Taken together, these stud-
ies indicate that changes in the gut microbiota composition and 
metabolites are involved in rCDI and that specific microbiota- 
derived characteristics may be used to predict disease recurrence 
in adults. However, studies investigating the roles of the gut mi-
crobiota and metabolites in predicting rCDI in pediatric patients 
are still limited.

In this study, we aimed to investigate the characteristics of 
the fecal microbiota and metabolites in a group of pediatric pa-
tients at the initial diagnosis of CDI and to explore their rela-
tionships with disease recurrence.

MATERIALS AND METHODS

Study Design

A total of 84 pediatric patients with CDI were prospectively 
recruited to the study cohort from the Department of 
Gastroenterology, Hepatology and Nutrition of Shanghai 
Children’s Hospital between September 2019 and August 
2022. The inclusion criteria were children aged <16 years 
and diagnosed with primary (no episodes of CDI within the 
past 6 months), uncomplicated CDI by a positive C difficile 
test with either enzyme immunoassay toxin or polymerase 
chain reaction (PCR) and who were being treated for clinical 
symptoms. Patients with comorbidities of other gastrointesti-
nal diseases, inherited or acquired immunodeficiencies, hepatic 

or renal dysfunction, hematologic malignancy, allergy, or ful-
minant colitis were excluded. Participant demographic and 
clinical data were extracted from the electronic medical records 
and systematically analyzed. Stool samples were collected at the 
time of initial diagnosis before antibiotic treatment for CDI. All 
the stool samples were stored at −80°C until bacterial 16S ribo-
somal RNA (rRNA) gene sequencing and fecal metabolite 
quantification were performed.

This study was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013) and was approved by the Ethical 
Review Board of the Shanghai Children’s Hospital (2022R043- 
E01). Written informed consent was obtained from the parents 
or legal guardians of all the participants.

DNA Extraction and 16S rRNA Sequencing

Total fecal DNA was extracted from 250 μL of each fecal sam-
ple using a QIAamp DNA Stool Mini Kit (Qiagen, Germany) 
following the manufacturer’s protocol. The eluted DNA was 
quantified using a NanoDrop ND-1000 spectrophotometer 
(Thermo Fisher Scientific) and agarose gel electrophoresis. 
The isolated DNA was used for bacterial 16S rRNA V3–V4 hy-
pervariable region amplification using the primer set 341F 
5′-CCTACGGGAGGCAGCAG-3′/806R 5′-GGACTACHVG 
GGTWTCTAAT-3′ as previously described [20]. The purified 
PCR amplicons were subjected to barcoded library construction 
using the TruSeq Nano DNA LT Library Prep Kit (Illumina) 
according to the manufacturer’s instructions. Library quality 
was assessed and quantified on an Agilent 2100 Bioanalyzer 
(Agilent Technologies). Each library was diluted to a final concen-
tration of 12.5 nM and sequenced on an Illumina NovaSeq plat-
form (Illumina).

Sequencing Data Processing and Analysis

The raw sequence data were checked using FastQC (Babraham 
Bioinformatics), and forward and reverse reads were joined and 
quality trimmed using fastq_maxee 1.0. Paired-end reads were 
de-noised using DADA2 software and further analyzed using 
the QIIME2 platform (v.2020.2) [21, 22]. The taxonomic as-
signment of amplicon sequence variants (ASVs) was classified 
using the Greengenes (v.13.8) reference database implemented 
in QIIME2 (v.2020.2). To reduce the effect of spurious se-
quences, ASVs with <0.005% of the total number of sequences 
were removed. The alpha diversity was evaluated using the ob-
served species, abundance-based coverage estimator (ACE), 
and Chao1, Shannon, and Simpson indices. The beta diversity 
was calculated using principal coordinate analysis (PCoA) of 
the Bray-Curtis distance based on the ASV abundance. The sig-
nificant differences in alpha diversity and ASV abundances 
between groups were analyzed using the Wilcoxon rank-sum 
test, with P values adjusted for the false discovery rate. 
Permutational multivariate analysis of variance was used to es-
timate the significant differences in the gut microbiota 
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structure. For the relative abundance ratio of bacteria at the 
phylum, class, order, and family levels, rare taxa of ASVs pre-
sent with <10 counts and in <10% of the fecal samples were re-
moved prior to differential abundance analysis. The linear 
discriminant analysis (LDA) effect size (LEfSe) [23] method 
was used to assess the significance and biological relevance of 
the enriched taxa in different groups.

Quantification of Fecal Metabolites

Targeted metabolomic profiling was performed to quantify fe-
cal metabolites as previously described [24]. In brief, 5 mg of 
each lyophilized fecal sample was dissolved in 25 µL of sterile 
water and homogenized with zirconium oxide beads for 3 min-
utes, after which 120 µL of methanol containing internal stan-
dards was added. After homogenization for 3 minutes, the 
sample was centrifuged at 18 000g at 4°C for 20 minutes. A 
20-µL supernatant aliquot of each sample was transferred to a 
96-well plate, and 20 µL of freshly prepared derivative reagents 
was added to each well. After 60 minutes of incubation at 30°C 
for derivatization, the sample was diluted with 330 μL of ice- 
cold 50% methanol solution. The plate was then incubated at 
−20°C for 20 minutes and subsequently centrifuged at 4000g 
at 4°C for 30 minutes. A volume of 135 μL of supernatant per 
sample was transferred to another 96-well plate with 10 μL of 
internal standards in each well. A 5-μL aliquot of each sample 
was injected to quantify fecal metabolites using ultraperform-
ance liquid chromatography coupled with a tandem mass spec-
trometry (UPLC-MS/MS) system (ACQUITY UPLC-Xevo 
TQ-S) at a flow rate of 0.4 mL/minute.

The UPLC-MS/MS raw data were processed using TMBQ 
software (Metabo-Profile, China) to perform peak integration, 
calibration, and quantitation for each metabolite. iMAP 
(Metabo-Profile, China) was used for statistical analysis and 
feature selection of the metabolomic data, including principal 
component analysis and partial least squares discriminant anal-
ysis (PLS-DA). PLS-DA was used to analyze the variable impor-
tance in projection (VIP) values of each metabolite between 
groups. The Wilcoxon rank-sum test with P values adjusted 
with the Bonferroni correction procedure was performed for 
univariate statistical analysis. Differentially abundant metabo-
lites with VIP scores of PLS-DA >1, P < .05, and log2 (fold 
change) >1 were selected. Volcano plots and heatmaps were 
generated via R software.

Statistical Analyses

The demographic and clinical data are presented as numbers 
(percentages) for dichotomous variables and medians with in-
terquartile ranges (IQRs [25th to 75th percentiles]) for contin-
uous variables. The χ2 test and the Mann-Whitney U test were 
used for statistical analysis of categorical and continuous vari-
ables, respectively. Statistical analysis was performed using 

SPSS software (version 25.0), and a P value of <.05 was consid-
ered statistically significant.

RESULTS

Participant Characteristics

The median age of the 84 enrolled pediatric patients with prima-
ry CDI was 4.5 years (IQR, 2.4–7.8 years), and 49 (58.3%) were 
boys (Supplementary Table 1). A history of exposure to antibiot-
ics and PPI use occurred in 64 (76.2%) and 21 (25.0%) patients, 
respectively. The main clinical symptoms were diarrhea (60/84 
[17.4%]), abdominal pain (42/84 [50.0%]), and hematochezia 
(35/84 [41.7%]). For initial antibiotic treatment, 46 (54.8%) pa-
tients received metronidazole, and 38 (45.2%) patients received 
vancomycin (Supplementary Table 1). As shown in Table 1, 58 
(69.0%) patients were cured by 1 round of conventional antibi-
otic treatment, whereas 26 (31.0%) patients experienced disease 
recurrence. The ratios of female sex and PPI exposure were 
greater in recurrent patients than in nonrecurrent patients. 
There were no significant differences in clinical symptoms be-
tween recurrent and nonrecurrent patients. In addition, the dis-
ease recurrence rate was comparable in patients treated with 
either metronidazole or vancomycin.

Gut Microbiota Analysis

The average number of raw reads per sample generated by se-
quencing was 95 720, ranging from 83 354 to 111 770. A total of 
6 534 142 high-quality bacterial 16S rRNA gene sequences 
spanning 2280 ASVs were obtained after sequence processing 
and filtering. Alpha diversity analysis revealed that the richness 
calculated for the observed species (P < .001), ACE (P < .01), and 

Table 1. Demographic and Clinical Data of Participants With 
Clostridioides difficile Infection

Characteristic
Nonrecurrers  

(n = 58)
Recurrers  
(n = 26)

P 
Value

Sex, male, No. (%) 38.0 (65.5) 11.0 (42.3) .05

Age, y, median (IQR) 4.7 (2.5–7.5) 4.0 (2.0–7.7) .58

BMI, kg/m2, median (IQR) 14.8 (13.1–16.8) 14.3 (13.1–16.4) .77

Exposure history, No. (%)

Antibiotics 44.0 (75.9) 20.0 (76.9) .91

PPI 10.0 (17.2) 11.0 (42.3) .02

Symptoms, No. (%)

Fever 11.0 (20.0) 3.0 (11.5) .40

Vomiting 11.0 (20.0) 8.0 (30.8) .24

Diarrhea 39.0 (67.2) 21.0 (80.8) .21

Abdominal pain 28.0 (48.3) 14.0 (53.8) .64

Hematochezia 21.0 (36.2) 14.0 (53.8) .13

Pseudomembrane 9.0 (15.5) 7.0 (26.9) .22

Initial treatment antibiotic 
used, No. (%)

Metronidazole 35.0 (60.3) 11.0 (42.3) .23

Vancomycin 23.0 (39.7) 15.0 (57.7) .23

Abbreviations: BMI, body mass index; IQR, interquartile range; PPI, proton pump inhibitor.
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Chao1 indices (P < .001) and the Shannon (P < .01) and Simpson 
indices (P < .05) were significantly lower in the recurrent samples 
than in the nonrecurrent samples (Figure 1A–E). PCoA of 
beta diversity using the Bray-Curtis distance revealed that the mi-
crobial community of the recurrent group was separated from 
that of the nonrecurrent group (Figure 1F). The bacterial micro-
biota was dominated by the phyla Firmicutes, Proteobacteria, 
Actinobacteria, Bacteroidetes, and Verrucomicrobia in both 
groups (Figure 2A).

Taxonomic profiles revealed the relative abundances of 
the phyla, class, order, and family between the 2 groups. 
Phyla Firmicutes, class Clostridia, order Clostridiales, and 
family Lachnospiraceae were mostly decreased, whereas the abun-
dances of the phyla Proteobacteria, class Gammaproteobacteria, 
order Enterobacterales, and family Enterobacteriaceae were 
mostly increased in the recurrent group compared with those 
in the nonrecurrent group (Figure 2A–D). Intergroup compari-
sons revealed significantly lower relative abundances of the 
genera Blautia, Clostridium, Coprococcus, Dorea, Eggerthella, 
Eubacterium, and Subdoligranulum and significantly greater 
abundances of the genus Ethanoligenens and unidentified 

Synergistaceae in the recurrent versus nonrecurrent group 
(Figure 2E, Supplementary Table 2).

LEfSe analysis identified multiple taxa at different levels that 
were differentially abundant between recurrent and nonrecurrent 
patients. The class Clostridia, order Clostridiales; family 
Coriobacteriaceae; and genera Adlercreutzia, Eggerthella, 
Parabacteroides, Blautia, and Clostridium were enriched 
in nonrecurrers, whereas the classes Chthonomonadetes 
and Bacilli, order Bacillales, family Helicobacteraceae, 
and genera Ethanoligenens and Helicobacter were enriched 
in recurrers (Supplementary Figure 1A). Specifically, the 
classes Bacilli, Clostridia, and Erysipelotrichi; orders 
Clostridiales, Lactobacillales, and Erysipelotrichales; families 
Prophyromonadaceae, Erysipelotrichaceae, Rumincoccaceae, and 
Lachnospiraceae; and genera Parabacteroides, Coprococcus, 
Dialister, Clostridium, Faecalibacterium, Blautia, Eubacterium, 
and Ruminococcus were differentially abundant between the 
2 groups, with LDA scores >3.0 (Supplementary Figure 1B).

Metabolic Profiling

A total of 250 metabolites were detected and quantified by target-
ed metabolomics analysis in all the fecal samples. Amino acids, 

Figure 1. Fecal microbiota biodiversity of children with Clostridioides difficile infection (CDI). A–E, Alpha diversity measured in the observed species, abundance-based 
coverage estimator (ACE), Chao1, Shannon, and Simpson indices. Significance was determined using the Wilcoxon rank-sum test, with *P < .05, **P < .01, and ***P < .001. 
F, Beta diversity analyzed by principal coordinate analysis (PCoA) of the Bray-Curtis distance on amplicon sequence variants (ASVs). The permutational multivariate analysis of 
variance (PERMANOVA) method was used to compare the differences between groups. NR indicates nonrecurrent; R indicates recurrent.
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short-chain fatty acids (SCFAs), carbohydrates, bile acids 
(BAs), and organic acids were the dominant fecal metabolites 
in both groups (Figure 3). Different distribution patterns of me-
tabolites between recurrent and nonrecurrent patients were 

observed using both PCoA (Figure 4A) and PLS-DA 
(Figure 4B). Among the 19 metabolites that were the most dis-
criminative (VIP score >1.5) for classification between the 2 
groups, the metabolites of the recurrent group presented higher 

Figure 2. Fecal microbiota composition of children with Clostridioides difficile infection (CDI). A–D, Relative abundance ratios of bacteria at the phylum, class, order, and 
family levels between the nonrecurrent (NR) and recurrent (R) groups. The top 5 abundant phyla and the top 15 abundant classes, orders, and families are indicated. E, Genera 
with significant differences between the NR and R groups. The relative abundances are shown in log10 values. Statistical significance was assessed via the Wilcoxon rank- 
sum test, with *P < .05, **P < .01, and ***P < .001.

Figure 3. Relative abundance of each metabolite class in fecal samples from patients with nonrecurrent and recurrent Clostridioides difficile infection. Abbreviations: NR, 
nonrecurrent; R, recurrent; SCFA, short-chain fatty acid.
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fecal levels of 2-hydroxyglutaric acid, lactic acid, arachidonic 
acid, acetylcarnitine, hydroxylisovalerylcarnitine, isovalerylcar-
nitine, hexanylcarnitine, threonic acid, propionylcarnitine, crea-
tine, 2-methylbutyroylcarnitine, linoleic acid, and erythronic 
acid, and lower levels of isovaleric acid, thiophenecarboxylic 
acid, tauroursodeoxycholic acid, ethylmethylacetic acid, butyric 
acid, and nicotinic acid (Figure 4C).

As shown in Figure 4 and Supplementary Table 3, the con-
centrations of 35 unique fecal metabolites differed signifi-
cantly between the recurrent and nonrecurrent samples. 
Among them, the concentrations of lithocholic acid (LCA), 
12-ketoLCA, trihydroxycholestanoic acid, butyric acid, de-
oxycholic acid (DCA), ethylmethylacetic acid, glutaric acid, 
isobutyric acid, isoLCA, isovaleric acid, methylsuccinic acid, 
N-methylnicotinamide, nicotinic acid, phenylacetic acid, pipecolic 
acid, and valeric acid decreased, whereas the concentrations of 
2-hydroxyglutaric acid, 2-methylbutyroylcarnitine, 3-hydroxyli-
sovalerylcarnitine, acetylcarnitine, α-linolenic acid, arachidonic 
acid, butyrylcarnitine, carnitine, creatine, docosahexaenoic acid, 
eicosapentaenoic acid, erythronic acid, γ-linolenic acid, hexanyl-
carnitine, isovalerylcarnitine, lactic acid, linoleic acid, propionyl-
carnitine, and threonic acid increased significantly in patients 
with recurrence compared with nonrecurrence (Supplementary 
Figure 2).

Covariance Between Gut Bacteria and Metabolites

Associations between the differential gut bacteria and metabo-
lites in fecal samples were coupled by Spearman rank correla-
tions. Strong correlations between 22 bacterial genera and 35 
metabolites were observed in nonrecurrent and recurrent sam-
ples (Figure 5). A total of 19 metabolites that increased in the 
recurrent group were positively correlated with the enriched 
genera in the recurrent group and negatively correlated with 
the genera that were enriched in the nonrecurrent group. For 
example, the decreased levels of butyric acid, isobutyric acid, 
isovaleric acid, and valeric acid in the recurrent group were as-
sociated with decreased abundances of SCFA producers, such 
as Faecalibacterium, Clostridium, Butyricicoccus, Roseburia, 
and Ruminococcus. Conversely, the enriched SCFA producers 
were positively correlated with high concentrations of fecal 
SCFAs in nonrecurrent patients. Furthermore, the genera 
enriched in the recurrent group, including Helicobacter, 
Ethanoligenens, and Streptococcus, were negatively correlat-
ed with the levels of isoLCA, 12-ketoLCA, and DCA.

DISCUSSION

Owing to the increase in community-acquired infections and 
the emergence of hypervirulent C difficile strains, the incidence 
and severity of pediatric CDI have increased in recent decades 

Figure 4. Fecal metabolome of children with Clostridioides difficile infection (CDI). A, Principal coordinate analysis plot of fecal metabolites of patients with nonrecurrent 
(NR) and recurrent (R) CDI according to the Bray-Curtis distance. The permutational multivariate analysis of variance method was used to compare the differences between 
groups. B, Partial least squares discriminant analysis models discriminated fecal metabolites between the NR and R groups. C, The top metabolites ranked by variable im-
portance in projection scores. Abbreviations: NR, nonrecurrent; PCoA, principal coordinate analysis; PERMANOVA, permutational multivariate analysis of variance; PLS-DA, 
partial least squares discriminant analysis; R, recurrent; THCA, thiophenecarboxylic acid; TUDCA, tauroursodeoxycholic acid; VIP, variable importance in projection.
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[2, 25–27]. Although conventional antibiotic-based treatments 
are generally effective for managing pediatric CDI, a high risk 
of disease recurrence is challenging [2]. The treatment of rCDI 
is more difficult than the initial episode because of the signifi-
cantly increased rate of further recurrence [10]. Identification 
of risk factors related to rCDI is vital for early detection, treat-
ment, and prevention of disease recurrence. Early alternative 
therapies, such as FMT, could be used to treat CDI patients 
who are likely to experience recurrence.

To our knowledge, our study represents the first prospective 
study focused on the role of the gut microbiota in the occur-
rence of rCDI in pediatric patients, employing both fecal mi-
crobiome sequencing and targeted metabolomics analyses. 
With respect to the results of the fecal microbiome analysis, 
we reported a significantly lower alpha diversity of the fecal 

microbiota in pediatric CDI patients than in nonrecurrent pa-
tients prior to antibiotic treatment, which was consistent with 
the findings of previous studies conducted in adult CDI patients 
[16–19]. The gut microbiota signatures at the initial diagnosis 
were characterized by increasing abundances of taxa belonging 
to the phyla Proteobacteria and Bacteroidetes but decreasing abun-
dances of species of the phyla Firmicutes and Actinobacteria. 
Specifically, recurrent patients had significantly greater abun-
dances of Enterobacteriaceae, Streptococcaceae, Veillonellaceae, 
Porphyromonadaceae, Prevotellaceae, Shigella, Streptococcus, 
Veillonella, Prevotella, and Dysgonomonas than nonrecurrent pa-
tients. Similarly, Enterobacteriaceae, Veillonella, and streptococci 
abundances were significantly increased in pre-antibiotic-treated 
fecal samples from adult CDI patients with recurrence [16]. The 
persistent expansion of Enterobacteriaceae may increase 

Figure 5. Heatmap of the correlation matrix of different fecal bacterial genera and metabolites between patients with nonrecurrent and recurrent Clostridioides difficile 
infection. *P < .05, **P < .01, ***P < .001. Abbreviations: 3-DHCA, trihydroxycholestanoic acid; DCA, deoxycholic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic 
acid; LCA, lithocholic acid; NR, nonrecurrent; R, recurrent.
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susceptibility to C difficile colonization [28]. However, Pakpour 
et al reported that Veillonella dispar is a candidate organism for 
preventing CDI recurrence, which was contrary to our study 
[17]. A study in 2023 indicated that Fusobacterium increased dur-
ing rCDI, whereas Collinsella, Senegalimassilia, Prevotella, and 
Ruminococcus decreased, findings that were partly similar to 
our data [29]. We found that the genus Parabacteroides was dif-
ferentially abundant between the 2 groups, with LDA scores >3.0, 
which means that it may be a key microbiota for preventing rCDI. 
Parabacteroides distasonis, which can produce succinate, has 
been reported to be associated with CDI. Many studies have 
shown that Parabacteroides distasonis is inversely related to rheu-
matoid arthritis, obesity, and diabetes mellitus [30, 31]. It may 
also play an important role in C difficile expansion [16, 32]. In ad-
dition, the decreased abundances of Lachnospiraceae, Blautia, 
and Faecalibacterium reported in adults with recurrent CDI 
were also decreased in our pediatric patients [19]. Future studies 
are needed to investigate the mechanisms of these bacteria that 
may be involved in rCDI after successful antibiotic treatment.

Gut-associated metabolites are key mediators of microbio-
ta‒host interactions. A variety of host- and microbial-derived 
metabolites play important roles in C difficile pathogenesis, 
including BAs, SCFAs, organic acids, and amino acids [33, 34]. 
Certain BAs have been shown to either promote or inhibit C dif-
ficile germination or affect C difficile growth and colonization 
[33, 34]. For example, both taurocholic acid and cholic acid ini-
tiate C difficile spore germination in the small intestine, whereas 
chenodeoxycholic acid suppresses the germination of C difficile 
spores [35–37]. IsoalloLCA inhibited C difficile growth both in 
vitro and in vivo [34]. DCA is known to decrease the sporulation 
efficiency of C difficile by downregulating the expression of the 
master regulator of sporulation, Spo0A [35, 37]. DCA can inhibit 
C difficile growth and repress toxin activity [38]. SCFAs and 
organic acids are small molecules derived from the bacterial fer-
mentation of dietary carbohydrates. SCFAs of acetate and propi-
onate had inhibitory effects on toxin production and the growth 
of C difficile [39]. Furthermore, several organic acids and amino 
acids have been reported to be involved in CDI, such as succinate 
and sialic acid, which promote C difficile expansion [40, 41], 
whereas glycine, proline, and cysteine inhibit the toxin yield of 
C difficile [42–44]. Our data revealed that the fecal levels of sev-
eral BAs (12-ketoLCA, isoLCA, LCA, and DCA), SCFAs (butyric 
acid, glutaric acid, isobutyric acid, isovaleric acid, and valeric 
acid), and organic acids (methylsuccinic acid, nicotinic 
acid, phenylacetic acid, and amino acids [pipecolic acid]) 
were significantly decreased, suggesting that these metabo-
lites may be involved in the disease recurrence of pediatric 
CDI. Nevertheless, future studies are warranted to further in-
vestigate the mechanisms of interactions between gut-associated 
metabolites and C difficile pathogenesis.

There are several limitations to our study. First, this was a 
single-center study with a limited number of enrolled 

participants. Studies with large populations of pediatric CDI 
patients are needed. Second, only fecal samples before treat-
ment were collected for gut microbiota and metabolite analysis. 
Longitudinal studies dedicated to the dynamics of the micro-
biome and metabolome are needed to advance our understand-
ing of the interactions between the gut microbiota/metabolites 
and C difficile pathogenesis. Third, we only evaluated bacterial 
composition changes using 16S rRNA sequencing; other mi-
crobiota components, such as viruses and fungi, need to be in-
vestigated in future studies. Finally, the mechanisms of the 
potential gut microbiota and metabolite changes involved in 
CDI recurrence are underexplored in the current study.

In summary, our data indicate that the disturbed gut micro-
biota in pediatric CDI patients may contribute to disease recur-
rence by modulating microbial metabolism characterized by 
altered BA profiles and reduced SCFA concentrations. The 
gut microbiota associated with BA and SCFA signatures may 
be used to predict disease recurrence in pediatric CDI patients. 
In the future, more studies on the microbiota and BA and SCFA 
in children with CDI should be conducted to determine their 
beneficial effects on the development of methods for diagnos-
ing and treating CDI recurrence.
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