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Purpose: Diarrhea is among the top five causes of morbidity and mortality in 
children. Dysbiosis of the gut microbiota is considered the most important 
risk factor for diarrhea. Prebiotics have shown efficacy in treating diarrhea by 
regulating the balance of the gut microbiota in vivo.

Methods: In this study, we used an in vitro fermentation system to prevent the 
interference of host-gut microbe interactions during in vivo examination and 
investigated the effect of fructo-oligosaccharides (FOS) on gut microbiota 
composition and metabolism in 39 pediatric patients with functional diarrhea.

Results: 16S rRNA sequencing revealed that FOS significantly improved α- and 
β-diversity in volunteers with pediatric diarrhea (p  <  0.05). This improvement 
manifested as a significant increase (LDA  >  2, p  <  0.05) in probiotic bacteria 
(e.g., Bifidobacterium) and a significant inhibition (LDA  >  2, p  <  0.05) of harmful 
bacteria (e.g., Escherichia-Shigella). Notably, the analysis of bacterial metabolites 
after FOS treatment showed that the decrease in isobutyric acid, isovaleric acid, 
NH3, and H2S levels was positively correlated with the relative abundance of 
Lachnoclostridium. This decrease also showed the greatest negative correlation 
with the abundance of Streptococcus. Random forest analysis and ROC curve 
validation demonstrated that gut microbiota composition and metabolites were 
distinct between the FOS treatment and control groups (area under the curve 
[AUC]  >  0.8). Functional prediction using PICRUSt 2 revealed that the FOS-induced 
alteration of gut microbiota was most likely mediated by effects on starch and 
sucrose metabolism.

Conclusion: This study is the first to evince that FOS can modulate gut microbial 
disorders in children with functional diarrhea. Our findings provide a framework 
for the application of FOS to alleviate functional diarrhea in children and reduce 
the use of antibiotics for managing functional diarrhea-induced disturbances in 
the gut microbiota.
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Introduction

Diarrhea is one of the most common diseases among children 
worldwide (Garbern et al., 2022). Patients with diarrhea exhibit 
symptoms such as vomiting, fever, watery stools, and abdominal 
pain. Although the number of diarrhea-related deaths in children 
has decreased dramatically over time, diarrhea remains one of the 
five leading causes of morbidity and mortality in this population 
(Collaborators, 2017; Jin et  al., 2018; Reiner et  al., 2018). In 
particular, long-term diarrhea due to functional diarrhea may cause 
electrolyte disturbances in the body, affecting the absorption of 
nutrients. If functional diarrhea is not treated in a timely manner, 
it can affect the child’s growth and development and even become 
life-threatening (Burgers et  al., 2020; Negesse et  al., 2022). The 
improved management of functional diarrhea as a preventable 
diarrhea requires a targeted approach and more effective prevention 
and treatment interventions.

Many studies have also documented changes in the gut 
microbiota before, during and after diarrheal episodes (Hsiao 
et al., 2014; Youmans et al., 2015). Moreover, a case–control report 
from the Global Enteric Multicenter Study revealed that moderate-
to-severe pediatric diarrhea alters the microbiota composition and 
decreases bacterial diversity (Pop et  al., 2014). Children 
experience multiple episodes of diarrhea due to the defective 
development of the gut microbiota, which can lead to functional 
diarrhea (Shin et  al., 2019; Rouhani et  al., 2020). Therefore, 
modulation of the gut microbiota could be effective in preventing 
functional diarrhea.

Probiotics are non-pathogenic live microbes that can reverse gut 
dysbiosis by improving the microbial balance in the gut. Since 
probiotics are typically non-pathogenic bacteria that already exist in 
the human gut, they are often considered harmless. Probiotics have 
been shown to be effective in treating diarrhea caused by multiple 
factors, including traveler’s diarrhea, acute rotavirus diarrhea, 
diarrhea due to radiation therapy, and diarrhea due to lactose 
intolerance (Hill et al., 2014; Rondanelli et al., 2017; Sanders et al., 
2019). Studies have also shown that probiotics can prevent bacterial 
translocation, change the composition of the gut microbiota, preserve 
the integrity of the gut barrier, and alter the local immunological 
response of the gut-associated immune system (Mantegazza 
et al., 2018).

Prebiotics are recognized as “substrates that are selectively used 
by probiotics and produce beneficial effects” (Gibson et al., 2017). The 
intake of prebiotics can promote probiotic colonization and increase 
short-chain fatty acid (SCFA) production, which promotes the 
maintenance of intestinal barrier integrity (Azad et al., 2020; Snelson 
et al., 2021). By shortening the duration of acute watery diarrhea, 
several prebiotics — including fructo-oligosaccharides (FOS), inulin, 
and pectin oligosaccharides — can effectively treat diarrhea (Rigo-
Adrover et  al., 2017; Pujari and Banerjee, 2021). However, most 
studies on prebiotics have been conducted in animals and adults with 
diarrhea. Meanwhile, studies on children with diarrhea are relatively 
limited. Moreover, in vivo studies on prebiotics can be confounded 
by host–microbe interactions in the gut. Therefore, in this study, 
we adopted an in vitro fermentation model to study the direct effect 
of prebiotics on the gut microbiota in children with 
functional diarrhea.

Materials and methods

Chemicals

FOS (purity ≥95% and moisture ≤5%) was purchased from 
Shandong Baoling Bao Biological Co. Ltd., China. Tryptone, bile salt, 
yeast extract, L-cysteine, and heme were purchased from Sigma 
Company, USA. Phosphate-buffered saline (PBS), NaCl, KH2PO4, 
K2HPO4, MgSO4, CaCl2, metaphosphoric acid, and crotonic acid were 
purchased from Sangon Biotech (Shanghai) Co., Ltd., China.

Collection of fresh fecal samples from 
children with functional diarrhea

The study included 39 child participants (aged 6–15 years) with 
functional diarrhea diagnosed based on the Rome IV Criteria who 
had been living in Hangzhou, Zhejiang Province, China. All 
participants had experienced recurrent discomfort or abdominal pain 
associated with no less than two of the following features for at least 
1 day per week in the last 3 months: (1) pain related to defecation; (2) 
onset related to a change in the frequency of feces; and (3) the 
immunocompetent patient with “watery” diarrhea of at least 4 weeks 
duration. Further details about inclusion criteria were as described 
previously (Smalley et al., 2019). Children with illnesses other than 
functional diarrhea and those treated with antibiotics, prebiotics, or 
probiotics within the previous month were excluded. Fresh fecal 
samples were collected from volunteers with pediatric functional 
diarrhea in a 30 mL sterile stool sample box (91 mm × 24 mm; BioRise 
Co., Ltd., China). At least 4 g of partially processed feces with low 
amounts of undigested food residue and minimal contact with air 
after defecation were transferred to an anaerobic jar and stored at 
4°C. All samples were tested within 4 h. The study was approved by 
the Ethical Committee of Hangzhou Centers for Disease Control and 
Prevention (No. 202047).

Isolation of gut microbiota

Three 1.5 mL sterile centrifuge tubes were each filled with 0.2 g of 
fresh feces and stored in a refrigerator at −80°C as backup original 
fecal samples. Subsequently, 8 mL of sterile PBS and 0.8 g of fresh fecal 
samples were added to 10 mL sterile centrifuge tubes. The tubes were 
sealed with tape and placed on a shaker for thorough mixing. The 
supernatant was collected after filtration to obtain a 10% gut 
microbiota extraction solution.

In vitro anaerobic fermentation by the gut 
microbiota

The isolated gut microbes were inoculated into a simulated gut 
fermentation system and incubated at 37°C for 24 h under anaerobic 
and airtight conditions, as described previously (Liu et al., 2020). 
The Yeast Casitone Fatty Acids (YCFA) medium contained the 
following (per 100 mL): 4.5 g/L yeast isolate, 3.0 g/L tryptone, 3.0 g/L 
peptone, 0.4 g/L bile salt, 0.8 g/L cysteine hydrochloride, 4.5 g/L 
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NaCl, 2.5 g/L KCl, 0.45 g/L MgCl2, 0.2 g/L CaCl2, 0.4 g/L KH2PO4, 
1.0 mL Tween 80, 1.0 mL resazurin, and 2.0 mL of a trace element 
solution. After sufficient dissolution and boiling, 4.5 mL of the YCFA 
medium was injected into a nitrogen-filled cilium vial. Finally, the 
vials were fixed with caps and sterilized using high-pressure steam. 
FOS were added to the YCFA medium (0.8 g/100 mL) to obtain the 
FOS treatment group for diarrhea (FOSD), as the mod. Pure YCFA 
medium was used to obtain the control treatment group for diarrhea 
(CtrlD).

16S rRNA high-throughput sequencing of 
gut microbiota

Genomic DNA was extracted from the gut microbiota using the 
FastDNA® Spin Kit for Soil (MP Biomedicals, United States) based on 
the manufacturer’s instruction. Using a thermocycler PCR system 
(GeneAmp 9,700, ABI, San Diego, CA, United States), the V3–V4 
hypervariable regions of the bacterial 16S rRNA gene were amplified 
with the primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R 
(5′-GGACTACHVGGGTWTCTAAT-3′). The PCR conditions were 
as described previously (Pi et  al., 2022). Purified amplicons were 
pooled in equimolar amounts, and paired-end sequencing was 
performed on the NovaSeq PE250 platform (Illumina, San Diego, 
United States) based on the standard protocol of Majorbio Bio-Pharm 
Technology Co. Ltd. (Shanghai, China).

Amplicon sequence variants (ASVs) were identified by denoising 
the streamlined sequences after quality control splicing using the 
DADA2 plug-in in QIIME2 (version 2020.2). The Naive Bayes 
agreement taxonomy classifier in QIIME2 and the SILVA 16S rRNA 
database (v138) were used to analyze the taxonomic profiles of the 
ASVs. Protocol sequence data for all original fecal samples and all 
fermentation samples were submitted to the National Center for 
Biotechnology Information Short Read Archive under the serial no. 
PRJNA978990.

Determination of SCFAs during in vitro 
fermentation

After 24 h of in vitro fermentation, the composition and content 
of SCFAs were analyzed. The contents of six SCFAs — including acetic 
acid (Ace), propionic acid (Pro), isobutyric acid (Isob), butyric acid 
(But), isovaleric acid (Isov), and valeric acid (Pen) — were determined. 
Significant age-related differences in total SCFAs and in each type of 
SCFA were analyzed. Heat maps and Spearman correlation coefficients 
were used to analyze the correlation between SCFAs showing 
significant variation and the relative abundance of bacterial genera.

To identify SCFAs, 2.5 g of metaphosphoric acid was dissolved in 
100 mL of deionized water, and 0.6464 g of crotonic acid was added to 
obtain a crotonic acid/metaphosphoric acid solution. The fermentation 
solution (500 μL) was mixed well with the crotonic acid/
metaphosphoric acid solution (100 μL), placed at −40°C for 24 h, and 
then centrifuged at 4°C and 13,000 r/min for 3 min. Finally, the 
supernatant was filtered using a 0.22-μm microporous membrane. A 
gas chromatograph was loaded with the sample. Subsequently, the 
aging strategy was adopted. The gas chromatography conditions were 

as described previously (Pi et  al., 2022). The acquired data 
were recorded.

Determination of gases during in vitro 
fermentation

Fermentation-completed bottles were removed and cooled to 
25°C. Subsequently, gas detection was performed using a gut microbial 
gas detector according to a previously described method (Ye et al., 
2022). After the gas detector was turned on and preheating was 
completed, the record button was pressed, and the inlet and outlet 
ports were connected to the syringe bottle through a rubber tube and 
a disposable syringe needle, respectively. The needle was not allowed 
to touch the liquid surface of the culture medium during the 
measurement to prevent water ingress into the machine. The machine 
detected the concentration of CH4, H2S, NH3, CO2, and H2. The 
concentration of the five gases increased and then decreased over 
time, with the highest value representing the volumetric concentration 
of the gas produced by gut microbiota fermentation. After the values 
of all five gases had dropped to zero, the next sample bottle was tested.

Statistical analysis

Microbial data were analyzed on the online Majorbio Cloud 
Platform.1 Gas and SCFA data were plotted using GraphPad Prism 
8.0.3 (GraphPad Software Inc., United States) and statistically analyzed 
with SPSS 23 (IBM Crop., United States). All results are presented as 
the means ± SEM (80 independent experiments × 3 parallel 
experiments). The distribution characteristics of all data were tested 
using the Shapiro–Wilk test. For multiple group comparisons, the 
Friedman test was performed for data with non-normal distribution, 
and one-way ANOVA and Tukey’s comparison tests were performed 
for data with normal distribution. For two-group comparisons, the 
Wilcoxon rank-sum test was performed for data with non-normal 
distribution, and the parametric t-test was performed for data with 
normal distribution. Statistical significance thresholds were as follows: 
*0.01 < p ≤ 0.05; **0.001 < p ≤ 0.01; and ***p ≤ 0.001.

Results

Alpha-diversity and beta-diversity

After in vitro fermentation, various gut microbes were examined 
using 16S rRNA sequencing. Figures 1A–C show the α-diversity in the 
CtrlD and FOSD groups. The ACE (p = 0.008715), Chao (p = 0.001438), 
and Shannon (p = 0.001438) indices differed significantly between the 
two groups (p < 0.05), indicating a significant difference in the 
community-level diversity between the FOSD and CtrlD groups. 
Figures 1D,E show the β-diversity of the FOSD and CtrlD groups. 
PCoA (p = 0.001) and NMDS analysis (p = 0.001) revealed a significant 

1 https://www.majorbio.com
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difference in the genus-level structure of the bacterial community 
between the FOSD and CtrlD groups during in vitro fermentation 
(Figures 1D,E).

Microbiome analysis

The relative abundance of different genera differed among the 79 
fecal samples, as shown by the bar plots in Figure 2A. Visualization of 
the corresponding abundance relationships between the samples and 
bacterial communities at the genus level using Circos analysis 
confirmed the results of the bar plot analysis (Figure 2B). Figure 2B 
shows the average relative abundance of the five genera predominant 
in fecal samples from both the FOSD and CtrlD groups, including 
Escherichia-Shigella (19.09% vs. 43.26%), Bifidobacterium (18.13% vs. 
1.80%), Streptococcus (16.48% vs. 8.44%), Bacteroides (4.19% vs. 
8.96%), and Lactobacillus (12.66% vs. 1.04%), respectively. To further 
determine whether specific bacterial taxa were differentially enriched 
in the FOSD group versus the CtrlD group, we applied the LEfSe 
analysis method, which is based on the LDA binding effect size. As 
shown in Figures  2C, 44 genera exhibited differences in content 
between the FOSD and CtrlD groups. For example, a significant 
enrichment of Bifidobacterium, Streptococcus, Lactobacillus, and 
Erysipelatoclostridium was identified in the FOSD group. Meanwhile, 

Escherichia-Shigella, Bacteroides, Lachnoclostridium, and 
Fusobacterium were significantly more abundant in fecal samples from 
the CtrlD group. We further evaluated the value of the gut microbiota 
as a biomarker using random forest model analysis. The AUC-Random 
Forest algorithm was used to identify an optimal random forest model 
that maximizes the AUC value of the ROC curve. In the validation 
queues of the FOSD and CtrlD groups, the first 18 genera were 
selected in order of feature importance to distinguish the FOSD group 
from the CtrlD group, as shown in Figure  2D. We  conducted 
specificity and sensitivity analyses for the first 18 genera. The AUC was 
0.87 (95% confidence interval [CI]: 0.79–0.95) (Figure 2E).

SCFA analysis

The composition and content of SCFAs were analyzed after 24 h 
of in vitro fermentation. Six SCFAs, including Ace, Pro, Isob, But, Isov, 
and Pen, were evaluated (Figure 4A). Compared to the CtrlD group, 
the FOSD group showed significantly lower levels of Isob (p ≤ 0.001) 
and Isov (p ≤ 0.01) (Figure  4A). Random forest model analysis 
revealed that among all the SCFAs tested, Isob and Isov were the most 
valuable biomarkers for distinguishing between the FOSD and CtrlD 
groups (Figure 4B). ROC curves of the gut microbiota and SCFAs 
were used to evaluate their sensitivity and specificity in distinguishing 

FIGURE 1

Diversity of gut microbiota after in vitro fermentation. α-diversity in the FOS and YCFA groups based on the (A) ACE index (p  =  0.008715), (B) Chao 
index (p  =  0.001438), and (C) Shannon index (p  =  0.000206) examined using the Wilcoxon rank-sum test. β-diversity at the genus level in the FOS and 
YCFA groups based on (D) PCoA (p  =  0.001) and (E) NMDS analysis (p  =  0.001).
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between the FOSD and CtrlD group, and the AUC was found to 
be 0.91 (95% CI: 0.85–0.98), as shown in Figure 4C. We used heatmaps 
and Spearman correlation coefficients to analyze the association 
between SCFAs showing significant changes and the relative 
abundance of bacterial genera (Figure  4D). Isob and Isov were 
positively correlated with Lachnoclostridium, Bacteroides, Collinsella, 
and Paeniclostridium but showed a significant negative correlation 
with Streptococcus.

Gas analysis

The composition and content of gases were analyzed after 24 h of 
in vitro fermentation. H2S (p ≤ 0.001) and NH3 (p ≤ 0.001) levels were 
significantly lower in the FOSD group than in the CtrlD group 
(Figure 3A). Using random forest model analysis, we identified H2S 
and NH3 as the most valuable microbial gas biomarkers for 
distinguishing between the FOSD and CtrlD groups, as shown in 
Figure 3B. ROC curves of the gut microbiota and SCFAs were used to 
evaluate their sensitivity and specificity in distinguishing the FOSD 
group from the CtrlD group, and the AUC was 0.92 (95% CI: 0.85–
0.98), as shown in Figure 3C. To analyze the relationships between 

gases and the gut microbiota, Spearman correlation heatmaps were 
adopted (Figure  3D). Among the eight bacterial genera with the 
highest differences in abundance, Escherichia-Shigella, Bacteroides, 
Lachnoclostridium, and Veillonella were positively correlated with H2S 
and NH3 levels, whereas Bifidobacterium, Streptococcus, and 
Lactobacillus showed a significant negative correlation.

Functional prediction

In order to predict and compare gut microbiota function between 
the FOSD and CtrlD groups, PICRUSt analysis for functional 
prediction was performed based on the KEGG database. Further, 
STAMP software was used to analyze the prediction results (p < 0.05), 
and pathways with a proportion of average relative abundance <1% 
were screened out (Figure 5). At Level 2, 12 metabolic pathways were 
found to be  significantly different (Figure  5A). Among them, six 
metabolic pathways were significantly more enriched in the FOSD 
group than in the CtrlD group, including global and overview maps 
(p = 0.006762) and nucleotide metabolism (p = 1.845e−6). Moreover, six 
metabolic pathways were significantly more enriched in the CtrlD 
group than in the FOSD group, including energy metabolism 

FIGURE 2

Composition of gut microbiota after in vitro fermentation: (A) Community bar plot analysis at the genus level shows the relative abundance of fecal 
microbes in each sample from the FOSD and CtrlD groups. (B) Circos analysis at the genus level displays the abundance relationship between samples 
and bacterial communities. (C) Gut microbiota comparisons at the genus level between the FOSD and CtrlD groups analyzed using LEfSe (LDA  >  2, 
p  <  0.05); (D) Bar plot showing the variable importance of gut microbes at the genus level constructed using random forest model analysis. 
(E) Performance of the model candidates assessed using the ROC analysis of gut microbes at the genus level: AUC  =  <0.5, no diagnostic value; 
AUC  =  0.5–0.7, low accuracy; AUC  =  0.7–0.9, certain degree of accuracy; AUC = >0.9, high accuracy.
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(p = 1.683e−9) and metabolism of cofactors and vitamins 
(p = 0.0001327). At Level 3, 12 metabolic pathways were found to 
be  significantly different (Figure  5B). Among them, eight were 
significantly more enriched in the FOSD group, including biosynthesis 
of secondary metabolites (p = 4.548e−6) and biosynthesis of amino 
acids ribosome (p = 3.3e−5), while four were significantly more 
enriched in the CtrlD group, including metabolic pathways 
(p = 0.0003577) and microbial metabolism in diverse environments 
(p = 2.9e−6).

Discussion

The communication between the gut microbiota and prebiotics 
could uncover the mechanistic role of the microbiota and its metabolic 
actions in the pathophysiology of pediatric diarrhea. This study aimed 
to obtain an improved understanding of the gut dysbiosis induced by 
functional diarrhea in childhood and the ameliorative effect of 
prebiotics on this condition.

Comprehensive information on the structural and functional 
configuration of the gut microbiota in school-age children is 
limited. In this study, we obtained a comprehensive overview of the 
gut microbial characteristics of 39 school-age children with 
functional diarrhea following in vitro fermentation. Our findings 
revealed that the microbiomes of the FOSD group (the model of 
children with functional diarrhea treated by FOS) exhibited 
increased microbial α- and β-diversity than those of the CtrlD 
group (the model of children with functional diarrhea). Diversity 
of the gut microbiota is essential for maintaining stable gut function 
(Liu et  al., 2022). Prebiotics, such as FOS, inulin, and pectic 
oligosaccharides, act as soluble decoy receptors that mimic the 
binding sites of pathogens, inhibiting pathogen colonization and 
facilitating pathogen elimination from the gut (Pujari and Banerjee, 
2021). Some studies have shown that prebiotics can exert a 
significant therapeutic effect and shorten the duration of acute 
watery diarrhea (Li et al., 2021a). Therefore, enhancement of gut 
microbial diversity is likely to underlie the FOS-induced defense 
against pediatric functional diarrhea.

FIGURE 3

Content of gas in different media during in vitro fermentation. (A) Levels of five gases in the FOSD and CtrlD groups. (B) Spearman correlation heatmap 
between gut microbes (genus level) and gases. (C) Bar plot showing the variable importance of gut microbes at the genus level and gases established 
using random forest model analysis; (D) Performance of model candidates assessed using the ROC analysis of gut microbes at the genus level and 
gases: AUC  =  <0.5, no diagnostic value; AUC  =  0.5–0.7, low accuracy; AUC  =  0.7–0.9, certain degree of accuracy; AUC = >0.9, high accuracy. Statistical 
significance thresholds: * 0.01  <  p  ≤  0.05; ** 0.001  <  p  ≤  0.01; *** p  ≤  0.001.
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Accumulating evidence has demonstrated that the gut microbiota 
maintains normal gut function, and an improvement in the gut’s 
microbial structure facilitates the amelioration of diarrhea (Palm et al., 
2015; Song et al., 2016; Liu et al., 2018; Li et al., 2021b). We compared 
gut microbiota composition between the FOSD and CtrlD groups and 
found that FOS remarkably increases the abundance of 
Bifidobacterium, Streptococcus, Lactobacillus, etc., while significantly 
reducing the abundance of Escherichia-Shigella, Bacteroides, 
Lachnoclostridium, Fusobacterium, etc. Characterization of the gut 
microbiota has shown that the relative abundance of Lactobacillus and 
Bifidobacterium is significantly lower in patients with functional 
diarrhea than in healthy controls (Negesse et al., 2022). The mixture 
of Bifidobacterium, Streptococcus, and Lactobacillus in probiotic blends 
significantly relieves abdominal pain in patients with moderate-to-
severe diarrhea (Skrzydło-Radomańska et  al., 2021). Limiting the 
growth of these harmful bacteria (Escherichia-Shigella, 
Lachnoclostridium, Fusobacterium, etc.) in the gut can also improve 
diarrhea symptoms (Ma et al., 2020; Hong et al., 2023). Using random 
forest analysis, we  identified specific gut microbial markers for 
differentiating the FOSD group from the CtrlD group. ROC curves for 
distinguishing between the FOSD group and the CtrlD group based 
on the gut microbes showed high accuracy. These findings suggest that 

characterization based on probiotics and harmful bacteria in the gut 
may be  useful for analyzing the effects of FOS interventions in 
children with functional diarrhea.

Alterations in microbial metabolites following diarrhea in 
children have been linked to changes in the gut microbiota (Rhoades 
et al., 2021). SCFAs are important fermentation products generated by 
the gut microbiota and can affect the integrity of the intestinal mucosa, 
glycolipid metabolism, and immune and inflammatory responses. 
They have also been implicated in the pathogenesis of functional 
diarrhea (Xiao et al., 2021). Ace, Pro, and But — which are produced 
from carbohydrates in the colon and are correlated with the gut 
microbiota — account for 95% of all gut SCFAs (Rajilić-Stojanović 
et al., 2015). In our study, the levels of Ace, Pro, and But did not differ 
between the FOSD and CtrlD groups. However, the levels of Isob and 
Isov showed a significant decrease in the FOSD group. Isob and Isov 
have received extremely little attention due to their very low levels in 
the gut (Xiao et al., 2021). However, several studies have reported that 
high and low concentrations of SCFAs produce facilitative and 
inhibitory effects, respectively, on accelerated transit rates in patients 
with functional diarrhea (Treem et  al., 1996; Tana et  al., 2010). 
Therefore, the significant reduction in Isob and Isov induced by FOS 
is likely to improve the diarrheal symptom of an accelerated transit 

FIGURE 4

SCFA levels in the FOSD and CtrlD groups during in vitro fermentation. (A) Levels of six SCFAs in the FOSD and CtrlD groups. (B) Spearman correlation 
heatmap between gut microbes (genus level) and SCFAs; (C) Bar plot showing the variable importance of gut microbes at the genus level and SCFAs 
established using random forest model analysis; (D) Performance of model candidates assessed using the ROC analysis of gut microbes at the genus 
level and SCFAs: AUC  =  <0.5, no diagnostic value; AUC  =  0.5–0.7, low accuracy; AUC  =  0.7–0.9, certain degree of accuracy; AUC = >0.9, high accuracy. 
Statistical significance thresholds: * 0.01  <  p  ≤  0.05; ** 0.001  <  p  ≤  0.01; *** p  ≤  0.001.
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rate in children. Further analysis in our study revealed that this effect 
of FOS may be closely related to the reduced relative abundance of 
Lachnoclostridium, and that Isob, Isov, and Lachnoclostridium are 
important biomarkers of FOS-induced improvement in childhood 
functional diarrhea.

In addition to SCFAs, gases are also important metabolites produced 
by the gut microbiota. The main gases produced by the gut microbiota 
are CH4, H2, H2S, NH3, and CO2 (Louis and Flint, 2017). In our study, the 
levels of H2S and NH3 were found to be significantly lower in the FOSD 
group, indicating that FOS can inhibit the production of H2S and NH3. 
Interestingly, evidence shows that the levels of H2S and NH3 are closely 
related to the severity of diarrhea (Banik et al., 2016; Chojnacki et al., 
2022). H2S as a signaling molecule is involved in several pathological 
processes in the gut, including inflammation and mucosal damage, and 
it is a risk factor for diarrhea-related diseases such as colitis and colon 
cancer (Villanueva-Millan et al., 2022). Meanwhile, the excess production 
of NH3 is responsible for increased intestinal secretion and contractions, 
which lead to diarrhea (Chojnacki et al., 2022). Therefore, the reduction 
in H2S and NH3 production due to FOS could be beneficial in improving 
the symptoms associated with diarrhea in children. Notably, our results 
also showed that H2S and NH3 could represent another important class 
of biomarkers for monitoring the FOS-induced improvement in 
pediatric functional diarrhea.

PICRUSt 2 analyses (level 3) in this study revealed that FOS alters 
bacterial metabolic pathways in childhood functional diarrhea. Starch 
and sucrose metabolism (p = 8.612e−8) were the most affected by 
FOS. Undigested starch and sucrose promote bacterial fermentation 
and gas production, with water diffusion, causing abdominal bloating, 
pain, and diarrhea. Probiotics such as Bifidobacterium and Lactobacillus 
can significantly relieve diarrhea by increasing starch and sucrose 
metabolism (Li et al., 2022; Bai et al., 2023). Therefore, it is highly likely 

that the promotion of Bifidobacterium and Lactobacillus proliferation 
by FOS led to improvements in starch and sucrose metabolism, 
facilitating recovery from functional diarrhea among children.

We acknowledge that the present study has several limitations. 
First, the findings in vitro fermentation system cannot fully reflect the 
intestinal fermentation in the human body. Second, the effects of gases 
on health remain poorly studied, and tools and techniques to accurately 
quantify the different gases produced in the gut are unavailable. 
Although we measured the production of various gases through our in 
vitro simulated fermentation system, how these gases — including H2S 
and NH3 — regulate the gut microbiota and influence metabolism to 
promote human health remains to be  explored. Furthermore, 16S 
rRNA sequencing technology cannot provide information on the 
functional characteristics of the gut microbiota. Hence, we could not 
evaluate the metabolic pathways contributing to the synthesis of 
FOS-related metabolites. Techniques such as metagenomics can 
be applied to better understand the functional characteristics of the gut 
microbiota in pediatric patients with functional diarrhea. Finally, more 
experimental techniques and analytical methods need to be adopted to 
explore the regulatory effect of FOS on the gut microbiota associated 
with functional diarrhea in children.

Conclusion

Diarrhea is among the most significant contributors to poor 
health and mortality in children. Functional diarrhea is caused by a 
disturbance in gut microbiota, especially the decline of microbial 
diversity, predominance of harmful bacteria, and alteration of 
bacterial metabolites and metabolic pathways. FOS, a plant-derived 
prebiotic, can significantly increase the diversity of gut microbiota in 

FIGURE 5

PICRUSt 2 functional prediction and Wilcoxon rank-sum test bar plots. Abundance of metabolic pathways based on KEGG categories at Level 2 (A) and 
Level 3 (B).
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children with functional diarrhea, promote the multiplication of 
probiotic bacteria, and inhibit the generation of harmful bacterial 
metabolites, thus facilitating recovery from functional diarrhea. The 
relevant differential metabolic pathways identified by microbial 
functional prediction analysis in this study could help us uncover the 
exact mechanism underlying the FOS-induced regulation of the gut 
microbiota for functional diarrhea management in children. Our 
findings provide innovative insights into the effects of FOS in the 
regulation of gut microbes during non-infectious pediatric diarrhea 
and indicate that FOS could be a powerful alternative to antibiotics, 
potentially reducing their clinical application.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be  found below: https://www.ncbi.nlm.nih.gov/, 
PRJNA978990.

Ethics statement

The studies involving humans were approved by the Ethical 
Committee of Hangzhou Centers for Disease Control and Prevention 
(No. 202047). The studies were conducted in accordance with the local 
legislation and institutional requirements. The human samples used in 
this study were acquired from The human samples used in this study 
were acquired from fresh fecal. Written informed consent for 
participation was not required from the participants or the participants’ 
legal guardians/next of kin in accordance with the national legislation 
and institutional requirements.

Author contributions

ZD: funding acquisition, data curation, formal analysis, and 
writing – original draft. JL: data curation, formal analysis, and 

methodology. WL and HF: data curation and formal analysis. JD, GR, 
and LZ: sample collection. XP: methodology, supervision, project 
administration, and review. XY: methodology, supervision, project 
administration, and review. All authors contributed to the article and 
approved the submitted version.

Funding

This research was supported by the Hangzhou Agricultural and 
Society Development Project (202004A20) and the Natural Science 
Foundation of Zhejiang Province (LYY22H280002).

Acknowledgments

The authors would like to thank all the reviewers who 
participated in the review, as well as MJEditor (www.mjeditor.com) 
for providing English editing services during the preparation of 
this manuscript.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Azad, M. A. K., Gao, J., Ma, J., Li, T., Tan, B., Huang, X., et al. (2020). Opportunities 

of prebiotics for the intestinal health of monogastric animals. Anim. Nutr. 6, 379–388. 
doi: 10.1016/j.aninu.2020.08.001

Bai, H., Liu, T., Wang, S., Shen, L., and Wang, Z. (2023). Variations in gut microbiome 
and metabolites of dogs with acute diarrhea in poodles and Labrador retrievers. Arch. 
Microbiol. 205:97. doi: 10.1007/s00203-023-03439-6

Banik, G. D., de, A., Som, S., Jana, S., Daschakraborty, S. B., Chaudhuri, S., et al. 
(2016). Hydrogen sulphide in exhaled breath: a potential biomarker for small intestinal 
bacterial overgrowth in IBS. J. Breath Res. 10:026010. doi: 10.1088/1752-7155/10/2/026010

Burgers, K., Lindberg, B., and Bevis, Z. J. (2020). Chronic diarrhea in adults: 
evaluation and differential diagnosis. Am. Fam. Physician 101, 472–480.

Chojnacki, C., Blonska, A., Medrek-Socha, M., Chojnacki, M., and Konrad, P. (2022). 
The clinical value of breath ammonia determination in patients with irritable bowel 
syndrome. Pol. Merkur. Lekarski 50, 360–363.

Collaborators, G. B. D. (2017). Estimates of global, regional, and national morbidity, 
mortality, and aetiologies of diarrhoeal diseases: a systematic analysis for the global 
burden of disease study 2015. Lancet Infect. Dis. 17, 909–948. doi: 10.1016/
S1473-3099(17)30276-1

Garbern, S. C., Nelson, E. J., Nasrin, S., Keita, A. M., Brintz, B. J., Gainey, M., et al. 
(2022). External validation of a mobile clinical decision support system for diarrhea 
etiology prediction in children: a multicenter study in Bangladesh and Mali. elife 11: 
e72294. doi: 10.7554/eLife.72294

Gibson, G. R., Hutkins, R., Sanders, M. E., Prescott, S. L., Reimer, R. A., 
Salminen, S. J., et al. (2017). Expert consensus document: the international scientific 
Association for Probiotics and Prebiotics (ISAPP) consensus statement on the 
definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 14, 491–502. doi: 
10.1038/nrgastro.2017.75

Hill, C., Guarner, F., Reid, G., Gibson, G. R., Merenstein, D. J., Pot, B., et al. (2014). 
Expert consensus document. The international scientific Association for Probiotics and 
Prebiotics consensus statement on the scope and appropriate use of the term probiotic. 
Nat. Rev. Gastroenterol. Hepatol. 11, 506–514. doi: 10.1038/nrgastro.2014.66

Hong, G., Li, Y., Yang, M., Li, G., Jin, Y., Xiong, H., et al. (2023). Baseline gut microbial 
profiles are associated with the efficacy of Bacillus subtilis and Enterococcus faecium in 
IBS-D. Scand. J. Gastroenterol. 58, 339–348. doi: 10.1080/00365521.2022.2136013

Hsiao, A., Ahmed, A. M., Subramanian, S., Griffin, N. W., Drewry, L. L., Petri, W. A., 
et al. (2014). Members of the human gut microbiota involved in recovery from Vibrio 
cholerae infection. Nature 515, 423–426. doi: 10.1038/nature13738

Jin, Y., Mankadi, P. M., Rigotti, J. I., and Cha, S. (2018). Cause-specific child mortality 
performance and contributions to all-cause child mortality, and number of child lives 
saved during the millennium development goals era: a country-level analysis. Glob. 
Health Action 11:1546095. doi: 10.1080/16549716.2018.1546095

Li, W., Kai, L., Jiang, Z., He, H., Yang, M., Su, W., et al. (2022). Bifidobacterium longum, 
Lactobacillus plantarum and Pediococcus acidilactici reversed ETEC-inducing intestinal 
inflammation in mice. Microorganisms 10. doi: 10.3390/microorganisms10122350

https://doi.org/10.3389/fmicb.2023.1233840
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
http://www.mjeditor.com
https://doi.org/10.1016/j.aninu.2020.08.001
https://doi.org/10.1007/s00203-023-03439-6
https://doi.org/10.1088/1752-7155/10/2/026010
https://doi.org/10.1016/S1473-3099(17)30276-1
https://doi.org/10.1016/S1473-3099(17)30276-1
https://doi.org/10.7554/eLife.72294
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1080/00365521.2022.2136013
https://doi.org/10.1038/nature13738
https://doi.org/10.1080/16549716.2018.1546095
https://doi.org/10.3390/microorganisms10122350


Du et al. 10.3389/fmicb.2023.1233840

Frontiers in Microbiology 10 frontiersin.org

Li, Y., Xia, S., Jiang, X., Feng, C., Gong, S., Ma, J., et al. (2021a). Gut microbiota and 
diarrhea: An updated review. Front. Cell. Infect. Microbiol. 11:625210. doi: 10.3389/
fcimb.2021.625210

Li, Y. D., Liu, B. N., Zhao, S. H., Zhou, Y. L., Bai, L., and Liu, E. Q. (2021b). Changes 
in gut microbiota composition and diversity associated with post-cholecystectomy 
diarrhea. World J. Gastroenterol. 27, 391–403. doi: 10.3748/wjg.v27.i5.391

Liu, B., Zhang, Y., Wang, R., An, Y., Gao, W., Bai, L., et al. (2018). Western diet feeding 
influences gut microbiota profiles in apoE knockout mice. Lipids Health Dis. 17:159. doi: 
10.1186/s12944-018-0811-8

Liu, M., Zhao, Q., Liu, J., Huang, A., and Xia, X. (2022). Buyang Huanwu decoction 
affects gut microbiota and lipid metabolism in a ZDF rat model of co-morbid type 2 
diabetes mellitus and obesity: an integrated metabolomics analysis. Front. Chem. 
10:1036380. doi: 10.3389/fchem.2022.1036380

Liu, W., Li, X., Zhao, Z., Pi, X., Meng, Y., Fei, D., et al. (2020). Effect of 
chitooligosaccharides on human gut microbiota and antiglycation. Carbohydr. Polym. 
242:116413. doi: 10.1016/j.carbpol.2020.116413

Louis, P., and Flint, H. J. (2017). Formation of propionate and butyrate by the human 
colonic microbiota. Environ. Microbiol. 19, 29–41. doi: 10.1111/1462-2920.13589

Ma, Z. J., Wang, H. J., Ma, X. J., Li, Y., Yang, H. J., Li, H., et al. (2020). Modulation of 
gut microbiota and intestinal barrier function during alleviation of antibiotic-associated 
diarrhea with Rhizoma Zingiber officinale (ginger) extract. Food Funct. 11, 10839–10851. 
doi: 10.1039/d0fo01536a

Mantegazza, C., Molinari, P., D'Auria, E., Sonnino, M., Morelli, L., et al. (2018). 
Probiotics and antibiotic-associated diarrhea in children: a review and new evidence on 
Lactobacillus rhamnosus GG during and after antibiotic treatment. Pharmacol. Res. 128, 
63–72. doi: 10.1016/j.phrs.2017.08.001

Negesse, Y., Fetene Abebe, G., Addisu, A., Setegn Alie, M., and Alemayehu, D. (2022). 
The magnitude of oral rehydration salt utilization in diarrhea hot spot regions of 
Ethiopia and its associated factors among under-five children: a multilevel analysis based 
on Bayesian approach. Front. Public Health 10:960627. doi: 10.3389/fpubh.2022.960627

Palm, N. W., de Zoete, M. R., and Flavell, R. A. (2015). Immune-microbiota interactions 
in health and disease. Clin. Immunol. 159, 122–127. doi: 10.1016/j.clim.2015.05.014

Pi, X., Yu, Z., Yang, X., Du, Z., and Liu, W. (2022). Effects of Zymosan on short-chain 
fatty acid and gas production in in vitro fermentation models of the human intestinal 
microbiota. Front. Nutr. 9:921137. doi: 10.3389/fnut.2022.921137

Pop, M., Walker, A. W., Paulson, J., Lindsay, B., Antonio, M., Hossain, M. A., et al. (2014). 
Diarrhea in young children from low-income countries leads to large-scale alterations in 
intestinal microbiota composition. Genome Biol. 15:R76. doi: 10.1186/gb-2014-15-6-r76

Pujari, R., and Banerjee, G. (2021). Impact of prebiotics on immune response: from 
the bench to the clinic. Immunol. Cell Biol. 99, 255–273. doi: 10.1111/imcb.12409

Rajilić-Stojanović, M., Jonkers, D. M., Salonen, A., Hanevik, K., Raes, J., Jalanka, J., 
et al. (2015). Intestinal microbiota and diet in IBS: causes, consequences, or 
epiphenomena? Am. J. Gastroenterol. 110, 278–287. doi: 10.1038/ajg.2014.427

Reiner, R. C., Graetz, N., Casey, D. C., Troeger, C., Garcia, G. M., Mosser, J. F., et al. 
(2018). Variation in childhood diarrheal morbidity and mortality in Africa, 2000-2015. 
N. Engl. J. Med. 379, 1128–1138. doi: 10.1056/NEJMoa1716766

Rhoades, N. S., Hendrickson, S. M., Prongay, K., Haertel, A., Gill, L., Edwards, R. A., 
et al. (2021). Growth faltering regardless of chronic diarrhea is associated with mucosal 
immune dysfunction and microbial dysbiosis in the gut lumen. Mucosal Immunol. 14, 
1113–1126. doi: 10.1038/s41385-021-00418-2

Rigo-Adrover, M., Pérez-Berezo, T., Ramos-Romero, S., van Limpt, K., Knipping, K., 
Garssen, J., et al. (2017). A fermented milk concentrate and a combination of short-chain 
galacto-oligosaccharides/long-chain fructo-oligosaccharides/pectin-derived acidic 

oligosaccharides protect suckling rats from rotavirus gastroenteritis. Br. J. Nutr. 117, 
209–217. doi: 10.1017/S0007114516004566

Rondanelli, M., Faliva, M. A., Perna, S., Giacosa, A., Peroni, G., and Castellazzi, A. M. 
(2017). Using probiotics in clinical practice: where are we now? A review of existing 
meta-analyses. Gut Microbes 8, 521–543. doi: 10.1080/19490976.2017.1345414

Rouhani, S., Griffin, N. W., Yori, P. P., Gehrig, J. L., Olortegui, M. P., Salas, M. S., et al. 
(2020). Diarrhea as a potential cause and consequence of reduced gut microbial diversity 
among undernourished children in Peru. Clin. Infect. Dis. 71, 989–999. doi: 10.1093/cid/
ciz905

Sanders, M. E., Merenstein, D. J., Reid, G., Gibson, G. R., and Rastall, R. A. (2019). 
Probiotics and prebiotics in intestinal health and disease: from biology to the clinic. Nat. 
Rev. Gastroenterol. Hepatol. 16, 605–616. doi: 10.1038/s41575-019-0173-3

Shin, A., Preidis, G. A., Shulman, R., and Kashyap, P. C. (2019). The gut microbiome 
in adult and pediatric functional gastrointestinal disorders. Clin. Gastroenterol. Hepatol. 
17, 256–274. doi: 10.1016/j.cgh.2018.08.054

Skrzydło-Radomańska, B., Prozorow-Król, B., Cichoż-Lach, H., Majsiak, E., 
Bierła, J. B., Kanarek, E., et al. (2021). The effectiveness and safety of multi-strain 
probiotic preparation in patients with diarrhea-predominant irritable bowel syndrome: 
a randomized controlled study. Nutrients 13:756. doi: 10.3390/nu13030756

Smalley, W., Falck-Ytter, C., Carrasco-Labra, A., Wani, S., Lytvyn, L., and Falck-Ytter, Y. 
(2019). AGA clinical practice guidelines on the laboratory evaluation of functional 
diarrhea and diarrhea-predominant irritable bowel syndrome in adults (IBS-D). 
Gastroenterology 157, 851–854. doi: 10.1053/j.gastro.2019.07.004

Snelson, M., de Pasquale, C., Ekinci, E. I., and Coughlan, M. T. (2021). Gut 
microbiome, prebiotics, intestinal permeability and diabetes complications. Best Pract. 
Res. Clin. Endocrinol. Metab. 35:101507. doi: 10.1016/j.beem.2021.101507

Song, H., Yoo, Y., Hwang, J., Na, Y. C., and Kim, H. S. (2016). Faecalibacterium 
prausnitzii subspecies-level dysbiosis in the human gut microbiome underlying atopic 
dermatitis. J. Allergy Clin. Immunol. 137, 852–860. doi: 10.1016/j.jaci.2015.08.021

Tana, C., Umesaki, Y., Imaoka, A., Handa, T., Kanazawa, M., and Fukudo, S. (2010). 
Altered profiles of intestinal microbiota and organic acids may be  the origin of 
symptoms in irritable bowel syndrome. Neurogastroenterol. Motil. 22:512-519, e114-515. 
doi: 10.1111/j.1365-2982.2009.01427.x

Treem, W. R., Ahsan, N., Kastoff, G., and Hyams, J. S. (1996). Fecal short-chain fatty 
acids in patients with diarrhea-predominant irritable bowel syndrome: in vitro studies 
of carbohydrate fermentation. J. Pediatr. Gastroenterol. Nutr. 23, 280–286. doi: 
10.1097/00005176-199610000-00013

Villanueva-Millan, M. J., Leite, G., Wang, J., Morales, W., Parodi, G., Pimentel, M. L., 
et al. (2022). Methanogens and hydrogen sulfide producing Bacteria guide distinct gut 
microbe profiles and irritable bowel syndrome subtypes. Am. J. Gastroenterol. 117, 
2055–2066. doi: 10.14309/ajg.0000000000001997

Xiao, L., Liu, Q., Luo, M., and Xiong, L. (2021). Gut microbiota-derived metabolites 
in irritable bowel syndrome. Front. Cell. Infect. Microbiol. 11:729346. doi: 10.3389/
fcimb.2021.729346

Ye, X., Pi, X., Zheng, W., Cen, Y., Ni, J., Xu, L., et al. (2022). The methanol extract of 
Polygonatum odoratum ameliorates colitis by improving intestinal short-chain fatty 
acids and gas production to regulate microbiota Dysbiosis in mice. Front. Nutr. 9:899421. 
doi: 10.3389/fnut.2022.899421

Youmans, B. P., Ajami, N. J., Jiang, Z. D., Campbell, F., Wadsworth, W. D., 
Petrosino, J. F., et al. (2015). Characterization of the human gut microbiome during 
travelers' diarrhea. Gut Microbes 6, 110–119. doi: 10.1080/19490976.2015.1019693

https://doi.org/10.3389/fmicb.2023.1233840
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fcimb.2021.625210
https://doi.org/10.3389/fcimb.2021.625210
https://doi.org/10.3748/wjg.v27.i5.391
https://doi.org/10.1186/s12944-018-0811-8
https://doi.org/10.3389/fchem.2022.1036380
https://doi.org/10.1016/j.carbpol.2020.116413
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1039/d0fo01536a
https://doi.org/10.1016/j.phrs.2017.08.001
https://doi.org/10.3389/fpubh.2022.960627
https://doi.org/10.1016/j.clim.2015.05.014
https://doi.org/10.3389/fnut.2022.921137
https://doi.org/10.1186/gb-2014-15-6-r76
https://doi.org/10.1111/imcb.12409
https://doi.org/10.1038/ajg.2014.427
https://doi.org/10.1056/NEJMoa1716766
https://doi.org/10.1038/s41385-021-00418-2
https://doi.org/10.1017/S0007114516004566
https://doi.org/10.1080/19490976.2017.1345414
https://doi.org/10.1093/cid/ciz905
https://doi.org/10.1093/cid/ciz905
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.1016/j.cgh.2018.08.054
https://doi.org/10.3390/nu13030756
https://doi.org/10.1053/j.gastro.2019.07.004
https://doi.org/10.1016/j.beem.2021.101507
https://doi.org/10.1016/j.jaci.2015.08.021
https://doi.org/10.1111/j.1365-2982.2009.01427.x
https://doi.org/10.1097/00005176-199610000-00013
https://doi.org/10.14309/ajg.0000000000001997
https://doi.org/10.3389/fcimb.2021.729346
https://doi.org/10.3389/fcimb.2021.729346
https://doi.org/10.3389/fnut.2022.899421
https://doi.org/10.1080/19490976.2015.1019693

	Effects of prebiotics on the gut microbiota in vitro associated with functional diarrhea in children
	Introduction
	Materials and methods
	Chemicals
	Collection of fresh fecal samples from children with functional diarrhea
	Isolation of gut microbiota
	In vitro anaerobic fermentation by the gut microbiota
	16S rRNA high-throughput sequencing of gut microbiota
	Determination of SCFAs during in vitro fermentation
	Determination of gases during in vitro fermentation
	Statistical analysis

	Results
	Alpha-diversity and beta-diversity
	Microbiome analysis
	SCFA analysis
	Gas analysis
	Functional prediction

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

