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Abstract
To understand the role of intestinal mucosal microbiota on mental stress-related diarrhoea, we collected the intestinal mucosa 
of mice treated with Folium senna extract gavage combined with restraint and tail pinch stress for 7 days; and intestinal 
mucosal microbiota characteristics were analyzed by 16S rRNA Pacbio SMRT gene full-length sequencing. The results 
showed that the diversity (i.e., alpha diversity including the Chao1, Simpson, ACE, and Shannon indices and beta diversity 
including the NMDS of weighted UniFrac distances) and composition of the microbial community in the intestinal mucosa 
of mice with diarrhoea and repeated stress changed significantly (P < 0.05). In the co-occurrence network, Staphylococcus 
sciuri and Escherichia fergusonii was identified as putative keystone species. Moreover, the characteristics of the intestinal 
microbial species was analyzed by LEfSe, Metastats, and group difference, and ten altered gut microbiota species can be 
used as characteristic microbes in the mice with diarrhoea and repeated stress: the abundances of Stigmatella aurantiaca, 
Candidatus arthromitus sp. SFB-mouse, Erythrobacter gaetbuli, Desulfitobacterium hafniense, Ochrobactrum pituitosum, 
and Candidatus arthromitus sp. SFB-mouse-NL in the model group were significantly lower than those in the control group 
(P < 0.05); whereas Microbacterium dextranolyticum, Klebsiella pneumoniae, Escherichia sp. BBDP27, and Streptococcus 
danieliae were enriched in the control group (P < 0.05). Collectively, mental stress-related diarrhoea increased the intestinal 
microbiota diversity. The species associated with mental stress-related diarrhoea including Microbacterium dextranolyticum, 
Klebsiella pneumoniae, Escherichia sp. BBDP27, and Streptococcus danieliae were significantly enriched; while the species 
which are beneficial to mental stress-related diarrhoea are Stigmatella aurantiaca, Candidatus arthromitus sp. SFB-mouse, 
Erythrobacter gaetbuli, Desulfitobacterium hafniense, Ochrobactrum pituitosum, and Candidatus arthromitus sp. SFB-
mouse-NL for its significantly depleted.

Keywords Functional gastrointestinal disorders · Diarrhoea · Psychological distress · Intestinal microbiota · Intestinal 
mucosa · Folium senna extract

Introduction

Gastrointestinal symptoms, especially diarrhoea, can be trig-
gered by the psychological distress (Berens et al. 2019). The 
psychological distress have a detrimental impact, manifest-
ing in functional gastrointestinal disorders (FGID) includ-
ing irritable bowel syndrome (IBS) (Hearn et al. 2020) and 
celiac disease (CD) (Coburn et al. 2019). The prevalence 
of FGID is high, with a population-based study suggesting 
62% for at least one gastrointestinal symptom according to 
the Rome IV criteria (Agrawal et al. 2020). 50–60% of the 
people who suffering from psychiatric conditions have been 
recorded to have progression of the gastrointestinal disorders 
(Agrawal et al. 2020). Clinical evidence shows that the psy-
chological distress could predict gastrointestinal disorders 
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and chronic diarrhoea in humans, in which 18% reported suf-
fering psychological distress (Clevers et al. 2019). Diarrhoea 
caused by psychological distress is currently considered as 
one of the worst public health problems due to the number of 
cases, difficulty of treatment, healthcare costs, and quality-
of-life issues for affected individuals.

Our understanding of the etiology and the pathogenesis 
of diarrhoea related to the psychological distress remained 
limited. It is now evident that microbial factors play key 
roles in its pathophysiology. Researches have demonstrated 
that microbiota such as Escherichia coli O and Clostridium 
difficile- contribute to the host nervous system (Jia et al. 
2018; Holtmann et al. 2017), which is highlighted associa-
tions between diarrhoea and mental stress. The microbiota-
derived metabolites can serve as neurochemicals to induce 
the expression of norepinephrine (NE), 5-hydroxytryptamine 
(5-HT), and dopamine (DA) and increased the expression 
of Aquaporin-3 (AQP-3) to alter the intestinal permeability 
(Holtmann et al. 2017). The increased intestinal permeabil-
ity is dominated by diarrhoea associated with intestinal bac-
terial overgrowth (Pimentel et al. 2020). Furthermore, the 
intestinal mucosal barrier primarily composed of biological 
and immunologic barriers is the key role in the interaction 
with the brain-gut axis by regulation of endocrine and neu-
rologic functions (Plaza-Diaz et al. 2019). Moreover the 
microbiota colonized in the intestinal mucosa (i.e., intestinal 
mucosal biological barrier) is more sensitive and charac-
teristic to the intestinal nerve response (Sokol et al. 2020). 
But there are no studies have comprehensively examined the 
microbiotal composition and characteristics of the diarrhoea 
related to psychological stress.

Further research on the associations of the intestinal 
mucosa microbiome with diarrhoea related to psycho-
logical stress is warranted. Referring to our previous 
researches (Yuan et al. 2020; Liu et al.2020), in this study 
the animal model of diarrhoea with mental stress was 
established by the Folium senna extract gavage combined 
with restraint and tail pinch stress for 7 days in KM mice. 
Our previous study have shown that Folium sennae has 
a good immediate and effective cathartic effect (Long 
et al. 2018), so it can be used to construct the model of 
animal diarrhoea to support research on the disturbance 
of microbiota triggered by food intake (Lu et al. 2020). 
And the repeated tail pinch and restraint are often used to 
imitate environmental stressors to investigate the develop-
ment of chronic unpredictable mild stress, since it could 
cause forms of mental stress such as pain and restless-
ness (Huang et al. 2020; Guerrero-Bautista et al. 2019). 
In addition, in our study a new improved technique of 16S 
rRNA gene sequencing, PacBio Single molecule real-time 
(SMRT) sequencing technology, was used to accurately 
obtain the information of rRNA gene full-length sequence 
(Johnson et al. 2019; Hsieh et al. 2019). Pacbio SMRT 

sequencing technology can greatly improve ability to 
analyze the diversity of microbiota at the species level 
to screen potential biomarkers to connect diarrhoea and 
mental stress.

In our previous research (Zhang et al. 2020), we found 
that Folium sennae can alter the intestinal bacterial charac-
teristic and intervene the tryptophan metabolism of intestinal 
microflora, such as Streptococcus, Sutterella and Dorea. So 
considering the role of tryptophan secondary metabolites 
on gastrointestinal nerve responding to mental stress, we 
investigated the microbiotal characteristics of the intestinal 
fecal of mice treated with Folium senna gavage combined 
with environmental stressors including restraint and tail 
pinch stress in this study. But in our study on the intestinal 
microbiota diversity of Folium senna gavage combined with 
restraint and tail pinch stress, we found the differences of 
composition and abundance of species were not significant 
in intestinal fecal of mice with diarrhoea and repeated stress 
(Yuan et al. 2020). Recent studies have found that the micro-
biota colonized in the intestinal mucosa is more sensitive 
and characteristic to the intestinal nerve response (Sokol 
et al. 2020). Thus, we hypothesized that there was a greater 
sensitivity to changes in intestinal microflora diversity and 
community structure in the intestinal mucosa of stress-
related diarrhoea mice. The aim of the current study was 
to systematically characterize overall differences in intesti-
nal mucosa microbial communities of mice with diarrhoea 
and repeated stress using the Pacbio SMRT gene full-length 
sequencing. The current study will first clarify the mucosa 
microbial characteristics of diarrhoea related to repeated 
mental stress and the potential biomarkers of diarrhoea with 
repeated mental stress.

Materials and methods

Experiment materials and reagents preparation

Five hundred grams of Folium sennae used in this study 
originated in Yunnan Province and provided by out-patient 
pharmacies of First Hospital of Hunan University of Chinese 
Medicine. Referring to our previous experiment, the Folium 
sennae filtrate was evaporated and concentrated into 500 mL 
(1 g/mL crude drug) decoction in a 75 °C rotary evaporator 
and preserved at 4 °C.

Total microbial genomic DNA samples were extracted 
using the OMEGA DNA isolation kit (Omega, D5625-01, 
USA) following the manufacturer’s instructions. PCR ampli-
fication of the nearly full-length bacterial 16S rRNA genes 
was performed using the forward primer 27F (5′-AGA GTT 
TGATCMTGG CTC AG-3′) and the reverse primer 1492R 
(5′-ACC TTG TTA CGA CTT-3′).
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Animals and procedures

10 SPF KM mice (10-wk-old male, 20 ± 2 g on average) 
were purchased from Hunan Slaccas Jingda Laboratory 
(SJA) Animal Company (Hunan, China), with licence num-
ber SCXK (Xiang) 2016-0002. All the experimental animals 
were carried out in a shielded environment at the Animal 
Experiment Center of the Hunan University of Chinese 
Medicine with license number SYXK (Xiang) 2015-0003, 
ensuring ventilation, light avoidance, cleanliness and quiet-
ness, at a relative humidity of 47–53% and temperature of 
23–25 °C, and were fed with unified standard feed purchased 
from Hunan SJA Laboratory Animal Company (Hunan, 
China).

The method of animal modeling in this study refers to our 
previous researches (Yuan et al. 2020; Liu et al. 2020). All 
the mice were randomly divided into two groups: five mice 
in the control group (gcm) and five mice in the model group 
(gmm). The mice were intragastrically administered once 
a day: at 9 am, the mice in the model group were received 
0.35 mL of Folium senna extract while the mice in the con-
trol group were given the same dose of distilled water for 
7 days continuously. At 3 pm, the mice in the model group 
were restrained in a constraint tube, and the distal 1/3 of the 
tail was pinched with a clip for 1 h each time for each day. 
The mice in the control group were without intervention.

Each mouse in two groups was sacrificed by cervical 
dislocation at day 8 for collecting intestinal mucosa sam-
ples. Intestine from the jejunum to rectum was stripped and 
flushed with PBS for removing contents. Then the intesti-
nal tissue samples were cut longitudinally and the intestinal 
mucosa was scraped. The intestinal mucosa were collected 
immediately frozen at – 80 °C for DNA extraction.

Total DNA extraction from intestinal mucosa 
samples

Total microbial genomic DNA of intestinal mucosa sam-
ples were extracted following the manufacturer’s instructions 
and stored at – 20 °C. The quantity and quality of extracted 
DNAs were measured using a NanoDrop ND-1000 spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA) 
and agarose gel electrophoresis, respectively.

PCR amplification and sequencing analysis

The extracted DNA was amplified with two-step PCR, with 
sample-specific 16-bp barcodes were incorporated into the 
forward and reverse primers for multiplex sequencing in the 
second PCR step. The amplification system was prepared 
as follows: 5 μL of Q5 reaction buffer (5 ×), 5  μL of Q5 
High-Fidelity GC Bufer (5 ×), 0.25 μL of Q5 High-Fidelity 
DNA Polymerase (5 U/μL), 2 μL (2.5 mM) of dNTPs, 1 μL 

(10 μmol/L) each of the forward and reverse primers, 2 μL 
of DNA template, and 8.75 μL of ddH2O. After thermal 
cycling a total of PCR amplicons were purified with Agen-
court AMPure Beads (Beckman Coulter, Indianapolis, IN) 
and quantified using the PicoGreen dsDNA Assay Kit (Inv-
itrogen, Carlsbad, CA, USA). Single Molecule Real Time 
(SMRT) sequencing technology was performed using the 
PacBio Sequel platform at Shanghai Personal Biotechnology 
Co., Ltd (Shanghai, China), and PacBio circular consensus 
sequencing (CCS) reads were derived. Raw sequences were 
initially processed through the PacBio SMRT Link portal 
(version 5.0.1.9585), and the raw sequences read with exact 
matches to the barcodes were assigned to respective samples 
and identified as valid sequences.

After chimera detection, the remaining high-quality 
sequences were clustered into OTUs at 97% sequence iden-
tity with UCLUST. OTUs containing less than 0.001% of 
total sequences across all samples were discarded.

Bioinformatics and statistical analysis

Sequence data analyses were mainly performed using 
QIIME and R packages (v3.2.0). Alpha diversity indices 
were computed using the OTU table in QIIME. Beta diver-
sity analysis was performed to investigate the structural 
variation of microbial communities across samples using 
UniFrac distance metrics. Co-occurrence analysis was per-
formed by calculating Spearman’s rank correlations between 
predominant taxa. Correlations with RHO > 0.6 and P < 0.01 
were visualized as co-occurrence network using Cytoscape. 
Using the software of Mothur, the statistical algorithm of 
metastats (https ://metas tats.cbcb.umd.edu/) was called 
to test the sequence size (i.e., absolute abundance) differ-
ence of each taxon at the level of species. LEfSe (Linear 
discriminant analysis effect size) was performed to detect 
differentially abundant taxa across groups using the default 
parameters. Statistical analyses were performed with R 3.6.1 
statistical software using the Student’s paired or unpaired 
t test. P < 0.05 was considered as statistically significance.

Results

Diversity analysis of intestinal mucosal microbiota

The number of OTUs can be compared in different samples 
under the same sequencing depth in the sparse curve, so as 
to measure the diversity of each sample to a certain extent. 
As shown in Fig. 1, the sparse curve flattens after 500 bps 
means the sample size was enough to estimate the commu-
nity richness.

To investigate variances of diversity of intestinal mucosal 
microbiota between groups gmm and gcm, microbial alpha 

https://metastats.cbcb.umd.edu/
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diversity including the Chao1, Simpson, ACE, and Shannon 
indices were used to estimate richness and diversity (Yin 
et al. 2020). We found that alpha diversity was significantly 
increased in group gmm compared with the control group 
(P < 0.05). These results indicate that intraindividual bacte-
rial diversity in mice with diarrhoea and repeated stress dis-
tinctly differed from normal mice (Fig. 2a–e). Moreover, the 
NMDS of weighted UniFrac distances were used to measure 
beta diversity in groups (Han et al. 2016). The main pur-
pose of beta diversity analysis is to investigate the similarity 
of community structure among different samples, and the 
results showed that the intestinal mucosal microbial diver-
sity of the mice with diarrhoea and repeated stress (gmm) 
was significantly different from that of the control group 
(gcm) in weighted UniFrac distances (ANOSIM R = 0.2480, 
P = 0.041, Fig. 2f).

Altered component analysis of the dominant 
microbiota

As shown in Fig. 3a, taxonomic analysis identified the OTU 
number of microbiota at each classification level. At all the 
six microbiota levels, the number of microbial taxa in mice 
with diarrhoea and repeated stress was higher than that in 
control group, with no statistically significant difference 
(P > 0.05). OTUs were identified into 15 prokaryotic phyla 
from the gene sequences (the sequences that could not be clas-
sified into any known groups were specified as other), and 
the relative abundance of 15 phyla varied between group gcm 
and gmm (Fig. 3b). The dominant (relative abundance > 5%) 
phyla in group gcm and gmm were Proteobacteria (39.32% vs. 

51.61%), Firmicutes (50.37% vs. 34.34%), and Bacteroidetes 
(7.63% vs. 8.40%), and these dominant phyla accounted for 
over 94% of all sequences.

When the OTUs were analysed at genus level, a total of 147 
genera were detected in all samples and relative abundance of 
top 20 was shown in Fig. 3c. The relative abundance of the 
dominant genera in two groups were obviously different: the 
mice with diarrhoea and repeated stress (gmm) was dominated 
by Staphylococcus (21.02%), Pelomonas (18.20%), Ralstonia 
(12.15%), Vibrionimonas (7.67%), Helicobacter(6.39%), 
and Lactobacillus(6.04%) which accounted for 71.47% of all 
sequences; in the control group (gcm), the dominant genera 
were Candidatus arthromitus (32.17%), Pelomonas (17.22%), 
Ralstonia (12.46%), and Vibrionimonas (6.65%), accounting 
for over 68.50% of all sequences.

A total of 266 species were detected in all samples 
and relative abundance of top 20 was shown in Fig. 3d. 
Compared with group gcm, the dominant (relative abun-
dance > 5%) species of reduction in group gmm were Can-
didatus arthromitus sp. SFB-mouse (31.96% vs. 2.15%) 
and Ralstonia insidiosa (12.24% vs. 12.02%); the dominant 
species increased in group gmm were Pelomonas saccha-
rophila (12.22% vs. 18.20%), Staphylococcus lentus (6.81% 
vs. 13.15%), and Vibrionimonas magnilacihabitans (6.65% 
vs. 7.67%).

Co‑occurrence network analysis of the species 
colonized in intestinal mucosa of mice

To explore the functional correlation between the species 
colonized in intestinal mucosa of mice, a correlation matrix 

Fig. 1  Rarefaction curve diagrams (a) and Veen diagram (b) of 
OTUs. a The abscissa represents the sequences randomly selected 
per sample, and the ordinate represents the number of OTUs found 
at the corresponding depth. The fatter the curve is, the more suficient 

the sequencing result; gcm 1–5, control groups 1–5, gmm 1–5 model 
groups 1–5. b OUT numbers. Red, the number of OTUs in gcm 
group; purple, the number of OTUs in gcm group
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was calculating using the Spearman’s correlation coefficients 
between microbial communities at the species level (Ossow-
icki et al. 2020; Sun et al. 2020). As shown in Fig. 4, a total 
of 31 significant species mainly clustered into 2 networks and 
5 interrelationships determined based on an RHO > 0.6 and 
P < 0.01. Specifically, Staphylococcus sciuri, Staphylococ-
cus stepanovicii, Staphylococcus vitulinus were significantly 

associated with seven species (Fig. 4a). In addition, Escheri-
chia fergusonii was negatively correlated with four species 
including Beijerinckia fluminensis, Acinetobacter johnso-
nii, Vibrionimonas magnilacihabitans, and Ochrobactrum 
anthropi (Fig. 4b). There are five interrelationships shown 
as Fig. 4c, Lactobacillus intestinalis was positively corre-
lated Brevundimonas diminuta; Leclercia adecarboxylata 

Fig. 2  Diversity of the microbial community in the intestinal mucosa 
of the mice with diarrhoea and repeated stress (gcm) and the mice 
given distilled water (gmm). Alpha diversity was evaluated based 
on the Simpson (a), Chao1 (b), ACE (c), and Shannon (d) indices 
of the OTU levels. Principal coordinate analysis of beta diversity 

was based on the weighted UniFrac (e) and UPGMA clustering (f) 
analyses of weighted UniFrac distance matrix. Each point represents 
a sample. The closer the points are, the more similar the structures of 
the communities. gcm control group, gmm model group. *P < 0.05; 
**P < 0.01
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was positively correlated Enterobacter ludwigii. These cor-
relation data suggested the mice with diarrhoea and repeated 
stress exhibited abnormal colonization of Staphylococcus and 
Escherichia, which may result in significant taxonomic pertur-
bations in the intestinal mucosal microbiome.

Key biomarkers for mice with diarrhoea 
and repeated stress

LEfSe is an analysis method based on linear discriminant 
analysis (LDA) effect size combined linear discriminant 

analysis with Kruskal Wallis and Wilcoxon rank sum test 
to screen key biomarkers (i.e. key community members) 
(Ozkul et al. 2020). LEfSe was used to determine whether 
specific bacterial taxa were differentially enriched in the 
mice with diarrhoea and repeated stress (gmm) compared 
with the control mice (gcm). Using a logarithmic LDA 
score cutoff of 2, we identified nine discriminatory micro-
bial taxas as key discriminants (P < 0.05, Fig. 5a), and the 
different level taxon was shown in Fig. 5b. Three species 
including Stigmatella aurantiaca, Microbacterium dex-
tranolyticum, and Klebsiella pneumoniae were identified 

Fig. 3  Composition profiles of microbiota colonized in intestinal 
mucosa in the mice with diarrhoea and repeated stress (gcm) and the 
mice given distilled water (gmm). a Mean OTUs at each classifica-
tion level; Phylum-level bacteria (b), Genus-level bacteria (c), and 
Species-level bacteria (d) were significantly different between the 2 

groups; data were showed as relative abundance (%) of top 20 most 
abundant in each group. The abscissa is arranged according to group. 
The ordinate shows the relative abundance. The same colour repre-
sents the same classification unit, and longer bars indicate higher rel-
ative abundances of units
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as key biomarkers: Stigmatella aurantiaca was signifi-
cantly overrepresented in the intestinal mucosa of group 
gcm, whereas Microbacterium dextranolyticum, and Kleb-
siella pneumoniae were enriched in group gmm.

Metastats is a classical statistical method of microe-
cology (Wang et al. 2019), which tests the difference of 
sequence size (i.e., absolute abundance) between samples 
(groups) of different level taxon. As shown in Fig. 5c, 
six species including Stigmatella aurantiaca, Candida-
tus arthromitus sp. SFB-mouse, Erythrobacter gaetbuli, 
Desulfitobacterium hafniense, Ochrobactrum pituitosum, 
and Candidatus arthromitus sp. SFB-mouse-NL were 
significantly overrepresented in the group gcm, whereas 
Escherichia sp. BBDP27 and Streptococcus danieliae were 
enriched in group gmm.

Statistical analysis of differences of relative abundance 
between groups in different level taxon was shown in Fig. 5d: 
the depth of the heat map color represents the relative abun-
dance, and significant differences in the proportions of two 
intestinal microbes were found at the species level. The abun-
dance of Stigmatella aurantiaca was absent expression, and 
that the abundances of Escherichia sp. BBDP27 substantially 
increased from 0.20 to 0.56% in intestinal mucosa of the mice 
with diarrhoea and repeated stress.

Fig. 4  Co-occurrence network analysis of dominant species (top50). 
The connection between the nodes indicates that there is a correlation 
between the two species; the red line indicates a positive correlation; 
the green line indicates a negative correlation. The more connections 

a node has, the more association it has with other species. Correla-
tions with RHO > 0.6 and P < 0.01 were visualized as co-occurrence 
network
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Discussion

Combined with our previous studies on the diversity and 
structure of intestinal microflora in diarrhoea caused by vari-
ous stressors, the results of the current study on the intestinal 
mucosal microflora in mental stress-related diarrhoea are of 
guiding significance for FGID clinical. After the treatment 
of Folium senna gavage combined with restraint and tail 
pinch stress, the diversity index and the NMDS of weighted 
UniFrac distances was significantly different, which showed 
that the diversity and composition of the microbial com-
munity in the intestinal mucosa of mice with diarrhoea 
and repeated stress changed significantly. Specifically, the 
diversity of microflora in the intestinal mucosa of mice with 
diarrhoea and repeated stress is more abundant, which also 

means that the bacteria are overgrown. It was found clini-
cally that the risk of FGID (especially stress-related diar-
rhoea) was 4.5 times higher than that of those without small 
intestinal bacterial overgrowth (SIBO) (Shah et al. 2020). On 
the contrary, our previous studies have shown that dietary 
intake of Folium sennae and the antibiotic abuse can cause 
diarrhoea and reduce the diversity of intestinal microflora 
(Long et al. 2017, 2018; Zeng et al. 2019). Whether the 
SIBO can be a characteristic manifestation of diarrhoea is 
controversial (Pimentel et al. 2020; Sundin et al. 2020; Shah 
et al. 2020). The study shows that compared with Folium 
sennae induced diarrhoea the mental stress induced diar-
rhoea seems more likely to develop SIBO. Moreover, the 
difference of microbiota community structure in intestinal 
mucosa is more significant compared with our previous 

Fig. 5  Key biomarkers for mice with diarrhoea and repeated stress. a 
Cladogram generated from the LEfSe analysis indicating the phylo-
genetic distribution from phylum to species of the microbiota. Dia-
gram of taxonomic units with significant differences between groups. 
The ordinate represents the taxa with significant differences, and 
the abscissa represents the LDA scores visualized as bars. The bars 
are ordered by score to describe the differences in each sample. The 
longer the bar is, the more significant the difference. b Diagram of 
intergroup difference in taxonomic units based on the classification 
tree. Histogram of LDA scores to identify differentially abundant bac-
terial species (LDA score ≥ 2, P < 0.05). The cladogram shows all the 

hierarchical relationships among the taxonomic units from phylum 
to species. The node sizes correspond to the average relative abun-
dances of the taxa. The colour indicates a significant difference in the 
taxa and high abundance in the sample; green colour represents gcm 
group, red colour represents gmm group. The letters identify taxa 
had obvious differences. c Abundance distribution between groups at 
the species level. The 8 absolute abundance difference at the level of 
species was test by the statistical algorithm of metastats (P < 0.05). 
d Relative abundance heat map. Red color means low relative 
abundance; green color means high relative abundance. *P < 0.05; 
**P < 0.01
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studies on fecal diversity sequencing of mice with diarrhoea 
and repeated stress (Yuan et al. 2020). In other words, the 
microbiota colonized in the intestinal mucosa is more sensi-
tive and characteristic to response between environmental 
stressors and the physiological function of the gastrointesti-
nal tract. Therefore, the current study supports the intestinal 
mucosal biological barrier effect on stress-related diarrhoea.

The altered microbial community structure in diarrhoea 
caused by repeated mental stress is one of the character-
istics of the damage of intestinal mucosal biological bar-
rier function. Bacteroides and Firmicutes are the dominant 
bacteria in human intestine, and the Firmicutes/Bacteroi-
detes ratio (F/B) is associated with glycolipid metabolism 
(Yang et al. 2019) regulate key metabolic pathways that are 
necessary for growth, reproduction, and immunity, metab-
olism of the host (Xie et al. 2020). In the current study, 
the F/B decreased from 6.60 to 3.88; and it is consistent 
with the clinical research results of chronic stress mental 
disease, which suggests that patients with chronic stress 
mental disease have a lower level of F/B (Ahmed et al. 
2020). According to the results of co-occurrence network 
analysis, Staphylococcus and Escherichia fergusonii were 
found to have an intervention effect on the overall change 
of microbial community structure. Staphylococcus (Wahbi 
et al. 2020) and Escherichia (Karki et al. 2020) are major 
pathogens predominantly associated with digestive disor-
ders and bacterial infections. The chronic inflammation 
of intestine or host such as visceral hypersensitivity is the 
basic pathogenesis of postinflammatory and neuropathic 
pain caused by mental stress-related diarrhoea (Theofanous 
et al. 2020). In terms of generic level, it was found that the 
abundance of Streptococcus has increased significantly in 
this research. In our previous study, ten genera were found to 
have statistical significance in the mice with Folium sennae 
intervention. The increased abundance of Paraprevotella, 
Streptococcus, Epulopiscium, Sutterella and Mycoplasma 
and the decreased abundance of Adlercreutzia, Lactobacil-
lus, Dehalobacterium, Dorea and Oscillospira were found 
significantly. Compared with the current research, Strepto-
coccus is a key genus to diarrhoea caused by Folium sennae 
for its increased expression in both two studies.

Moreover, microbiota at the species level was analyzed to 
screen potential biomarkers to connect diarrhoea and mental 
stress. In the current study, three microecological analysis 
methods, including LEfSe, Metastats, and group difference 
analysis, were used to screen biomarkers of diarrhoea related 
to mental stress. In aggregate, the abundances of Stigma-
tella aurantiaca, Candidatus arthromitus sp. SFB-mouse, 
Erythrobacter gaetbuli, Desulfitobacterium hafniense, 
Ochrobactrum pituitosum, and Candidatus arthromitus sp. 
SFB-mouse-NL in the model group were significantly lower 
than those in the control group, whereas Microbacterium 
dextranolyticum, Klebsiella pneumoniae, Escherichia sp. 

BBDP27, and Streptococcus danieliae were enriched in the 
control group, and these species could be used as charac-
teristic microbes in the model group. The characteristics of 
abundance variety of species of diarrhoea related to men-
tal stress showed the increase of the pathogenic bacteria 
including Klebsiella pneumoniae, Escherichia sp. BBDP27, 
and Streptococcus danieliae. Klebsiella pneumoniae and 
Escherichia are important opportunistic pathogens com-
monly defined as highly drug-resistant superbugs capable 
of causing invasive disease (Chen et al. 2020; Palmer et al. 
2020), and drug-resistant bacterial infection is very associ-
ated with chronic recurrent diarrhoea and inflammation. The 
species characteristics of abundances variety of diarrhoea 
related to mental stress showed the decrease of the probi-
otics including Stigmatella aurantiaca, Candidatus arthri-
tis, and Desulfitobacterium hafniense. Bioactive secondary 
metabolite produced by Stigmatella aurantiaca are kinds 
of potential biopharmaceutical resources, especially angio-
tensin-converting microbial enzyme might cleave Aβ pep-
tides and delay neurodegeneration (Jalkute and Sonawane 
2015). The bioactive compound from Desulfitobacterium 
hafniense, has an effect on radical scavenging and antili-
poperoxidant activity, as the same as Candidatus arthritis, 
which is related to nervous system damage for the reactive 
oxygen species generated by oxidative stress (Begines et al. 
2019; Wakita et al. 2019). Furthermore, when investigating 
the microbiotal characteristics of the intestinal fecal of mice 
treated with Folium senna gavage combined with environ-
mental stressors including restraint and tail pinch stress, we 
found species including Bacteroides vulgatus, Helicobacter 
ganmani, Staphylococcus lentus and Lactobacillus murinus, 
were significantly enriched, while species such as Candida-
tus arthromitus sp. SFB-mouse and Lactobacillus johnsonii, 
were significantly depleted (Yuan et al. 2020). Colonization 
of Candidatus arthromitus sp. SFB-mouse in both intesti-
nal mucosa and feces decreased or even disappeared, which 
indicates its important role in stress-related diarrhoea.

Surprisedly, it was found that Stigmatella aurantiaca 
has the potential to mark mental stress-related diarrhoea 
in all the three differential analysis. Stigmatella auranti-
aca is a gram-negative bacterium belonging to the genus 
Myxobacteria which are efficient chitin degraders (Sharma 
and Subramanian  2017). Stigmatella aurantiaca has been 
known as a rich source of secondary metabolites such as 
angiotensin-converting biological enzyme and myxobac-
terial extracts, with the potential neuroprotective effects 
contribute to host primary human neurons (Dehhaghi 
et al. 2019). In the current study, absent expression of 
Stigmatella aurantiaca in the intestinal mucosa of mice 
with diarrhoea and repeated stress accompanied by SIBO. 
Antibiotics can inhibit SIBO and have a therapeutic benefit 
in patients with stress-related diarrhoea (Chey et al. 2020). 
Stigmatella aurantiaca belongs to the bacteriolytic group 
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of myxobacteria with function of degrading and utilizing 
living bacteria. The secondary metabolites of Stigmatella 
aurantiaca as a kind of methoxymethacrylate fungicides 
can be used as biological antibiotics with low cytotoxic-
ity and high safety (Panter et al. 2019; Müller et al. 2019). 
Based on our previous experience in the cultivation of 
Debaryomyces hansenii for the treatment of antibiotic-
related diarrhoea (He et  al. 2017, 2019), Stigmatella 
aurantiaca is an important resource for potential treatment 
to mental stress-related diarrhoea. Therefore, it is worthy 
of further research.

Conclusion

In summary, the current study revealed shifts in the diver-
sity and compositions of microbiota colonized in intesti-
nal mucosa of mice with diarrhoea and repeated stress. 
Microbiota characteristics such as microbial diversity 
enrichment, microbial community reconstruction were 
found significantly associated with mental stress-related 
diarrhoea. The altered gut microbiota species with distinct 
characteristics were detected, such as Stigmatella auranti-
aca, Candidatus arthromitus sp. SFB-mouse, Erythrobac-
ter gaetbuli, Desulfitobacterium hafniense, Ochrobactrum 
pituitosum, Microbacterium dextranolyticum, Klebsiella 
pneumoniae, Escherichia sp. BBDP27, Streptococcus dan-
ieliae, and Candidatus arthromitus sp. SFB-mouse-NL. 
The altered species can be acted as potential biomarkers 
for the mental stress-related diarrhoea.

Further studies should assess the role of the character-
istic microbiota in intestinal mucosal biological barrier 
and broaden the analysis to evaluate the effect of second-
ary metabolites from the characteristic microbiota on host 
response to get more complete picture of the pathogenesis 
of FGID, with the hope of developing the biological sup-
plements for therapeutic targets in FGID therapy.
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