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The gut microbiota has been identified as a predictive biomarker for various diseases.
However, few studies focused on the diagnostic accuracy of gut microbiota derived-
signature for predicting hepatic injuries in schistosomiasis. Here, we characterized the gut
microbiomes from 94 human and mouse stool samples using 16S rBRNA gene
sequencing. The diversity and composition of gut microbiomes in Schistosoma
japonicum infection-induced disease changed significantly. Gut microbes, such as
Bacteroides, Blautia, Enterococcus, Alloprevotella, Parabacteroides and Mucispirillum,
showed a significant correlation with the level of hepatic granuloma, fibrosis,
hydroxyproline, ALT or AST in S. japonicum infection-induced disease. We identified a
range of gut bacterial features to distinguish schistosomiasis from hepatic injuries using
the random forest classifier model, LEfSe and STAMP analysis. Significant features
Bacteroides, Blautia, and Enterococcus and their combinations have a robust
predictive accuracy (AUC: from 0.8182 to 0.9639) for detecting liver injuries induced by
S. japonicum infection in humans and mice. Our study revealed associations between gut
microbiota features and physiopathology and serological shifts of schistosomiasis and
provided preliminary evidence for novel gut microbiota-derived features for the non-
invasive detection of schistosomiasis.

Keywords: Schistosoma japonicum, schistosomiasis, parasites, gut microbiota, non-invasive

INTRODUCTION

Schistosomiasis, one of the most important human parasitic diseases, affects over 240 million people
and threatens nearly one-eighth of the world population at risk of infection worldwide (1-3). This
zoonotic disease is caused by trematodes of the genus Schistosoma including Schistosoma japonicum
(S. japonicum), Schistosoma mansoni, Schistosoma haematobium, Schistosoma intercalatum and
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Schistosoma Mekongi (4, 5). In China, S. japonicum is the only
endemic parasitic flatworm of schistosome. Among the 12
province endemics for schistosomiasis in China, Yunnan,
Hubei, Anhui, Jiangxi and Hunan provinces maintained the
criteria of transmission control by the end of 2020 (6). There
are still 29,517 advanced schistosomiasis cases documented (6),
implying that S. japonicum infection remains one of the most
important public health problems in some endemic areas of
China. To achieve the goal of the National Thirteenth Five Year
Plan, strategies for schistosomiasis control are still required.

The lifecycle of S. japonicum includes the several developmental
stages of paired adult worms, eggs, ciliated miracidium, mother and
daughter sporocyst and cercariae (1, 4). Immature schistosomula
migrate downstream to the hepatic portal-mesenteric system. Then,
females become mature in the liver and release thousands of eggs.
The eggs retained in host tissues can induce hepatic granuloma
formation, which ultimately evolves into progressive hepatic fibrosis
and portal hypertension in advanced schistosomiasis patients (1, 5,
7). Despite the wide use of praziquantel (PZQ) for the prevention
and control of schistosomiasis in endemic regions, hepatic fibrosis
remains a serious chronic schistosome-infected disease affecting
public health (5, 8). Until now, liver biopsy is the gold standard for
the assessment of fibrosis, but the disadvantages such as poor patient
compliance, morbidity, mortality and sampling error limited the
wide application of liver biopsy (9-11). Therefore, a comprehensive
evaluation of the stage of liver fibrosis is still essential. Previous
studies have revealed that serum tests (such as aspartate
aminotransferase (AST), alanine aminotransferase (ALT) and
miR-146a-5p) (9, 12, 13) and liver stiffness measurement (LSM)
(11, 14) are some important diagnostic indexes of liver fibrosis.
Ultrasonography has been used for the assessment of hepatic
fibrosis of advanced schistosomiasis but it showed only a
moderate correlation between Ultrasonography and liver biopsy
(15, 16). However, the limitations and costs of these invasive indexes
and imaging detection restrict their widely used for the detection of
liver fibrosis. Thus, research on more non-invasive tools for the
prediction of the level of S. japonicum infection-induced liver
fibrosis is still essential.

Mammals harbor hundreds of gut microbiota that affect host
biology and health (17). Recent studies have demonstrated that
Schistosoma infection can affect the composition and structure of
gut microbiota in infected patients (18, 19) and mice (20, 21).
Previous research suggested that gut microbiota composition is
associated with S. mansoni infection burden in rodent models
(22). These studies indicated that Schistosoma infection is
associated with the diversity and composition of gut

Abbreviations: OTU, operational taxonomic unit; PZQ, Praziquantel; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; LSM, liver stiffness
measurement; 2D SWE, two-dimensional shear wave elastography; PLS-DA,
partial least squares discrimination analysis; PCoA, Principal Co-ordinates
Analysis; ANOSIM, analysis of similarities; ROC, receiver-operating
characteristic; AUC, area under the ROC curves; STAMP, Statistical analysis of
metagenomic profiles; LDA, Linear discriminant analysis; LEfSe, Linear
discriminant analysis effect size; PCR, Polymerase chain reaction; HBV,
Hepatitis C virus; HCV, Hepatitis C virus; CCl4, Tetrachloromethane; IBD,
Inflammatory bowel disease; SEA, Schistosoma soluble egg antigen; FMT, fecal
microbiota transplantation.

microbiota in infected mammals. The liver-gut microbiota axis
is involved in the physiopathology of liver diseases, implying that
gut microbiota may be associated with fibrotic development or
progression (23, 24). Evidence suggests that gut microbiota, such
as Veillonellaceae and Ruminococcaceae, are reliably predicted
biomarkers for the detection of hepatic fibrosis and damage (25—
27). However, the relationship between the gut microbiota and
hepatic fibrosis induced by S. japonicum remains unclear.
Accordingly, whether gut microbiota alterations in S.
japonicum infection-induced disease can be used as potential
non-invasive biomarkers for the detection of the level of hepatic
fibrosis is unclear.

In this study, we hypothesized that a strong relationship exists
for the development of gut microbiota features derived
biomarkers that can be used to predict the hepatic fibrosis and
granuloma in S. japonicum infection-induced diseases. Here, we
comprehensively investigated the relationship among gut
microbiomes, serologic detection and the level of hepatic
injuries in S. japonicum-infected mice, and compared it with
the gut microbiota of human individuals. We aimed to develop a
panel of gut-microbiota-derived biomarkers for the non-invasive
detection of the level of hepatic injuries in schistosomiasis.

MATERIALS AND METHODS

Mice

We purchased 56 male pathogen-free BALB/c mice (6-week-old,
18 + 2 g) from the Experimental Animal Center of Southern
Medical University. The mice were reared in plastic cages with
free access to autoclaved sterile water and chow in the Biosafety
Level-2 (BSL-2) laboratory of Sun Yat-Sen University. The
rearing conditions include controlled temperature and
humidity and a 12 h light and 12 h dark cycle. We randomly
divided the mice into groups for further experiments.

S. japonicum Cercariae and Infection

The S. japonicum cercariae were obtained from infected
Oncomelania hupehensis, which were purchased from the Chinese
Center for Disease Control and Prevention (Shanghai, China). The
steps of releasing cercariae from snails were conducted described as
in a previous study (28). The mice were infected with 5, 15, 20 or 60
S. japonicum cercariae per individual via the shaved abdominal skin,
and treatment was continued for 7 or 8 weeks. The mice uninfected
were served as the control group.

Sample Collection and Detection

From Mice

All mice were sacrificed after chloral hydrate asphyxiation and
cervical dislocation at 49 or 56 days after infection (dpi) of S.
japonicum. Luminal content samples were collected from colon
intestines at 49 or 56 dpi under sterile conditions and transferred
directly into sterile tubes. Left liver lobes and colons were
collected and immediately fixed in 4% paraformaldehyde for
the histopathological analysis described in the previous study
(29). Liver samples were also collected for the detection of
hydroxyproline content according to the protocol of the
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hydroxyproline assay kit (Nanjing, China). Blood samples were
drawn from orbital veins and centrifuged at 1,500 g for 15 min.
We then collected the serum samples after clotting for ALT and
AST measurements in KingMed Diagnostics (Guangzhou,
China). These samples were snap-frozen on dry ice and stored
at -80°C until further study.

Histological Staining

The fixed fragments from the liver were sliced into sections for
histopathological analysis. These paraffin slices were dewaxed for
the Masson’s trichrome staining and hematoxylin and eosin (H&E)
staining. We captured the images of staining slices using an
inverted microscope (Japan). We analyzed the percentage of the
granulomatous and fibrotic area using a ZEISS Axio Scan
automated slide scanner microscope (Germany). We also
obtained a full view of the whole liver tissue. We analyzed the
area of the whole tissue and the blue positive region using Image-
Pro Plus 6.0 software (Media Cybernetics, USA). We calculated the
percentage of the granulomatous and fibrotic areas described in the
previous study (29).

Subjects and Sample Collection

From Humans

Twenty-six participants (with S. japonicum infection or without) of
the previous study (30) were more than 30 years old, and they were
initially screened for Schistosoma spp. eggs in feces using the Kato-
Katz method (30, 31), and finally, twenty-six stool samples (15
controls, 11 patients) were colllected (30). To further investigate
specific diagnostic biomarkers of schistosomiasis, we analyzed the
association between shifts of gut microbiota of humans infected
with non-parasitic factors (Such as hepatitis B virus) and the level of
liver injuries. To this end, we recruited participants, and all
participants from the Third Affiliated Hospital of Sun Yat-sen
University were included in the study. All these participants from
the Third Affiliated Hospital were >30 years old with non-parasitic
factor infection, and the patients display clinical symptoms of liver
injuries, and second liver two half-and-half detect provided reliable
clinical test results of the participants (Supplementary Table S1).
The information of participants about age, sex, diagnosis,
medication, length of infection, HBsAg, HBsAb, HBeAg, HBeAb,
HBcAb was shown in Supplementary Table S1. The participants
were diagnosed with Hepatitis B virus-induced liver cirrhosis, and a
total of twelve fresh fecal samples were collected.

Liver Stiffness Measurement in Humans
Twelve patients with cirrhosis from the Third Affiliated Hospital
were included in the present study. All participants were >30 years
old with non-parasitic factor infection and the patients displayed
clinical symptoms of liver injuries (Clinical information was shown
in Supplementary Table S1). The participants were subjected to two
kind of Liver stiffness measurements: A two-dimensional shear wave
elastography (2D SWE) examination and transient elastography
which performed using FibroTouch, and the measurements were
performed according to the operations manual as described in the
previous study (32-35). Twelve fresh fecal samples were collected
and stored in Eppendorf tubes at —-80°C. All participants gave
informed written consent.

DNA Extraction, PCR amplification

and Sequencing

Total DNA from fecal samples was isolated using the protocol of
the Hipure Stool DNA Kit (Guangzhou, China). After extraction,
we detected the DNA quality and quantity examination using
NanoDrop 2000 spectrophotometer (USA). The 16S rRNA gene
(for V3-V4 regions) from mice gut microbiota was amplified using
a bacterial primer set: 338F 5-ACTCCTACGGGAGGCAGCA-3’
and 806R 5- GGACTACHVGGGTWTCTAAT-3". We
performed the PCR amplification using the Takara PrimeStar
DNA polymerase (Dalian, China). The following PCR cycling
conditions included: denaturation at 95°C for 5 min, 25 cycles of
95°C for 30 s, 50°C for 30 s, 72°C for 40 s, and final extension at
72°C for 5 min. The PCR products were analyzed using 2%
agarose gel electrophoresis. An amplicon library for sequencing
was generated from the individual specimens. Finally, all fecal
samples were sequenced on an Illumina HiSeq 2500 platform
constructed by Biomarker technologies (Beijing, China).

Microbiome Analysis

After the base calling analysis, we transformed the raw data files from
the sequencing platform and NCBI (30) into the original sequenced
reads and stored them in FASTQ format. QIIME (version 1.8.0) was
used to cluster reads into operational taxonomic units (OTUs) and
identified at 97% or more similarity (36). To analyze the alpha
diversity, we rarified the OTU table using mothur (v. 1.33.3) (37).
PERMANOVA and analysis of similarities (ANOSIM) were used to
evaluate the beta diversity using mothur. The partial least squares
discrimination analysis (PLS-DA), Statistical analysis of
metagenomic profiles (STAMP) and principal coordinates analysis
(PCoA) graphs (based on Bray Curtis distance) were done in R
software (v. 2.15.3). Taxonomic characterization was performed
using the linear discriminant analysis (LDA) effect size (LEfSe).
Based on the genus or OTUs abundance of gut microbiota of mice,
we conducted random forest algorithms with 500 random
permutations described in the previous study (38). The
relationships among variables were analyzed using Spearman
analysis in R. The area under the receiver-operating characteristic
(ROC) curves (AUC) was measured using GraphPad Prism (v. 6.0;
USA). For range adjustment, all pairwise comparison between two
groups was tested using Wilcoxon-test.

Overview of the Sequencing Information
Gut Bacterial Samples

Finally, a total of 94 bacterial samples obtained from sequencing
and NCBI were investigated via 16S rRNA gene sequencing. We
generated a total of 5,731,918 clean reads from these samples,
with an average of 60,977 reads obtained from each sample. After
being processed and filtered, over 800 and 504 operational
taxonomic units (OTUs) with 97% minimum identity were
annotated from human and mouse sequences, respectively.

Statistical Analysis

Data are expressed as the mean + standard error of the mean
(SEM). The differences between groups were analyzed by student’s
t-test using SPSS 19.0 software (USA). *P < 0.05, **P < 0.01 and
P < 0.001 were considered statistically significant.
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RESULTS

Distinct Signatures of Gut Microbiomes

in S. japonicum-Infected Mice With the
One-Time Point

The previous study has revealed that S. japonicum infection
could induce alteration of gut microbiota in mice (29). In this
study, Bacteroidetes and Firmicutes were the dominant phyla in
mice (Figure S1A). The top 20 genera of gut microbiota in mice
were shown (Figure S1B). We found significantly different gut
bacterial diversities (based on OTU number) and community
structures (based on PLS-DA) in S. japonicum-infected mice
(Figures 1A, B, S1), regardless of the treatment on mice. In
addition, a range of gut bacterial taxa, such as Bacteroides,
Blautia and Bacteroidaceae, were considered as biomarkers to
distinguish infected and uninfected mice using LEfSe analysis
(Figures 1C, S1).

Distinct Signatures of Gut Microbiomes at
the One-Time Point With Different
Numbers of S. japonicum Infection

Alteration of gut microbiota in mice with varied S. japonicum
infection is unclear. We found that gut microbiota community
structure (based on PCoA) in varied S. japonicum-infected mice
differed significantly, which was calculated by PERMANOVA
analysis based on Bray Curtis distance (Figures S2A, B). There
was a significant difference in gut bacterial diversities (based on
the Simpson index) between infected and uninfected mice
(Figure S2C). The top 20 genera of gut microbes in mice

showed a higher relative of Bacteroides, Alistipes and Blautia in
infected mice (Figure S2D).

Distinct Signatures of Gut Microbiomes at
Different Time Points With Different
Numbers of S. japonicum Infection

There were significant differences in gut bacterial diversities (based
on Shannon index) and community structures (based on PLS-DA;
PERMANOVA, P =0.001) between S. japonicum-infected and
uninfected mice (Figures 2A, B). At the genus level, a higher
abundance of gut microbes such as Bacteroides, Alloprevotella and
Blautia but a lower abundance of gut microbes such as uncultured
bacterium f Muribaculaceae, Alistipes and Candidatus
Saccharimonas in S. japonicum-infected mice were found using
Statistical analysis of metagenomic profiles (STAMP) (Figure 2C).
In addition, thirty bacteria, such as Bacteroides, Alistipes, Blautia
and Desulfovibrio, were considered as potential predictors for
distinguishing S. japonicum-infected and uninfected mice based
on a machine-learning strategy (Figure 2D). Similar results were
found using LEfSe analysis (Figure S3).

To further investigate specific diagnostic biomarkers of
schistosomiasis, we compared the difference in the gut
microbiota of mice infected with non-pathogenic factors and
pathogenic S. japonicum. Previous studies have shown that
probiotic Bacillus subtilis could affect the composition of gut
microbiota and the level of liver disease in mice (29, 39, 40).
Here, we showed that gut microbiota diversity and structure of
gut microbiota of mice treated with Bacillus subtilis (non-
pathogenic factor) significantly differed from these of mice
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FIGURE 1 | Comparisons of gut microbiota between S. japonicum-infected (n = 24) and uninfected (n = 12) mice. (A) OTUs analysis. (B) PLS-DA analysis.
(C) Differential gut bacterial taxa were analyzed by LEfSe analysis with LDA score >3.5 between groups. Control: without S. japonicum infection mice. SJ: S.

Frontiers in Immunology | www.frontiersin.org

4 July 2022 | Volume 13 | Article 941530


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lin et al.

Potential Non-Invasive Predictors for Schistosomiasis

infected with S. japonicum using Shannon index (Figure S4A)
and PLS-DA analysis (Figure S4B), and the diversity of gut
microbiota of mice treated with Bacillus subtilis is significantly
higher than that of S. japonicum-infected group. Based on the
LEfSe analysis, a range of gut bacterial taxa, such as Bacteroides,
Blautia and Bacteroidaceae, could be considered as potential
biomarkers to distinguish among control, S. japonicum-infected
and Bacillus subtilis-infected mice (Figure S4C). In addition, gut
microbes, such as Bacteroides and Blautia, were considered as
potential predictors for distinguishing S. japonicum-infected and
Bacillus subtilis-infected mice based on a machine-learning
strategy (Figure S4D) and LEfSe analysis (Figure S4E).

Relationships Among Granulomatous and
Fibrotic Area and Gut Bacterial Variables
in Mice

Granuloma showed a significant positive correlation with gut
microbes Bacteroides, Alloprevotella, Parabacteroides and
Mucispirillum but a significant negative correlation with
Alistipes, Lachnospiraceae NK4A136 group, and Candidatus
Saccharimonas (Figure 3). Fibrosis showed a significant positive
correlation with Hydroxyproline, ALT, AST, Blautia,
Enterococcus, Lactobacillus, Alloprevotella, Parabacteroides and
Rikenellaceae RC9 gut group but a significant negative relation
with uncultured bacterium f Muribaculaceae, uncultured
bacterium f Lachnospiraceae and Odoribacter. Hydroxyproline,
as well as ALT and AST, also showed a significant correlation with
a range of gut microbes.

Distinct Signatures of Gut Microbiomes
Between S. japonicum-Infected and
Uninfected Patients

There were significant differences in gut bacterial community
structures (based on PLS-DA; ANOSIM, P =0.025) between S.

japonicum-infected and uninfected humans (Figure 4A). Gut
microbes such as Blautia and Pantoea were considered as
biomarkers to distinguish between infected and uninfected
humans (Figures 4B, S5). Importantly, thirty gut bacterial
genera, such as Bacteroides, Blautia, Bilophila, Enterococcus,
Intestinibacter and Desulfovibrio were considered as a predictor
for distinguishing S. japonicum-infected and uninfected humans
based on a machine-learning strategy (Figure 4C). In addition,
thirty gut microbes at the family level for distinguishing S.
japonicum-infected and uninfected humans were shown
(Figure S5C).

Gut Microbiota Features Reflected the
Granulomas or Fibrosis of S. japonicum
Infection in Hosts

Based on the results from gut microbiomes in mice and humans,
three major fibrosis- or granulomas-related taxa, Bacteroides,
Blautia, and Enterococcus, were found to be associated with the
level of liver injuries induced by S. japonicum and could be used for
distinguishing S. japonicum infection in humans (Figures 3, 4). To
assess the utility of these gut microbes for indicating S. japonicum
infection, the area under the receiver-operating characteristic curve
(AUC) was analyzed (Figure 5). The ratio of Bacteroides could help
discriminate between S. japonicum-infected patients and normal
with an AUC of 0.8385 and it is 0.9639 for the diagnosis of S.
japonicum-infected and uninfected mice (Figure 5A). The values of
AUC generated by predictor Blautia of gut microbiota in humans
and mice were 0.8182and 0.8478, respectively (Figure 5B).
Enterococcus could be used for distinguishing the granulomatous
or fibrosis level in S. japonicum-infected patients with a rate of
0.8438, but it could be inefficiently used in mice with a lower AUC
value (Figure 5C). In addition, The values of AUC generated by the
combination of gut microbes could be used for the prediction of
schistosomiasis, with a high value of AUC (Tables 1, S2, S3).
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FIGURE 3 | Spearman correlation for variables in S. japonicum-infected mice was shown. The circle size indicates the magnitude of the correlation. The circle in

However, none of these gut microbiota features was associated with
liver injuries induced by the non-parasitic factor (hepatitis B virus,

HBV) in humans (Figure 6).

DISCUSSION AND CONCLUSIONS

Schistosomiasis is still one of the most prevalent neglected tropical
diseases worldwide (1). S. japonicum infection could induce a
variety of fibrotic diseases and lead to gut microbiota dysbiosis
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(18, 20, 41). Previous studies have demonstrated that the gut
microbiota plays an important role in the progress of hepatic

diseases via the gut-liver axis (25, 42, 43). These studies suggested
that gut microbiota are reliably predicted non-invasive biomarkers
for the detection of hepatic fibrosis and damage (25-27). However,
few studies explored the relationship between the gut microbiota
and the level of hepatic injuries induced by S. japonicum. Here, we

found significant differences in diversities and composition of gut
microbiota of mice infected with S. japonicum or without. We
revealed that

gut microbes such as Bacteroides, Blautia,
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Enterococcus, and Mucispirillum displayed a significant correlation
with the level of hepatic granuloma, fibrosis, hydroxyproline, ALT
or AST in S. japonicum infection-induced disease. Furthermore,
novel gut microbiota-derived features Bacteroides, Blautia, and
Enterococcus and their combinations could be considered as
potential biomarkers for detecting liver injuries induced by S.
japonicum infection in humans and mice. In total, more non-
invasive tools for the prediction of S. japonicum infection-induced
liver injuries may be beneficial to schistosomiasis control.

Liver injuries and alterations of gut microbiota are associated
with the infection of schistosomes and other pathogenic or non-
pathogenic factors. These factors, such as S. japonicum (20, 29, 44),
S. mansoni (19, 21, 22), Clonorchis sinensis (45), HBV (46, 47),
hepatitis C virus (HCV) (48), Tetrachloromethane (CCl4) (49) and
alcohol (50), induce the dysbiosis of the gut microbiota of animals
and humans and acute or chronic liver injuries such as advanced
schistosomiasis, liver cirrhosis and liver cancer. Our study found
significant differences in the gut microbiota of mice and humans
infected with S. japonicum, and S. japonicum infection showed a
decrease in gut microbial diversity of hosts and an increase in the
relative abundance of the genera Bacteroides, Blautia and
Lactobacillus. A previous study suggested that the alpha-diversity
of intestinal flora in liver fibrosis mice is lower than that in normal
mice induced by CCl4 and suggested the decline in Lactobacillus in
the liver fibrosis mice with NOX4 or RhoA intervention (49). In
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FIGURE 5 | Receiver-operating characteristic (ROC) curves for the diagnosis of granulomas or fibrosis in S. japonicum-infected and uninfected hosts. ROC curves
using three bacteria including Bacteroides (A), Blautia (B) and Enterococcus (C) were plotted for the diagnosis. The area under the ROC curves (AUC) was
calculated. The rate of identified outliers of Bacteroides is 10% and the rate of identified outliers of Blautia and Enterococcus is 5%.

addition, Blastocystis infection induced the decrease of Bacteroides
in children (51). The abundance of genus Enterococcus was
significantly downregulated in the intestinal tract of mice with
inflammatory bowel disease (IBD) after Schistosoma soluble egg
antigen (SEA) intervention (44) and was associated with the
progression of the HBV related acute-on-chronic liver failure
(52). Phyla Firmicutes and Bacteroidetes represent more than
50% of the total bacterial composition in mice infected with
Schistosoma mansoni (19), which was similar to our findings,
However, there is no significant difference in the relative
abundance of genera Bacteroides, Blautia and Lactobacillus after
Schistosoma mansoni infection. In short, pathogenic factors, as well
as non-pathogenic factors, could induce gut microbiota dysbiosis,
however, it showed differences in the diversity, abundance or
species of gut microbiota of hosts.

It is important to reveal the cause-and-effect relationship
between gut microbiota and liver diseases. Previous studies have
suggested that gut flora affects cirrhosis (53, 54) and fecal
microbiota transplantation (FMT) provides new insights into the
interactive mechanism between gut microbiota and liver diseases
(54-57). However, the causal association between gut flora and
schistosomiasis is unclear, and it deserves further studies.

Although our study has added influence factors such as
probiotic supplements (29) that may affect the gut microbiota
of mice, there were significant differences in diversities and

TABLE 1 | Receiver-operating characteristic (ROC) curves for the diagnosis of liver injuries using the combination of gut microbes.

Combination? Humans Mice

AUC Significance® AUC Significance®
Bacteroides+Blautia 0.8308 0.007684 0.965 < 0.0001
Bacteroides+Enterococcus 0.8385 0.006379 0.9446 < 0.0001
Blautia+Enterococcus 0.8701 0.001816 0.8598 0.000623
Bacteroides+Blautia+Enterococcus 0.8308 0.007684 0.9538 < 0.0001
@The rate of identified outliers of the combination of bacteria is 10%.
bp <0.05 indicates statistically significant.
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FIGURE 6 | Spearman correlation for variables during fibrosis disease (induced by non-parasitic factors, hepatitis B virus) in humans (n = 12) was shown.
Information of participants of study on liver fibrosis induced by non-parasitic factors wes shown in Table S1. The methods of FibroTouch and SWE were clinical
evaluation strategies in humans. The circle size indicates the magnitude of the correlation. The circle in color indicates P < 0.05, P < 0.01 or P < 0.001.

community structures of gut microbiota between S. japonicum-
infected and control mice. Our study revealed significant changes
in gut bacterial diversity and communities of mice infected with
different numbers of S. japonicum or in different stages. These
results were similar to the previous studies (20, 29, 58). In
addition, we obtained and analyzed the gut bacterial data from
the previous study (30), and we found significant differences in
the compositions of gut microbiota of S. japonicum infection-
induced patients when compared with the control healthy
individuals. Overall, our findings revealed that S. japonicum
infection could significantly shape the compositions of gut
microbiota in both mice and humans.

Previous studies have revealed that gut microbiota played an
important role in the liver diseases induced by abiotic factors via the
gut-liver axis and can be considered as biomarkers to distinguish the
level of liver injuries (26, 27, 43). However, whether gut microbiota
could be defined as a good biomarker of S. japonicum infection-
induced liver injuries is controversial. Previous studies have
indicated that gut bacterial taxa cannot be used as non-invasive
biomarkers for S. japonicum infection-induced liver cirrhosis (18),
and the researchers suggested that the gut microbiota of S.
japonicum infection-induced liver cirrhosis patients was similar to
that of healthy individuals. But our findings and previous studies
(20, 30) revealed that S. japonicum infection induced significant
changes in the compositions of gut microbiota in both mice and
humans. In addition, infection of schistosomes, such as Schistosorma
mansoni and Schistosoma haematobium, is associated with the shifts
of gut microbiota in rodent models (21, 59) and humans (19, 41,
60-62). These studies implied that there was a strong relationship
between gut microbiota features and schistosome infection-induced
diseases in mammals.

Fibrosis-related Ruminococcaceae and Veillonellaceae species
could be used to evaluate their effects on liver damage in

mammalian NAFLD models (25). A total of 37 bacterial
species, such as Bacteroides caccae, Bacteroides dorei and
Blautia sp., were used to construct a random forest classifier
model to distinguish mild/moderate NAFLD from advanced
fibrosis in humans (26). In our study, a range of gut microbes
was identified to distinguish the S. japonicum infection in
mammals using the random forest classifier model, LEfSe and
STAMP analysis. Importantly, we further detected the
relationship between these gut bacteria and liver injuries using
the Spearman correlation. In total, we found that three gut
microbes including Bacteroides, Blautia and Enterococcus and
their combinations may define as possible predictors for non-
invasive detection of liver injuries of schistosomiasis in mammals
(humans and mice) but not for hepatic fibrosis diseases induced
by non-parasitic factors in humans, which may highlight the
specificity of predicted models.

Enterotypes in the landscape of gut microbial community
composition (63) show that Bacteroides is one of the important
gut microbes to distinct community composition types termed
enterotypes (42). Enterococcus, a gut pathobiont harboring both
humans and mice, is associated with liver disease (64). In addition,
Blautia, a genus of Firmicutes with potential probiotic properties
that occurs widely in the feces and intestines of mammals (65), is
lessened in chronic liver diseases and hepatocellular carcinoma
patients (66). These studies have revealed that Bacteroides, Blautia
and Enterococcus were significantly associated with biological
aspects of humans and animals. Our findings found these gut
microbes with potential predictor properties.

Furthermore, our study identified a range of gut bacterial
features (Bacteroides, Blautia and Enterococcus) to distinguish
schistosomiasis from hepatic injuries and first showed a
significant correlation with the level of hepatic granulomas,
fibrosis, hydroxyproline, ALT or AST in S. japonicum infection-
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induced disease. Previous studies have revealed the association
between gut microbiota and schistosomiasis (20, 29, 30), but did
not show more details about the relationship between serologic
detection and the level of hepatic injuries in schistosomiasis. Our
findings provided more evidence for novel gut microbiota-derived
features for non-invasive detection of schistosomiasis.

We acknowledged several limitations of this study. First, to
distinguish the fibrosis-specific microbiome, we investigated the
relationship between gut microbiota and liver fibrosis using 16S
rRNA sequencing but not metagenomics as in the previous study
(26). This limited our further investigation to the species level of
gut microbiota. Second, although we used gut bacterial data from
human individuals in the present study (30), our study lacks
cross-sectional studies to allow us to further analyze the
relationship between the stool microbiota and disease in
schistosomiasis from humans. Nevertheless, our findings were
sufficient to confirm the differences in gut microbiota changes
according to hepatic injuries and revealed a range of gut
microbiota features for non-invasive detection of
schistosomiasis. However, it needs further study.

In total, we concluded that the gut microbiome profile changed
significantly in S. japonicum infection-induced disease and provided
preliminary evidence of an association between gut microbiota and
hepatic injuries in schistosomiasis. We have described several gut
microbiota features and combinations as non-invasive biomarkers
for diagnosing liver injuries in mammals with S. japonicum
infection. Further studies are needed.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the GenBank
repository, accession number (PRJNA836144). The referenced
datasets can be found in GenBank repository (accession numbers
PRJNA759360 and PRJNA625383) shown in previous studies.

ETHICS STATEMENT

The experiments on participants were reviewed and approved
by the Medical Research Ethics Committee of The Third

REFERENCES

1. Colley DG, Bustinduy AL, Secor WE, King CH. Human Schistosomiasis.
Lancet (2014) 383:2253-64. doi: 10.1016/S0140-6736(13)61949-2

2. Hotez PJ, Brindley PJ, Bethony JM, King CH, Pearce EJ, Jacobson J. Helminth
Infections: The Great Neglected Tropical Diseases. J Clin Invest (2008)
118:1311-21. doi: 10.1172/JCI34261

3. McManus DP, Dunne DW, Sacko M, Utzinger J, Vennervald BJ, Zhou XN.
Schistosomiasis. Nat Rev Dis Primers (2018) 4:13. doi: 10.1038/s41572-018-
0013-8

4. Lackey EK, Horrall S. Schistosomiasis.
Publishing (2021).

5. Verjee MA. Schistosomiasis: Still a Cause of Significant Morbidity and
Mortality. Res Rep Trop Med (2019) 10:153-63. doi: 10.2147/
RRTM.S204345

6. Zhang LJ, Xu ZM, Yang F, Dang H, Li YL, Lu S, et al. [Endemic Status of
Schistosomiasis in People’s Republic of China in 2020]. Zhongguo Xue Xi

Treasure Island (FL): StatPearls

Affiliated Hospital in Sun Yat-sen University ([2019]02-424-
01). The patients/participants provided their written
informed consent to participate in this study. The animal
experiments were reviewed and approved by the Institutional
Animal Care and Use Committee of Sun Yat-sen University
(Permit No: 2016-104) and the Medical Research Ethics
Committee of Sun Yat-sen University (SYSU-IACUC-
2019-B517).

AUTHOR CONTRIBUTIONS

XYW, XS, ZDW and DL conceived and designed the study. DL
and QS carried out the experiments and handled the statistical
analysis. DL prepared the interpretation of the data and the
original draft. DL, JL, FC and YZ critically revised the draft
version of the paper. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the National Key R&D Program of
China (Nos. 2021YFC2300800, 2021YFC2300801,
2020YFC1200100 and 2016YFC1200500), the Natural Science
Foundation of Guangdong Province (Nos. 2019A1515012068,
2020A1515010896 and 2021A1515010976), the National Natural
Science Foundation of China (Nos. 82161160343 and 82002168),
the Fundamental Research Funds for the Central University (No.
22qntd4813), the 111 Project (No. B12003) and the 6th Nuclear
Energy R&D Project (No. 20201192). The funders had no role in
study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
941530/full#supplementary-material

Chong Bing Fang Zhi Za Zhi (2021) 33:225-33. doi: 10.16250/
j.32.1374.2021109
. Shaker Y, Samy N, Ashour E. Hepatobiliary Schistosomiasis. J Clin Transl
Hepatol (2014) 2:212-6. doi: 10.14218/JCTH.2014.00018
8. Wu W, Feng A, Huang Y. Research and Control of Advanced Schistosomiasis
Japonica in China. Parasitol Res (2015) 114:17-27. doi: 10.1007/s00436-014-
4225-x
9. Wu YM, Xu N, Hu JY, Xu XF, Wu WX, Gao SX, et al. A Simple Noninvasive Index
to Predict Significant Liver Fibrosis in Patients With Advanced Schistosomiasis
Japonica. Parasitol Int (2013) 62:283-8. doi: 10.1016/j.parint.2013.02.005
10. Wu YM, Xu XF, Wu WL, Wu WX, Gao SX, Zhu WJ. Correlation Between
Levels of Liver Fibrosis and Liver Fibrosis Biochemical Parameters of
Advanced Schistosomiasis Patients. Zhongguo Xue Xi Chong Bing Fang Zhi
Za Zhi (2014) 26:65-6. doi: 10.16250/j.32.1374.2014.01.019
11. Liu R, Wen L. Research Progress of Advanced Schistosomiasis. Chin |
Parasitol Parasitic Dis (2021) 39:429-36. doi: 10.12140/j.issn.1000-
7423.2021.04.002

~

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 941530


https://www.frontiersin.org/articles/10.3389/fimmu.2022.941530/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.941530/full#supplementary-material
https://doi.org/10.1016/S0140-6736(13)61949-2
https://doi.org/10.1172/JCI34261
https://doi.org/10.1038/s41572-018-0013-8
https://doi.org/10.1038/s41572-018-0013-8
https://doi.org/10.2147/RRTM.S204345
https://doi.org/10.2147/RRTM.S204345
https://doi.org/10.16250/j.32.1374.2021109
https://doi.org/10.16250/j.32.1374.2021109
https://doi.org/10.14218/JCTH.2014.00018
https://doi.org/10.1007/s00436-014-4225-x
https://doi.org/10.1007/s00436-014-4225-x
https://doi.org/10.1016/j.parint.2013.02.005
https://doi.org/10.16250/j.32.1374.2014.01.019
https://doi.org/10.12140/j.issn.1000-7423.2021.04.002
https://doi.org/10.12140/j.issn.1000-7423.2021.04.002
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lin et al.

Potential Non-Invasive Predictors for Schistosomiasis

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Cai P, Mu Y, Olveda RM, Ross AG, Olveda DU, McManus DP. Serum
Exosomal Mirnas for Grading Hepatic Fibrosis Due to Schistosomiasis. Int J
Mol Sci (2020) 21(10):3560. doi: 10.3390/ijms21103560

Cai P, Mu Y, Olveda RM, Ross AG, Olveda DU, McManus DP. Circulating
Mirnas as Footprints for Liver Fibrosis Grading in Schistosomiasis.
Ebiomedicine (2018) 37:334-43. doi: 10.1016/j.ebiom.2018.10.048

Wu S, Tseng Y, Xu N, Yin X, Xie X, Zhang L, et al. Evaluation of Transient
Elastography in Assessing Liver Fibrosis in Patients With Advanced
Schistosomiasis Japonica. Parasitol Int (2018) 67:302-8. doi: 10.1016/
j.parint.2018.01.004

Li Y, Chen D, Ross AG, Burke ML, Yu X, Li RS, et al. Severe Hepatosplenic
Schistosomiasis: Clinicopathologic Study of 102 Cases Undergoing Splenectomy.
Hum Pathol (2011) 42:111-9. doi: 10.1016/j.humpath.2010.05.020

Luo L. The Value of Four Indexes of Liver Fibrosis Detection Combined With
Type-B Ultrasonic Examination in the Diagnosis of Liver Fibrosis of
Advanced Schistosomiasis. ] Trop Dis Parasitol (2012) 10:147-8.

Moeller AH, Suzuki TA, Phifer-Rixey M, Nachman MW. Transmission
Modes of the Mammalian Gut Microbiota. Science (2018) 362:453-7. doi:
10.1126/science.aat7164

Gui QF, Jin HL, Zhu F, Lu HF, Zhang Q, Xu J, et al. Gut Microbiota Signatures
in Schistosoma Japonicum Infection-Induced Liver Cirrhosis Patients: A
Case-Control Study. Infect Dis Poverty (2021) 10:43. doi: 10.1186/s40249-
021-00821-8

Schneeberger P, Coulibaly JT, Panic G, Daubenberger C, Gueuning M, Frey
JE, et al. Investigations on the Interplays Between Schistosoma Mansoni,
Praziquantel and the Gut Microbiome. Parasit Vectors (2018) 11:168. doi:
10.1186/s13071-018-2739-2

Hu Y, Chen ], Xu Y, Zhou H, Huang P, Ma Y, et al. Alterations of Gut
Microbiome and Metabolite Profiling in Mice Infected by Schistosoma
Japonicum. Front Immunol (2020) 11:569727. doi: 10.3389/
fimmu.2020.569727

Jenkins TP, Peachey LE, Ajami NJ, MacDonald AS, Hsieh MH, Brindley PJ,
et al. Schistosoma Mansoni Infection Is Associated With Quantitative and
Qualitative Modifications of the Mammalian Intestinal Microbiota. Sci Rep
(2018) 8:12072. doi: 10.1038/s41598-018-30412-x

Cortes A, Clare S, Costain A, Almeida A, McCarthy C, Harcourt K, et al.
Baseline Gut Microbiota Composition Is Associated With Schistosoma
Mansoni Infection Burden in Rodent Models. Front Immunol (2020)
11:593838. doi: 10.3389/fimmu.2020.593838

Suk KT, Kim DJ. Gut Microbiota: Novel Therapeutic Target for Nonalcoholic
Fatty Liver Disease. Expert Rev Gastroenterol Hepatol (2019) 13:193-204. doi:
10.1080/17474124.2019.1569513

Oikonomou T, Papatheodoridis GV, Samarkos M, Goulis I, Cholongitas E.
Clinical Impact of Microbiome in Patients With Decompensated Cirrhosis.
World ] Gastroenterol (2018) 24:3813-20. doi: 10.3748/wjg.v24.i34.3813

Lee G, You HJ, Bajaj JS, Joo SK, Yu J, Park S, et al. Distinct Signatures of Gut
Microbiome and Metabolites Associated With Significant Fibrosis in non-
Obese NAFLD. Nat Commun (2020) 11:4982. doi: 10.1038/s41467-020-
18754-5

Loomba R, Seguritan V, Li W, Long T, Klitgord N, Bhatt A, et al. Gut
Microbiome-Based Metagenomic Signature for Non-Invasive Detection of
Advanced Fibrosis in Human Nonalcoholic Fatty Liver Disease. Cell Metab
(2017) 25:1054-62. doi: 10.1016/j.cmet.2017.04.001

Bajaj JS, Heuman DM, Hylemon PB, Sanyal AJ, White MB, Monteith P, et al.
Altered Profile of Human Gut Microbiome Is Associated With Cirrhosis and
its Complications. ] Hepatol (2014) 60:940-7. doi: 10.1016/j.jhep.2013.12.019
Lin D, Zeng X, Sanogo B, He P, Xiang S, Du S, et al. The Potential Risk of
Schistosoma Mansoni Transmission by the Invasive Freshwater Snail
Biomphalaria Straminea in South China. PloS Negl Trop Dis (2020) 14:
€8310. doi: 10.1371/journal.pntd.0008310

Lin D, Song Q, Zhang Y, Liu J, Chen F, Du S, et al. Bacillus Subtilis Attenuates
Hepatic and Intestinal Injuries and Modulates Gut Microbiota and Gene
Expression Profiles in Mice Infected With Schistosoma Japonicum. Front Cell
Dev Biol (2021) 9. doi: 10.3389/fcell.2021.766205

Jiang Y, Yuan Z, Shen Y, Rosa BA, Martin ], Cao S, et al. Alteration of the Fecal
Microbiota in Chinese Patients With Schistosoma Japonicum Infection.
Parasite (2021) 28:1. doi: 10.1051/parasite/2020074

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Katz N, Chaves A, Pellegrino J. A Simple Device for Quantitative Stool Thick-
Smear Technique in Schistosomiasis Mansoni. Rev Inst Med Trop Sao Paulo
(1972) 14:397-400.

Zeng J, Zheng J, Jin JY, Mao YJ, Guo HY, Lu MD, et al. Shear Wave
Elastography for Liver Fibrosis in Chronic Hepatitis B: Adapting the Cut-
Offs to Alanine Aminotransferase Levels Improves Accuracy. EUR RADIOL
(2019) 29:857-865. doi: 10.1007/s00330-018-5621-x

Deng H, Wang CL, Lai ], Yu SL, Xie DY, Gao ZL. Noninvasive Diagnosis of
Hepatic Steatosis Using Fat Attenuation Parameter Measured by FibroTouch
and a New Algorithm in CHB Patients. HEPAT MON (2016) 16:e40263.
doi: 10.5812/hepatmon.40263

Jin JY, Zheng YB, Zheng J, Liu ], Mao Y], Chen SG, et al. 2D Shear Wave
Elastography Combined With MELD Improved Prognostic Accuracy in
Patients With Acute-on-Chronic Hepatitis B Liver Failure. Eur Radiol
(2018) 28:4465-74. doi: 10.1007/s00330-018-5336-z

Zhou M, Yu Z, Zhang ], Hou Y, Zhao Z, Tan Q. The Value of Different Non-
Invasive Examination Methods in the Diagnosis of Liver Fibrosis Induced by
Chronic Hepatitis B. China Modern Doctor (2022) 60:127-30.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, et al. QIIME Allows Analysis of High-Throughput Community
Sequencing Data. Nat Methods (2010) 7:335-6. doi: 10.1038/nmeth.£.303
Grice EA, Kong HH, Conlan S, Deming CB, Davis ], Young AC, et al.
Topographical and Temporal Diversity of the Human Skin Microbiome.
Science (2009) 324:1190-2. doi: 10.1126/science.1171700

Li X, Zheng J, Ma X, Zhang B, Zhang J, Wang W, et al. The Oral Microbiome
of Pregnant Women Facilitates Gestational Diabetes Discrimination. | Genet
Genomics (2021) 48:32-9. doi: 10.1016/}.jgg.2020.11.006

Rhayat L, Maresca M, Nicoletti C, Perrier J, Brinch KS, Christian S, et al. Effect
of Bacillus Subtilis Strains on Intestinal Barrier Function and Inflammatory
Response. Front Immunol (2019) 10:564. doi: 10.3389/fimmu.2019.00564
Lei K, Li YL, Wang Y, Wen J, Wu HZ, Yu DY, et al. Effect of Dietary
Supplementation of Bacillus Subtilis B10 on Biochemical and Molecular
Parameters in the Serum and Liver of High-Fat Diet-Induced Obese Mice. J
Zhejiang Univ Sci B (2015) 16:487-95. doi: 10.1631/jzus.B1400342
Holzscheiter M, Layland LE, Loffredo-Verde E, Mair K, Vogelmann R, Langer
R, et al. Lack of Host Gut Microbiota Alters Inmune Responses and Intestinal
Granuloma Formation During Schistosomiasis. Clin Exp Immunol (2014)
175:246-57. doi: 10.1111/cei.12230

Arab JP, Martin-Mateos RM, Shah VH. Gut-Liver Axis, Cirrhosis and Portal
Hypertension: The Chicken and the Egg. Hepatol Int (2018) 12:24-33. doi:
10.1007/512072-017-9798-x

Acharya C, Bajaj JS. Gut Microbiota and Complications of Liver Disease.
Gastroenterol Clin North Am (2017) 46:155-69. doi: 10.1016/j.gtc.2016.09.013
Zhu T, Xue Q, Liu Y, Xu Y, Xiong C, Lu J, et al. Analysis of Intestinal
Microflora and Metabolites From Mice With DSS-Induced IBD Treated With
Schistosoma Soluble Egg Antigen. Front Cell Dev Biol (2021) 9:777218. doi:
10.3389/fcell.2021.777218

Tang Z, Wu Z, Sun H, Zhao L, Shang M, Shi M, et al. The Storage Stability of
Bacillus Subtilis Spore Displaying Cysteine Protease of Clonorchis Sinensis
and Its Effect on Improving the Gut Microbiota of Mice. Appl Microbiol
Biotechnol (2021) 105:2513-26. doi: 10.1007/s00253-021-11126-z

Guo W, Zhou X, Li X, Zhu Q, Peng J, Zhu B, et al. Depletion of Gut
Microbiota Impairs Gut Barrier Function and Antiviral Immune Defense in
the Liver. Front Immunol (2021) 12:636803. doi: 10.3389/fimmu.2021.636803
Wang J, Zhou X, Li X, Guo W, Zhu Q, Zhu B, et al. Fecal Microbiota
Transplantation Alters the Outcome of Hepatitis B Virus Infection in Mice.
Front Cell Infect Microbiol (2022) 12:844132. doi: 10.3389/fcimb.2022.844132
Inoue T, Nakayama J, Moriya K, Kawaratani H, Momoda R, Ito K, et al. Gut
Dysbiosis Associated With Hepatitis C Virus Infection. Clin Infect Dis (2018)
67:869-77. doi: 10.1093/cid/ciy205

Wan S, Nie Y, Zhang Y, Huang C, Zhu X. Gut Microbial Dysbiosis Is
Associated With Profibrotic Factors in Liver Fibrosis Mice. Front Cell Infect
Microbiol (2020) 10:18. doi: 10.3389/fcimb.2020.00018

Rodriguez-Gonzalez A, Vitali F, Moya M, De Filippo C, Passani MB, Orio L.
Effects of Alcohol Binge Drinking and Oleoylethanolamide Pretreatment in
the Gut Microbiota. Front Cell Infect Microbiol (2021) 11:731910. doi:
10.3389/fcimb.2021.731910

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 941530


https://doi.org/10.3390/ijms21103560
https://doi.org/10.1016/j.ebiom.2018.10.048
https://doi.org/10.1016/j.parint.2018.01.004
https://doi.org/10.1016/j.parint.2018.01.004
https://doi.org/10.1016/j.humpath.2010.05.020
https://doi.org/10.1126/science.aat7164
https://doi.org/10.1186/s40249-021-00821-8
https://doi.org/10.1186/s40249-021-00821-8
https://doi.org/10.1186/s13071-018-2739-2
https://doi.org/10.3389/fimmu.2020.569727
https://doi.org/10.3389/fimmu.2020.569727
https://doi.org/10.1038/s41598-018-30412-x
https://doi.org/10.3389/fimmu.2020.593838
https://doi.org/10.1080/17474124.2019.1569513
https://doi.org/10.3748/wjg.v24.i34.3813
https://doi.org/10.1038/s41467-020-18754-5
https://doi.org/10.1038/s41467-020-18754-5
https://doi.org/10.1016/j.cmet.2017.04.001
https://doi.org/10.1016/j.jhep.2013.12.019
https://doi.org/10.1371/journal.pntd.0008310
https://doi.org/10.3389/fcell.2021.766205
https://doi.org/10.1051/parasite/2020074
https://doi.org/10.1007/s00330-018-5621-x
https://doi.org/10.5812/hepatmon.40263
https://doi.org/10.1007/s00330-018-5336-z
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1126/science.1171700
https://doi.org/10.1016/j.jgg.2020.11.006
https://doi.org/10.3389/fimmu.2019.00564
https://doi.org/10.1631/jzus.B1400342
https://doi.org/10.1111/cei.12230
https://doi.org/10.1007/s12072-017-9798-x
https://doi.org/10.1016/j.gtc.2016.09.013
https://doi.org/10.3389/fcell.2021.777218
https://doi.org/10.1007/s00253-021-11126-z
https://doi.org/10.3389/fimmu.2021.636803
https://doi.org/10.3389/fcimb.2022.844132
https://doi.org/10.1093/cid/ciy205
https://doi.org/10.3389/fcimb.2020.00018
https://doi.org/10.3389/fcimb.2021.731910
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lin et al.

Potential Non-Invasive Predictors for Schistosomiasis

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Cinek O, Polackova K, Odeh R, Alassaf A, Kramna L, Ibekwe MU, et al.
Blastocystis in the Faeces of Children From Six Distant Countries: Prevalence,
Quantity, Subtypes and the Relation to the Gut Bacteriome. Parasit Vectors
(2021) 14:399. doi: 10.1186/s13071-021-04859-3

Wang K, Zhang Z, Mo ZS, Yang XH, Lin BL, Peng L, et al. Gut Microbiota as
Prognosis Markers for Patients With HBV-Related Acute-on-Chronic Liver
Failure. Gut Microbes (2021) 13:1-15. doi: 10.1080/19490976.2021.1900996
Trebicka J, Bork P, Krag A, Arumugam M. Utilizing the Gut Microbiome in
Decompensated Cirrhosis and Acute-on-Chronic Liver Failure. Nat Rev
Gastroenterol Hepatol (2021) 18:167-80. doi: 10.1038/s41575-020-00376-3
Bajaj JS, Fagan A, Gavis EA, Kassam Z, Sikaroodi M, Gillevet PM. Long-Term
Outcomes of Fecal Microbiota Transplantation in Patients With Cirrhosis.
GASTROENTEROLOGY (2019) 156:1921-3. doi: 10.1053/j.gastro.2019.01.033
Suk KT, Koh H. New Perspective on Fecal Microbiota Transplantation in Liver
Diseases. ] Gastroenterol Hepatol (2022) 37:24-33. doi: 10.1111/jgh.15729
Madsen M, Kimer N, Bendtsen F, Petersen AM. Fecal Microbiota
Transplantation in Hepatic Encephalopathy: A Systematic Review. Scand ]
Gastroenterol (2021) 56:560-9. doi: 10.1080/00365521.2021.1899277

Bajaj JS, Salzman NH, Acharya C, Sterling RK, White MB, Gavis EA, et al.
Fecal Microbial Transplant Capsules are Safe in Hepatic Encephalopathy: A
Phase 1, Randomized, Placebo-Controlled Trial. HEPATOLOGY (2019)
70:1690-703. doi: 10.1002/hep.30690

Song Q, Zhang Y, Zhang B, Liu J, Song L, Sun X, et al. Effects of Different
Infection Degrees of Schistosoma Japonicum on Gut Microbiota of Mice (in
Chinese). ] Trop Med (2020) 20:303-8.

ZhaoY, Yang S, Li B, Li W, Wang ], Chen Z, et al. Corrigendum: Alterations of
the Mice Gut Microbiome via Schistosoma Japonicum Ova-Induced
Granuloma. Front Microbiol (2019) 10:747. doi: 10.3389/fmicb.2019.00747
Kay GL, Millard A, Sergeant M]J, Midzi N, Gwisai R, Mduluza T, et al
Differences in the Faecal Microbiome in Schistosoma Haematobium Infected
Children vs. Uninfected Children. PloS Negl Trop Dis (2015) 9:e3861.
Osakunor D, Munk P, Mduluza T, Petersen TN, Brinch C, Ivens A, et al. The
Gut Microbiome But Not the Resistome Is Associated With Urogenital
Schistosomiasis in Preschool-Aged Children. Commun Biol (2020) 3:155.
doi: 10.1038/s42003-020-0859-7

62. Ajibola O, Rowan AD, Ogedengbe CO, Mshelia MB, Cabral DJ, Eze AA, et al.
Urogenital Schistosomiasis Is Associated With Signatures of Microbiome
Dysbiosis in Nigerian Adolescents. Sci Rep (2019) 9:829. doi: 10.1038/s41598-
018-36709-1

Costea PI, Hildebrand F, Arumugam M, Backhed F, Blaser MJ, Bushman FD,
et al. Enterotypes in the Landscape of Gut Microbial Community
Composition. Nat Microbiol (2018) 3:8-16. doi: 10.1038/s41564-017-0072-8
Manfredo VS, Hiltensperger M, Kumar V, Zegarra-Ruiz D, Dehner C, Khan
N, et al. Translocation of a Gut Pathobiont Drives Autoimmunity in Mice and
Humans. Science (2018) 359:1156-1161. doi: 10.1126/science.aar7201

Liu X, Mao B, Gu J, Wu J, Cui S, Wang G, et al. Blautia-a New Functional
Genus With Potential Probiotic Properties? Gut Microbes (2021) 13:1-21. doi:
10.1080/19490976.2021.1875796

Chen T, Ding R, Chen X, Lu Y, Shi ], Lu Y, et al. Firmicutes and Blautia in Gut
Microbiota Lessened in Chronic Liver Diseases and Hepatocellular
Carcinoma Patients: A Pilot Study. Bioengineered (2021) 12:8233-46. doi:
10.1080/21655979.2021.1982273

63.

64.

65.

66.

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.

Copyright © 2022 Lin, Song, Liu, Chen, Zhang, Wu, Sun and Wu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 941530


https://doi.org/10.1186/s13071-021-04859-3
https://doi.org/10.1080/19490976.2021.1900996
https://doi.org/10.1038/s41575-020-00376-3
https://doi.org/10.1053/j.gastro.2019.01.033
https://doi.org/10.1111/jgh.15729
https://doi.org/10.1080/00365521.2021.1899277
https://doi.org/10.1002/hep.30690
https://doi.org/10.3389/fmicb.2019.00747
https://doi.org/10.1038/s42003-020-0859-7
https://doi.org/10.1038/s41598-018-36709-1
https://doi.org/10.1038/s41598-018-36709-1
https://doi.org/10.1038/s41564-017-0072-8
https://doi.org/10.1126/science.aar7201
https://doi.org/10.1080/19490976.2021.1875796
https://doi.org/10.1080/21655979.2021.1982273
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Potential Gut Microbiota Features for Non-Invasive Detection of Schistosomiasis
	Introduction
	Materials and Methods
	Mice
	S. japonicum Cercariae and Infection
	Sample Collection and Detection From Mice
	Histological Staining
	Subjects and Sample Collection From Humans
	Liver Stiffness Measurement in Humans
	DNA Extraction, PCR amplification and Sequencing
	Microbiome Analysis
	Overview of the Sequencing Information Gut Bacterial Samples
	Statistical Analysis

	Results
	Distinct Signatures of Gut Microbiomes in S. japonicum-Infected Mice With the One-Time Point
	Distinct Signatures of Gut Microbiomes at the One-Time Point With Different Numbers of S. japonicum Infection
	Distinct Signatures of Gut Microbiomes at Different Time Points With Different Numbers of S. japonicum Infection
	Relationships Among Granulomatous and Fibrotic Area and Gut Bacterial Variables in Mice
	Distinct Signatures of Gut Microbiomes Between S. japonicum-Infected and Uninfected Patients
	Gut Microbiota Features Reflected the Granulomas or Fibrosis of S. japonicum Infection in Hosts

	Discussion and Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


