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Schistosoma japonicum were surveyed. Female C57BL/6 and BALB/c mice were
exposed to cercariae of S. japonicum for 45 and 65 days and then sacrificed. Intestinal
contents and feces were collected, DNA was extracted, and high-throughput 16S
rRNA gene-based pyrosequencing was used to provide a comparative analysis of gut
microbial diversity. The intestinal mucosal tissues were also examined. Histopathologic
analysis demonstrated that the basic structure of the colonic mucosa was damaged
by ova-induced granuloma. Regarding the gut microbiome, 2,578,303 good-quality
sequences were studied and assigned to 25,278 Operational Taxonomic Units (OTUS)
at a threshold of 97% similarity. The average number of OTUs for C57BL/6 and BALB/c
were 545 and 530, respectively. At the phylum level, intestinal microbial communities
were dominated by Firmicutes, Bacteroidetes, Proteobacteria, and Verrucomicrobia.
Infection with S. japonicum modified bacterial richness in the fecal associated microbiota.
Exposure significantly modified bacterial community composition among different
groups. At the phylogenetic levels, LEfSe analysis revealed that several bacterial taxa
were significantly associated with the S. japonicum-infected mice. The present results
suggest that egg granulomas in the intestine influence differentiation of the gut microbial
community under pathophysiological conditions. This result suggests that intestinal
microbiome-based strategies should be considered for early diagnosis, clinical treatment,
and prognosis evaluation of schistosomiasis.
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FIGURE 5 | Two-dimensional principal coordinates analysis (PCoA) plot of unweighted (A) and weighted (B) UniFrac distance matrices for both intestinal contents
and feces samples from C57BL/6 and BALB/c mice during infection. The bacterial community of the feces and intestinal contents from C57BL/6 mice in group
C57.Ctrl, C57.AP, and C57.CP and from BALB/c mice in group BA.Ctrl, BA.AP, and BA.CP are shown. Sample names refer to samples as described in Table 1.
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Comparison of Bacterial Community
Within Groups

Alpha diversity was calculated, including Chaol, good coverage,
observed species, and Shannon index (Table 1). The trends of
alpha diversity metrics for gut samples from the Ctrl to CP
were different between different mice strains. For C57BL/6 mice,
OTU numbers, observed species, and Shannon and Chaol index
values declined from group C57.Ctrl to C57.CP. In contrast, these
values increased in BA.AP and finally decreased thereafter in
BA.CP. The results showed that the interquartile range of species
diversity was increased from the Ctrl to AP and CP in both
C57BL/6 and BALB/c mice (Figures 3A,B). Outliers were only
detected in group C57.Ctrl, BA.Ctrl, and BA.AP (Figure 3B).

For Chaol analysis (Figure 3A), C57.Ctrl samples had a
significantly higher value than C57.AP and C57.CP (P = 0.046,
P = 0.001; Wilcox rank-sum test). For BALB/c mice, BA.AP
samples had a significantly higher Chaol value than BA.Ctrl
and BA.CP, respectively (P = 0.044 and P =  0.002,
respectively; Wilcox rank-sum test). For observed species analysis
(Figure 3B), C57.Ctrl samples had a significantly higher value
than C57.CP (P = 0.001; Wilcox rank-sum test). For BALB/c
mice, BA.AP samples had a significantly higher value than
BA.Ctrl and BA.CP (P = 0.017 and P = 0.001, respectively;
Wilcox rank-sum test). For Shannon diversity, a significant
difference was only seen between AP and CP samples of BALB/c
mice (P = 0.048; Wilcox rank-sum test).
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FIGURE 6 | LEfSe identified the most differentially abundant taxa in different groups of C57BL/6 and BALB/c mice. Only taxa meeting an LDA significance threshold
>4 are shown in the figures. (A) Histogram of linear discriminant analysis (LDA) score distribution among the six groups; (B) Histogram of LDA score distribution
among three groups of C57BL/6 mice; (C) Histogram of LDA score distribution among three groups of BALB/c mice; (D) Histogram of LDA score distribution
between the C57.Ctrl and C57.AP group; (E) Histogram of LDA score distribution between the C57.AP and C57.CP group; (F) Histogram of LDA score distribution
between the BA.Ctrl and BA.AP group; (G) Histogram of LDA score distribution between the BA.AP and BA.CP group; (H) Histogram of LDA score distribution
between the C57.AP and BA.AP groups. (l) Histogram of LDA score distribution between the C57.CP and BA.CP groups.
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Comparison of Bacterial Community influenced. Outliers were detected in groups C57.Ctrl

Among Groups and BA.Ctrl.
Based on weighted UniFrac (Figure3C), the beta diversity To better visualize the OUT diversity of mouse gut bacteria
for gut samples from the Ctrl to CP were similar in both with a broader evolutionary context in these two strains, a
C57BL/6 and BALB/c mice. The values were increased from  maximum likelihood phylogeny of the top 10 species (relative
group C57.Ctrl to C57.CP. Groups C57.AP and C57.CP had abundance of OTUs) was constructed. In Figure4, a total of
a statistically significant increase in beta diversity compared 101 OTUs were identified as 10 different species. Among these
with C57.Ctrl samples (P = 2e-06, P = 1.2e-05; Wilcox = OTUs, 28 were classified as Ruminococcaceae_UCG-014 and
rank-sum test). BA.Ctrl samples had a significantly lower 21 as Lachnospirace. NK4A136_group, which were differently
beta diversity than BA.AP and BA.CP (P = 0.0001 and distributed in the groups of C57BL/6 and BALB/c mice. Most
P = 2e-06, respectively; Wilcox rank-sum test). This suggested ~ OTUs occurred in all groups with different abundances.

that the range of beta diversity was more heterogeneous On the PCoA plot, each symbol represents the gut microbiota
in the infected group than in the uninfected control in  of one group (Figure 5). It is noteworthy that the microbiotas
both C57BL/6 and BALB/c mice. In particular, the degree  from the Ctrl group to the CP group were distinct between
of dispersion in groups C57.AP and BA.CP was strongly = C57BL/6 and BALB/c mice (Figure5A). The relationships
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FIGURE 7 | Cladogram of the most differentially abundant taxa in different groups of C57BL/6 and BALB/c mice. (A) Cladogram of the most differentially abundant
taxa in six groups of C57BL/6 and BALB/c mice; (B) Cladogram of the most differentially abundant taxa in different groups of C57BL/6 mice; (C) Cladogram of the
most differentially abundant taxa in different groups of BALB/c mice; (D) Cladogram of the most differentially abundant taxa between C57.Ctrl and C57.AP; (E)
Cladogram of the most differentially abundant taxa between C57.AP and C57.CP; (F) Cladogram of the most differentially abundant taxa between BA.Ctrl and BA.AP;
(G) Cladogram of the most differentially abundant taxa between BA.AP and BA.CP; (H) Cladogram of the most differentially abundant taxa between C57.AP and
BA.AP; (I) Cladogram of the most differentially abundant taxa between C57.CP and BA.CP.
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between community structures revealed by PCoA were further
tested by comparing within-group weighted UniFrac distances
in C57BL/6 and BALB/c mice (Figure 5B). Consistent with the
PCoA plot, the between-group distances were significantly higher
than the within-group distances (ANOSIM, MRPP, P < 0.01)
for each group (Supplementary Tables 1, 2). These data suggest
that the gut microbial community structures between the two
strains of mice were significantly different. Additionally, the 47
samples were clustered by UPGMA with an unweighted UniFrac
matrix. It showed that C57BL/6 and BALB/c mice were obviously
clustered into two independent clusters at the phylum level
(Supplementary Figure 4). In each cluster, the main samples in
Ctrl, AP, and CP groups were also clustered into subclusters.

Potential Biomarker Discovery

To identify bacterial taxa that were significantly different between
groups of C57BL/6 and BALB/c mice, LEfSe was performed on
the taxa. It showed that the bacterial taxa were differentially
represented among the different groups of C57BL/6 and BALB/c
mice (Figure 6). The potential biomarkers at different taxonomic
levels in the groups of C57BL/6 and BALB/c mice were
determined (Figure 7). At the genus level, the biomarker with a
significant difference between C57.AP and the other two groups
in C57BL/6 mice was Akkermansia; the biomarkers showing
significant differences between C57.CP and the other two groups
in C57BL/6 mice were Helicobacter and Bacteroides. Several
genera, including Lactobacillus, Desulfovibrio, and Turicibacter,
were associated with the non-infected control in C57BL/6
mice (Figure 6B). In BALB/c mice, bacteria from the genera
Bacteroides and Erysipelatoclostridium were identified as markers
of BA.AP. The genus Akkermansia was a marker of BA.CP.
The genera Lactobacillus and Desulfovibrio were enriched in
BA.Ctrl (Figure 6C).

DISCUSSION

In this study, the gut microbial structure in C57BL/6 and
BALB/c mice with S. japonicum ova-induced granulomas was
studied. Both species accumulation curves and rarefaction curves
gained from the OTU counts approximate the saturation level,
indicating a relatively perfect coverage of the total and individual
ecosystem diversity. Based on the alpha diversity analysis,
we observed that the richness and diversity of the intestinal
microbiota in fecal samples from both C57BL/6 and BALB/c
mice had been noticeably changed after S. japonicum infection.
The beta diversity analysis showed a significantly higher beta
diversity in the infected group compared to the uninfected group
of these two mouse strains. Consistent with this notion, an
overall reduction in alpha diversity and a significant increase in
beta diversity were found in the gut microbiota of S. mansoni-
infected mice when compared to uninfected controls (Jenkins
et al., 2018). A loss of microbial diversity in the intestine is also
shown in several human intestinal and extraintestinal disorders,
including inflammatory bowel disease (IBD), colorectal cancer
(CRC), chronic liver diseases, type 2 diabetes, and asthma (Tilg
et al., 2018). In the present study, the core gut microbiome at
the phylum level in uninfected and infected mice was dominated

by Firmicutes, Bacteroidetes and Proteobacteria, which are
commonly found in the mouse model (Zheng et al., 2016a,b;
Deng et al,, 2018; Kim et al., 2019). Significant differences were
found before and after infection. S. japonicum-treated mice
had a significantly different microbiome composition compared
to control groups of the two mouse strains based on beta
diversity analysis. These findings indicated that S. japonicum
ova-induced granulomas obviously influenced the microbial
composition pattern in mice. This is consistent with a previous
study in mice demonstrating the effect of helminth infection
on the gut microbiota (Su et al., 2018). However, one study
suggested that neither a S. mansoni infection nor praziquantel
administration in children triggers a significant effect on the
microbial composition, although some subtle modifications in
the gut microbiome were observed (Schneeberger et al., 2018).
The composition of the gut microbiome, especially in human
beings, which is not only influenced by infections, but also by host
genetic variation and environmental factors, such as nutrition,
may explain this paradox (Kau et al., 2011; Blekhman et al., 2015).
Current data demonstrate that the relative abundance of
dominant phyla and families show notable variation during
the process of infection. Specifically, S. japonicum infection
is connected with a relative decrease of Firmicutes in the
feces compared with uninfected C57BL/6 mice. In contrast, S.
japonicum cercaria exposure is related to an obvious relative
increase of Bacteroidetes and Proteobacteria in the feces
compared to untreated C57BL/6 mice. These changes in the
abundance of Bacteroidetes and Firmicutes are also detected
after human catestatin treatment in C57BL/6 mice (Rabbi et al.,
2017). The altered gut microbial composition in mice associated
with intestinal inflammation is quite similar to humans with
IBD. The patients with IBD also have a comparatively low
abundance of Firmicutes and relatively high abundance of
Bacteroidetes (Hansen et al., 2010). In the members of the
Firmicutes phylum, a loss of Faecalibacterium prausnitzii is
correlated with an increased risk of postoperative recurrence
of ileal Crohn’s disease (Quévrain et al., 2016). In the phylum
Bacteroidetes, Bacteroides fragilis toxin is associated with IBD,
particularly in patients with active disease (Prindiville et al,
2000). However, the same variations, including the relative
abundance of Firmicutes, Bacteroidetes, and Proteobacteria, are
not observed in the feces of BALB/c mice. It demonstrates there
is a considerable difference in the gut microbiome between the
two mouse strains after S. japonicum infection. Moreover, similar
results obtained from the PCoA and UPGMA dendrogram
demonstrate that the gut microbial community structures after
infection were significantly different between C57BL/6 and
BALB/c mice. C57BL/6 mice have been a proposed model of
S. japonicum schistosomiasis for insight into immunological
disease process, such as granulomatous inflammation, due to
their high level of inflammatory reactions (Mitchell et al., 1981;
Hirata et al., 1993). Thus, C57BL/6 mice may be a useful rodent
model for further studies of the schistosomal gut microbiome.
Several high-abundance phyla and families, such as
Verrucomicrobia and Enterobacteriaceae, should not be ignored.
In several diseases involving inflammation in the gut, including
IBD and CRC, Enterobacteriaceae are one of the most commonly
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overgrown symbiotic bacteria (Zeng et al., 2017). Imbalances
in Enterobacteriaceae are associated with IBD and CRC. As a
common bacterial phylum detected in soil, Verrucomicrobia
is also found in the marine environment (Freitas et al., 2012).
However, little is known about its role in the murine gut. To
address this issue, the microbial community composition from
the S. japonicum infected mice was analyzed. Subsequently,
Verrucomicrobia was detected as the dominant bacterial phylum
in C57.AP and BA.CP. Consistently, a significant expansion
in populations of Verrucomicrobiaceae (species Akkermansia
muciniphila) was associated with S. mansoni infection (Jenkins
et al,, 2018). A similar result was found in humans following
wide-spectrum antibiotic treatment (Dubourg et al, 2013).
However, the role of this recently characterized phylum remains
unclear. The current findings offer more insights into various
host intestinal microbiomes after S. japonicum infection and
demonstrate that microbiome analysis is potentially powerful for
early accurate diagnosis of schistosomiasis and understanding of
the pathogenic mechanism of disease progression.

As a broad-spectrum anthelmintic, praziquantel works
effectively on cercaria and adult worms and is the recommended
drug for schistosomiasis treatment (Mutapi et al, 2017).
In conventional treatment, the role of gut microbiome has
been ignored. Furthermore, the gut microbiome may disturb
treatment by drugs. Additionally, when a drug is unreasonably
utilized, drug resistance gradually appears (Vale et al., 2017).
Thus, the abundance and composition of schistosomiasis- related
bacteria should be evaluated during the treatment process.
The results will support the hypothesis that S. japonicum
treatment modulates the gut microbiota composition under
pathophysiological conditions. In the current study, the gut
microbiome was evaluated with 16S rRNA sequencing on a small
scale. In addition to bacteria, other microorganisms, including
viruses, protists, and fungi, are also considered members of the
gut microbiome. Furthermore, the life cycle of S. japonicum,
including cercaria, schistosomulum, adults and eggs, is extremely
complex. Different stages of S. japonicum will influence the
microbiome of the skin, lungs, intestine, and mesentery, which
recently has been considered a novel organ (Coffey and O'Leary,
2016). Thus, the sampling time and location will be fully
considered in future studies. Moreover, metagenome sequencing
for large-scale verification related to matched groups needs to be
further validated.

In conclusion, our findings offer an insight into mouse gut
microbial modulation after infection with S. japonicum cercaria.
We observed an alteration in the gut microbial communities in
response to S. japonicum treatment, which is more prominent
in C57BL/6 than in BALB/c mice. The microbial community
of the intestine could be used as a potential biomarker for the
diagnosis of a S. japonicum infection and as an evaluation of the
pathogenesis and progression of schistosomiasis.
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The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.00352/full#supplementary-material

Supplementary Figure 1 | General information regarding uninfected and infected
mice. The weights of the body, liver and spleen and spleen size in each group
from C57BL/6 and BALB/c mice were obtained.

Supplementary Figure 2 | Species diversity and richness evaluation of mouse
gut samples during infection. (A) Species accumulation curves. The vertical axis
shows the number of observed species that are expected to be found, after
sequencing the number of samples shown on the horizontal axis. Curvature
toward the horizontal indicates the increased sampling effort required to find
species when only rare species remain to be discovered. (B) Rarefaction curves.
The vertical axis shows the number of observed species that are expected to be
found after sampling the number of tags or sequences shown on the horizontal
axis. Curvature toward the horizontal indicates the increased sequencing effort
required to find species when only rare species remain to be discovered.

Supplementary Figure 3 | Shared operational taxonomic unit (OTU) analysis of
the different communities. Venn diagrams showing the unique and shared OTUs in
the different groups and communities. Group and sample names refer to groups
and samples as described in Table 1.

Supplementary Figure 4 | Hierarchical clustering of feces samples by the
Unweighted Pair-group Method with Arithmetic Mean (UPGMA) according to their
unweighted UniFrac matrix. Bar charts show the relative abundance of the main
bacterial phyla found in each of the groups. Phyla representing <1% of the
sequences in a group have been grouped as “other.” Group names refer to groups
as described in Table 1.
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Supplementary Table 1 | Within- vs. Among-Group Dissimilarities analysis by
Analysis of Similarities (ANOSIM).
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