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Abstract: Biomphalaria snails play a crucial role in the transmission of the human blood fluke Schis-
tosoma mansoni. The gut microbiota of intermediate hosts is known to influence their physiological
functions, but little is known about its composition and role in Biomphalaria snails. To gain insights
into the biological characteristics of these freshwater intermediate hosts, we conducted metagenomic
sequencing on Biomphalaria straminea and B. glabrata to investigate variations in their gut microbiota.
This study revealed that the dominant members of the gut microbiota in B. glabrata belong to the
phyla Bacteroidetes and Proteobacteria, which were also found to be the top two most abundant gut
bacteria in B. straminea. We identified Firmicutes, Acidovorax and Bosea as distinctive gut microbes in B.
straminea, while Aeromonas, Cloacibacterium and Chryseobacterium were found to be dependent features
of the B. glabrata gut microbiota. We observed significant differences in the community structures
and bacterial functions of the gut microbiota between the two host species. Notably, we found a
distinctive richness of antibiotic resistance genes (ARGs) associated with various classes of antibiotics,
including bacitracin, chloramphenicol, tetracycline, sulfonamide, penicillin, cephalosporin_ii and
cephalosporin_i, fluoroquinolone, aminoglycoside, beta-lactam, multidrug and trimethoprim, in the
digestive tracts of the snails. Furthermore, this study revealed the potential correlations between snail
gut microbiota and the infection rate of S. mansoni using Spearman correlation analysis. Through
metagenomic analysis, our study provided new insights into the gut microbiota of Biomphalaria snails
and how it is influenced by host species, thereby enhancing our understanding of variant patterns of
gut microbial communities in intermediate hosts. Our findings may contribute to future studies on
gastropod—microbe interactions and may provide valuable knowledge for developing snail control
strategies to combat schistosomiasis in the future.

Keywords: Schistosoma mansoni; intermediate host; metagenomics; gut microbiota; variation pattern

1. Background

Schistosomiasis is a significant helminthic disease caused by infection with the blood
flukes of the genus Schistosoma. It is considered one of the most important diseases in
humans, infecting over 230 million people worldwide [1,2]. Endemic in 77 countries in
tropical and subtropical regions, schistosomiasis poses a threat to approximately one-eighth
of the global population. The disease is caused by different species of Schistosoma, including
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Schistosoma mansoni [3-5], S. japonicum [6-9], S. haematobium [10,11], S. intercalatum [12]
and S. Mekongi [13-15], of which S. mansoni is one of the most widespread species [2,3].
Biomphalaria snails such as Biomphalaria straminea and B. glabrata are important intermediate
hosts of S. mansoni. In China, S. japonicum is the only endemic parasitic flatworm that causes
schistosomiasis. However, with the fast spread of the invasive vector B. straminea, there is
the potential risk of S. mansoni transmission in South China [4,5]. Therefore, it is crucial to
focus on managing the spread of this invasive vector and gaining a better understanding of
the biological characteristics of intermediate hosts like B. straminea and B. glabrata.

The gut microbiota plays a crucial role in the health of organisms [16]. It has been
shown to influence various aspects of host physiology and contribute to host fitness [16-21].
The composition of gut microbiota can be influenced by numerous factors, including host
biology, host genetics, diet, ecological niche and developmental stages [22-27]. Recent
studies using 165 rRNA gene sequencing have shown the diverse gut microbiota to be
associated with different gut sections, sexes and developmental stages in intermediate
hosts such as Pomacea canaliculata and Achatina fulica, which are hosts to Angiostrongylus
cantonensis [28-33]. However, there is limited knowledge regarding the gut bacteria of S.
mansoni intermediate hosts like B. straminea and B. glabrata and the relationship between
the gut microbiota and biology of these hosts.

Metagenomics analysis, in contrast to 16S rRNA gene sequencing, offers alternative
methods for identifying uncultivated microbes and obtaining more functional information
about specific microbes in organisms such as humans, ruminants and mice [34-37]. How-
ever, few studies have focused on the variations in composition, functions and antibiotic
resistance genes (ARGs) in the gut microbiota of S. mansoni intermediate hosts.

In this study, we utilized metagenomic sequencing to analyze the gut microbiota of
B. straminea and B. glabrata, and we compared the influence of gut microbiota affected by
host species. Our findings contribute to a better understanding of the basic characteristics of
gut-microbiota—gastropod associations and may provide new insights for the development
of interventions against schistosomiasis.

2. Methods
2.1. Samples Collection

B. straminea snails were reared under laboratory conditions at Sun Yat-sen University.
The snails were kept under controlled conditions, with a temperature of 25 to 27 °C, 80%
relative humidity (RH) and a 12:12 h light-dark (L:D) cycle. The snails were fed sterile
food. The laboratory population of B. straminea was collected from Shenzhen, China, and
has been reared for over 10 years under laboratory conditions. B. glabrata was introduced
from the University of Bristol School of Veterinary Sciences, UK, [38] and has been reared
for over 10 years under laboratory conditions. The S. mansoni Puerto Rican strain was
provided by the Institute of Tropical Medicine, Nagasaki University, Japan [38].

Before dissection, the snails were surface-sterilized in sterile water for 30 s and washed
three times in different sterile dishes. Then, they were rinsed in sterile phosphate-buffered
saline (PBS) for 15 s. To obtain the soft tissue of gastropod snails, the shells were removed
from the snails using sterile metal tweezers, and the soft tissues of the snails were cleaned
with sterile PBS for 15 s and repeated two times. After the above procedures, snail soft
tissue was placed in a sterile dish and dissected using sterile glass rods. All the procedures
were performed under sterile conditions. The gut samples were stored at —80 °C for
further studies.

2.2. DNA Extraction

Each gut sample from the snails consisted of 10-15 guts pooled together. Each collected
gut sample was homogenized in a tube using a sterile pestle (an electric tissue homogenizer)
on ice. Total DNA was extracted from the gut samples using a HiPure MicroBiome DNA kit
(Magen, Guangzhou, China), following the manufacturer’s protocol. The extracted DNA
was resuspended in 50 uL. AE buffer and stored at —80 °C until further study. The DNA
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quality and quantity were assessed using a Nanodrop (Thermo Scientific, Waltham, MA,
USA). Total DNA degradation and potential contamination were monitored on 1% agarose
gels. Total DNA concentration and purity were monitored on a Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA, USA) and a NanoPhotometer® spectrophotometer (IMPLEN,
Westlake Village, CA, USA).

2.3. Metagenomic Sequencing, Quality Control, Assembly and Annotation

Total DNA (1 ug/sample) was used as input material for the DNA preparations.
The genomic DNA was arbitrarily fragmented into 350 bp in size. PCR products were
purified using the AMPure XP system. The libraries were analyzed for size distribution
by an Agilent2100 Bioanalyzer, quantified using real-time PCR and, finally, sequenced
on an Illumina NovaSeq 6000 platform (Novogene, Beijing, China). Paired-end reads
were generated.

The raw metagenomic sequences were quality-controlled prior to the assembly. Sequenc-
ing adapters were filtered using SeqPrep (https://github.com/jstjohn/SeqPrep/) (accessed
on 29 September 2022). Low-quality reads (with a quality value <20 or length <50 bp or
having N bases) were removed. The remaining reads were aligned to the snail genome
using BWA (v. 0.7.9a) [39], which is available at http://bio-bwa.sourceforge.net (accessed on
29 September 2022). After alignment, any hits associated with the reads and their correspond-
ing mate pairs were removed. Clean reads were assembled using SOAPdenovo software
(http:/ /soap.genomics.org.cn/) (accessed on 29 September 2022). Scaffolds with a length of
over 500 bp were extracted. Finally, contigs with a length >300 bp were used for prediction
and annotation, and contigs were then subjected to open reading frame (ORF) prediction
using MetaGene (http://metagene.cb.k.u-tokyo.acjp/) (accessed on 29 September 2022) [40].
The predicted ORFs were retrieved and translated into amino acid sequences using the NCBI
database (http:/ /www.ncbinlm.nih.gov/Taxonomy /taxonomyhome.html/) (accessed on
29 September 2022).

The representative sequences of the nonredundant gene catalog were aligned to the
NR database using Diamond (http://www.diamondsearch.org/index.php, (accessed on
29 September 2022) v. 0.8.35), and an e-value cutoff of 1 x 107> was applied during the
alignment process for taxonomic annotations [41]. KEGG annotation was performed using
BLAST against the Kyoto Encyclopedia of Genes and Genomes database (http://www.
genome.jp/keeg/) (accessed on 29 September 2022). ARGs in reads were identified based on
the ARDB database (http://ardb.cbcb.umd.edu/) (accessed on 29 September 2022).

2.4. Bacterial Data Analysis

Principal coordinates analysis (PCoA) based on Bray—Curtis distance as the measure
of beta diversity and the similarity among samples was performed in R software (Version
2.15.3) [42]. NMDS analysis based on Jaccard distance was performed using the online
tool Majorbio Cloud Platform. Taxonomic microbes were identified by using the linear
discriminant analysis (LDA) effect size (LEfSe) [43]. Analysis of similarities (ANOSIM)
was used to evaluate the beta diversity using mothur in R. Heatmap generation based
on color gradation was carried out in Excel. Statistical analysis of metagenomic profiles
(STAMP) and correlation network analysis showing the correlation between gut microbe
species were performed on the Tutools platform (https://www.cloudtutu.com/) (accessed
on 18 December 2022). The relationships among variables were analyzed using Spearman
analysis in R. The credibility of statistical analysis is represented by p-value. All pairwise
comparisons for each two groups were analyzed by using the Wilcoxon test to range
adjustment, with a p-value threshold of 0.05.

2.5. Parasite Detection

The Biomphalaria snails were reared in a laboratory setting following the methods
outlined in the previous study [4,17]. Each snail was exposed to 10 S. mansoni miracidia;
the specific procedures for infecting the snails with miracidia were detailed in the study [5].
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The snails that were exposed to S. mansoni were subject to shading treatment throughout
the experiment. The infection rate was assessed 80 days after cercariae infection using
the methodology described in the previous study [44]. The release of cercariae from
Biomphalaria snails was previously documented in the research [5].

2.6. Statistical Analysis

The data are expressed as the mean =+ standard error of the mean (SEM). The difference
between groups was analyzed by t-test. p < 0.05 is considered statistically significant.

3. Results
3.1. The Composition of Gut Microbes of B. straminea and B. glabrata

Metagenomic analysis generated a total of 58.8 Gb of raw data from nine samples,
with five samples from B. glabrata and four samples from B. straminea. The results showed
that the majority of the gut microbial community of B. glabrata corresponded to members
of the phylum Proteobacteria (63.6%), followed by Bacteroidetes (36.7%) (Figure 1A). In
B. straminea, the relative abundance of Proteobacteria (10.0%) and Bacteroidetes (1.4%) was
lower compared to B. glabrata (Figure 1A).

A / B
B. straminea
u p__Proteobacteria ® p__Bacteroidetes ® p__Proteobacteria » p__Bacteroidetes
p__Verrucomicrobia ™ p__Ascomycota ® p__Actinobacteria p__Verrucomicrobia
® p__Firmicutes u p__Glomeromycota p__Planctomycetes p__unclassified_d__Bacteria
® p__Basidiomycota B p__Microsporidia ® p__Candidatus_Melainabacteria ® p__Chlorobi
® p__Actinobacteria ® p__Chytridiomycota W p__Firmicutes u p__Streptophyta
Others Others
C D
B. straminea B. glabrata
W g_ Acidovorax ®g_Bosea W g__Cloacibacterium m g__Flavobacterium
m g__Methyloversatilis __Chryseobacterium g__Aeromonas g__Chryseobacterium
g__Aeromonas ® g__Haloferula ® g__Rhodoferax ® g__Dechloromonas
® g__Rhizophagus ® g__Escherichia B g__unclassified_f__Rhodobacteraceae ® g__Hydrogenophaga
® g_ Flavobacterium  ® g__Coraliomargarita ® g__ Emticicia ¥ g__Acidovorax
Others Others

Figure 1. The relative abundance of gut bacteria of B. straminea (n = 4) and B. glabrata (n = 5): at the
phylum level of B. straminea (A) and B. glabrata (B) and at the genus level of B. straminea (C) and
B. glabrata (D). The top ten most common gut microbes are shown.

At the class level, Betaproteobacteria was found to be the most abundant gut bacteria
in both B. straminea and B. glabrata (Figure S1A). At the order level, Flavobacteriales,
Burkholderiales and Rhodocyclales were the dominant gut bacteria in B. glabrata, while
Burkholderiales was the most abundant gut microbiota of B. straminea (Figure S1B). At the
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family level, B. glabrata had three dominant families, Weeksellaceae, Comamonadaceae and
Azonexaceae, which were different from the composition of B. straminea (Figure S1C).

At the genus level, the gut bacterial composition of B. straminea showed 10 genera,
with Acidovorax and Bosea being the dominant ones. In comparison, B. glabrata exhibited
six dominant gut microbes, including Dechloromonas, Acidovorax, Aeromonas, Cloacibacterium,
Flavobacterium and Chryseobacterium (Figure 1B). These findings highlighted that the genus
Acidovorax is a shared dominant microbe in guts of both B. straminea and B. glabrata.
At the species level, the top five gut microbes of B. straminea include Bosea sp. AAP35,
Bosea vaviloviae, Haloferula sp. BvORRO071, Rhizophagus irreqularis and Methyloversatilis
discipulorum, and gut bacteria of B. glabrata with an average relative abundance >2% include
the species Cloacibacterium rupense, Rhodobacteraceae bacterium PARR1, Acidovorax temperans,
unclassified Aeromonas and Aeromonas jandaei (Figure S1D).

In a previous study, the authors defined the core microbiota of the human gut as
taxa that were present in at least 50% of samples, and they considered these taxa to be
representative of the microbial community that is commonly found in the human gut [45].
In this study, among the top 10 features (Figure 1), Bacteroidetes, Proteobacteria, Acidovo-
rax, Aeromonas, Chryseobacterium and Flavobacterium were present, based on their average
relative abundance, throughout the different sample types and defined as “core” microbes
of the snail guts. Based on network analysis, the “core” gut microbes of both B. straminea
and B. glabrata were analyzed. At the phylum level, the phylum Bacteroidetes directly
associates with multiple bacteria such as Candidatus Kapabacteria, Candidatus Curtissbac-
teria, Uroviricota and Balneolaeota. Similarly, the phylum Proteobacteria shows a positive
association with Gemmatimonadetes, which correlates significantly with 14 microbes in-
cluding Nitrospinae and Rotifera (Figure S2A). At the genus level, Acidovorax, Aeromonas
and Chryseobacterium are directly associated with various microbes belonging to different
clusters in the network (Figure S2B).

3.2. Microbiome Composition Shifts Associated with Host Species

To investigate the factors shaping the gut microbiota, we compared the microbiome
composition between host species. Our analysis revealed distinct segregation of bacterial
community structures based on host species at the phylum level, as shown by PCoA analy-
sis using the Bray-Curtis distance (Figure 2A). The gut bacteria formed clusters specific
to each host species, indicating that the host species can influence the configuration of the
gut microbiota in intermediate hosts, as is evident from the NMDS analysis (Figure 2B).
Furthermore, the host species significantly impacted the composition of gut microbes in
intermediate hosts, as indicated by the R statistic obtained from the analysis of similar-
ities (ANOSIM: p = 0.001) (Figure 2C). Similar results were observed at the genus level
(Figure 2D-F).

We conducted further analysis on different sample populations and identified Firmi-
cutes, Acidovorax and Bosea as characteristic gut microbiota features in B. straminea. On the
other hand, gut microbes such as Bacteroidetes, Aeromonas, Cloacibacterium and Chryseobac-
terium were identified as B. glabrata-dependent features (Figure 3). These results suggested
that a range of gut bacterial features can serve as biomarkers to distinguish B. straminea
and B. glabrata.
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Figure 2. The differences in community structures of gut bacteria between B. straminea (n = 4) and
B. glabrata (n = 5). (A) PCoA analysis. (B) NMDS. (C) ANOSIM. (D) PCoA analysis. (E) NMDS.
(F) ANOSIM. Pictures (A—C) show the difference in bacterial community structure based on the
phylum level. Pictures (D-F) show the difference in bacterial community structure based on the
genus level. BG: B. glabrata. BS: B. straminea.
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Figure 3. A linear discriminant analysis (LDA) effect size (LEfSe) analysis of gut microbiota of
B. straminea (n = 4) and B. glabrata (n = 5): (A) at the phylum level, and (B) at the genus level. The top
20 most different gut microbes are shown. BG: B. glabrata. BS: B. straminea.
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3.3. Bacterial Functional Shifts Associated with Host Species

Gut microbial metabolism functions play a crucial role in various aspects in the host
organisms [46—48]. To further investigate the associations between gut microbial functions
and shaping factors, we performed a metagenomic analysis. The functional profiles of gut
bacteria (at level 3) from different host species were found to cluster separately, indicating
that the host species significantly influences the metabolic configuration of the gut micro-
biota (Figure 4A). Furthermore, based on the statistical analysis of metagenomic profile
(STAMP) analysis, we observed a significantly higher abundance of functions related to
metabolic pathways, biosynthesis of secondary metabolites, ABC transporters and two-
component systems in the gut microbiota of B. glabrata compared to B. straminea (Figure 4B).
These findings suggest that snail species can have a substantial impact on the functional
diversity and metabolic capabilities of the gut microbiota.

A B B BG B Bs ® BG @ BS
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Biosynthesis of secondary metabolites _ ] ' 0
& Microbial metabolism in diverse environments 4 | | (0) 0
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o
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Figure 4. The difference in gut bacterial functions of B. straminea (n = 4) and B. glabrata (n = 5).
(A) PCoA analysis. (B) STAMP analysis. The top 20 most significantly different functions of B. glabrata
and B. straminea gut microbiota are shown, respectively. BG: B. glabrata. BS: B. straminea.

3.4. The Distribution of ARGs of the Gut Microbiota of B. straminea and B. glabrata

Antibiotic resistance genes (ARGs) have become a global public health concern [49,50]. In
our study, we investigated the distribution of ARGs of the gut microbiota of B. straminea and
B. glabrata. We identified the presence of ARGs associated with various classes of antibiotics,
including bacitracin, chloramphenicol, tetracycline, sulfonamide, penicillin, cephalosporin_ii
and cephalosporin_i, fluoroquinolone, aminoglycoside, beta-lactam, multidrug and trimetho-
prim in snail guts (Figure S3A). The dominant ARGs were those related to bacitracin for both
B. straminea and B. glabrata. Furthermore, the abundance of ARGs associated with various
classes of antibiotics, including bacitracin, chloramphenicol, tetracycline, sulfonamide, amino-
glycoside, beta-lactam, multidrug and trimethoprim, was higher in B. glabrata compared to
B. straminea (Figure S3A).

Additionally, we identified a total of 46 antibiotic resistance types, such as baca,
bll_asba, bl1_fox, bl3_cpha, bl3_l, ceob and cml_e3, present in either B. straminea or B. glabrata
(Figure S3B). The most dominant antibiotic resistance type observed in both species was
baca. Furthermore, the majority of antibiotic resistance types found in B. glabrata were
higher than those in B. straminea (Figure S3B). These findings suggest that ARGs are preva-
lent in the gut microbiota of these snail species and that B. glabrata may harbor a higher
diversity and abundance of ARGs compared to B. straminea.

3.5. Potential Associations between Snail Gut Microbiota Features and Infection Rate of S. mansoni

As intermediate hosts of S. mansoni, B. straminea and B. glabrata play crucial roles in the
transmission of S. mansoni [4,5,51]. However, the infection rate of S. mansoni in B. glabrata
snails is significantly higher than in B. straminea (Figure S4). Building upon our previous
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findings that highlighted significant differences in gut microbiota between B. straminea and
B. glabrata, we conducted a further analysis to explore the potential association between
snail gut microbiota features and the infection rate of S. mansoni. Based on a Spearman
correlation analysis, we identified a range of gut microbiota features in snails that exhibited
significant correlations with the infection rate (Figure 5). For example, we observed a
significant positive correlation between the abundance of the gut bacteria (Proteobacteria,
Bacteroidetes and Chlorobi) and the infection rate of S. mansoni in snails. Conversely,
we found significant negative correlations between the infection rate and the presence of
Firmicutes, Cyanobacteria and Spirochaetes in the snail gut microbiota. These findings
suggest that the composition and abundance of snail gut bacteria may have important
implications for the infection rate of S. mansoni.
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Figure 5. Spearman correlation shows the associations between snail gut microbiota and infection
rate. The circle size indicates the magnitude of the correlation. The circles in color indicate p < 0.05.
Specifically, the red circles represent a correlation coefficient greater than 0, while the blue circles
represent a correlation coefficient less than 0. The affix “P_”" indicates the phylum level.

4. Discussion

Our current understanding of the gut microbiota of intermediate hosts of S. mansoni is
limited, and we have yet to fully understand the relationship between the gut microbiota
and host biology in these hosts. In this study, we conducted a metagenomic analysis to



Microorganisms 2023, 11, 2419

9of 15

examine the difference in the gut microbiota between B. straminea and B. glabrata. Our
results revealed distinct microbial compositions and functional profiles in these two host
species, indicating that the host species plays a significant role in shaping the gut bacterial
communities in intermediate snail hosts. Furthermore, we conducted a comprehensive
investigation of ARGs in B. straminea and B. glabrata, highlighting the role of the gastropod
gut microbiota as a reservoir of resistance genes and types. This study expands our
knowledge of the gut microbiota in intermediate hosts and its association with antibiotic
resistance in snail populations.

In our study, we first revealed the difference in the composition of gut microbes of
B. straminea and B. glabrata and analyzed the relationship between gut microbes using
metagenomic sequencing. Previous studies using 16S rRNA sequencing identified Pro-
teobacteria and Bacteroidetes as dominant gut bacteria in digestive tracts of intermediate
hosts such as Pomacea canaliculata and Achatina fulica and B. glabrata [32,52,53]. However,
some snails were found to harbor a range of dominant gut microbes, including Tenericutes,
Firmicutes and Proteobacteria [33]. Our findings from metagenomic analysis confirmed
that Proteobacteria and Bacteroidetes are indeed the dominant gut microbes in B. glabrata,
which is consistent with the results of previous studies [32,52,53]. Additionally, our study
revealed the composition of gut microbes in intermediate hosts at the class, order, family
and genus levels, respectively. At the species level, we identified specific gut microbes such
as Cloacibacterium rupense, Dechloromonas sp., Acidovorax temperans, unclassified Aeromonas
and Aeromonas jandaei that were present in B. glabrata but different from those in B. straminea.
These findings provide valuable insights into the gut microbial composition of B. straminea
and B. glabrata, highlighting the similarities and differences between the two species at
various taxonomic levels.

We also investigated the core gut microbes of intermediate hosts using metagenomic
sequencing. Core gut microbes have been identified in mammals and are known to play crucial
roles in host health [18,20,48,54]. Therefore, it is important to identify the core gut microbes
and understand their interactions in intermediate hosts. A previous study has defined the
core microbiota of B. glabrata at the family level using 16S rRNA sequencing [53]. In our study,
utilizing metagenomic analysis and network analysis, we revealed that the core phyla of the
gut microbiota in intermediate hosts are Bacteroidetes and Proteobacteria. Furthermore, we
found that core microbial genera such as Acidovorax, Bosea, Aeromonas, Flavobacterium and
Chryseobacterium were associated with various microbes belonging to different clusters in
intermediate hosts. Importantly, these core gut microbes in B. straminea and B. glabrata are
different from those found in other animals such as fish and mosquitoes [27,55-57]. These
findings provide valuable insights into the core gut microbes of intermediate hosts, shedding
light on their associations with other microbial taxa.

The gut microbiota composition and diversity of freshwater snails can be greatly influ-
enced by the host species. This phenomenon has been observed not only in gastropods [58]
but also in vertebrates [22,24,59]. Confirming previous studies, our research using metage-
nomic analysis also demonstrated that variations in the gut microbiota composition and
diversity of snails are indeed associated with different host species. These findings high-
light the role of host species in shaping the gut microbiota of freshwater snails and support
the notion that host-microbe interactions play a significant role in determining microbial
community structures and diversity in intermediate hosts. Our research using metage-
nomic analysis also revealed that the host species has a significant influence on the gut
bacterial functions of freshwater snails. Gut microbial metabolism functions play a crucial
role in multiple aspects of host biology [18,21,34]. However, in gastropods, the associations
between gut microbiota functions and shaping factors have not been well understood.
Previous studies on the relationship between intestinal microflora and gastropod functions
have mainly relied on 16S rRNA gene sequencing rather than metagenomics [33,60,61]. In
our study, we compared the differences in gut microbial functions between different host
species. We observed that the intermediate host B. glabrata exhibited significantly higher
richness in functions related to metabolic pathways, biosynthesis of secondary metabolites,



Microorganisms 2023, 11, 2419

10 of 15

ABC transporters and two-component systems compared to other hosts. These findings
provide important insights into the functional differences of gut microbiota in different
host species, specifically highlighting the enriched metabolic and biosynthetic functions in
B. glabrata. By utilizing metagenomic analysis, we have advanced our understanding of the
complex relationships between gut microbiota and host functions in intermediate hosts. A
previous study investigated the defense response and immune priming in B. glabrata and
B. straminea and showed that variations in humoral defense, such as FREPs or phenoloxi-
dase, were found between species [62]. In addition, studies on the comparisons with other
mollusc genomes showed that host hormones and enzymes, such as heat shock protein
and sesquiterpenoid, are extensively different between B. straminea and B. glabrata [63].
Therefore, host enzymes and hormones may be potential factors shaping the gut microbiota
of B. glabrata and B. straminea.

Our study provided an overview of the distribution of antibiotic resistance genes and
types in B. straminea and B. glabrata, highlighting the snail gut microbiome as a reservoir
of resistance genes and a potential bioindicator of local antibiotic pressure. It is well
established that the intestinal bacteria of various organisms harbor a significant reservoir
of ARGs, which has become a global public health concern [64]. ARGs have been found
to be widely distributed in the intestinal tracts of humans, mice, pigs, fish, bees and
other organisms [65-69]. While previous studies have investigated ARGs in the intestinal
flora of B. glabrata, they did not specifically compare the distribution of ARGs among
different host species [17]. Our study, however, found that ARGs associated with various
classes of antibiotics, including bacitracin, chloramphenicol, tetracycline, sulfonamide,
penicillin, cephalosporin_ii and cephalosporin_i, fluoroquinolone, aminoglycoside, beta-
lactam, multidrug and trimethoprim, exhibited distinctive richness in the digestive tracts
of different gastropod host species. These findings enhance our understanding of the
distribution of ARGs in gastropods and highlight the unique patterns of resistance genes in
the gut microbiota of different host species. By comparing the ARG composition between
hosts, we contribute to the knowledge of antibiotic resistance dynamics, emphasizing
the importance of monitoring ARGs in the gastropod gut microbiome for assessing local
antibiotic pressure.

B. glabrata and B. straminea are important vectors for the transmission of S. mansoni
and harbor a diverse gut microbiome, as observed in the present study. It has been estab-
lished that gut microbes in mosquitoes play a crucial role in preventing the transmission of
pathogens [70-72]. In a previous study, the connection between gut bacterial dysbiosis and
the snail immune response after S. mansoni infection was investigated [53]. However, the
potential interactions among the intermediate host, its gut microbiome and the schistosome
parasite remain unclear. A small number of bacterial species dominate the gut community of
the host, offering advantages as models for studying gut-microbiota-host associations [73,74].
In our study, we found that B. straminea, which showed a lower abundance of ARGs and
antibiotic resistance types in the guts, hosted a smaller scale of gut microbiota than B. glabrata.
This suggests that B. straminea may be a more suitable nonmodel organism for investigating
the role of gut microbiota in host—parasite interactions and host biology rather than B. glabrata.
However, further studies are needed to fully understand these interactions. Overall, our
findings shed light on the potential implications of the gut microbiota in the transmission
of S. mansoni and provide insights into the different roles of gut microbiota in different
snail species.

Moreover, our analysis indicated that there are significant associations between snail
gut bacteria and the infection rate of S. mansoni. These findings shed light on the potential
roles of gut microbiota in influencing the susceptibility of B. straminea and B. glabrata
to S. mansoni infection. Further research in this area may provide insights into novel
strategies for controlling schistosomiasis transmission by targeting the gut microbiota of
snail intermediate hosts.
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5. Conclusions

In summary, our study demonstrated that B. straminea and B. glabrata harbor different
gut microbiota compositions. Host species played a significant role in shaping the com-
munity structures and functions of the gut microbiota in these intermediate hosts. We
also uncovered a distinct distribution of ARGs in the gut microbiota of B. straminea and B.
glabrata. Furthermore, we found correlations between snail gut microbiota and the infection
rate of S. mansoni, suggesting a potential relationship between gut microbiota and schis-
tosome infection. In short, these findings provide valuable insights into the interactions
between gut microbiota and gastropods and may have critical consequences in terms of
snail control strategies for fighting schistosomiasis in the future. Further research in this
area will deepen our understanding of the complex dynamics between host, gut microbiota
and parasite interactions, contributing to the development of innovative approaches for
disease prevention and control.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microorganisms11102419/s1, Figure S1: The relative abundance
of gut bacteria of B. straminea and B. glabrata: (A) at the class level; (B) at the order level; (C) at
the family level; and (D) at the species level. The top ten most common gut microbes are shown.
Figure S2: Network analysis shows the interactions between gut microbes using metagenomics
analysis. (A) Phylum. (B) Genus. The edges with green represent a significant Pearson correlation.
The nodes with different colors represent the microbes belonging to different clusters. p < 0.05 was
considered statistically significant. The correlation threshold is greater than or equal to 0.5. Figure S3:
The distribution of ARGs and antibiotic resistance types of the gut microbiota of B. straminea (n = 4)
and B. glabrata (n = 5) are shown. (A) Heatmap displaying counts of genes belonging to antibiotic
resistance genes. PCC: penicillin, cephalosporin_ii and cephalosporin_i. (B) Heatmap displaying
counts of genes belonging to antibiotic resistance types. Color gradient represents the shift in
antibiotic resistance genes and types. BG: B. glabrata. BS: B. straminea. Figure S4: Difference in the
infection rate of S. mansoni-infected B. straminea and B. glabrata snails.
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