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Abstract: Gut microbiota is closely related to the health of the host and its adaptation to environmental
changes. Sinopotamon planum is a species of freshwater crab that lives in the water for three seasons
and plays a key role in freshwater ecosystems as a benthic macroinvertebrate, an important indicator
of aquatic ecological health. In this study, we sequenced 60 gut microbial samples of S. planum and
nine microbial samples from the surrounding water in spring, summer, and autumn based on the 165
rRNA gene. The results showed that gut microbiota had the highest alpha diversity in summer, which
may be related to increased adaptability in summer. Firmicutes, Proteobacteria, and Bacteroidota
were the most dominant phyla of gut microbiota across three seasons, with Candidatus Hepatoplasma
and Candidatus Bacilloplasma being the main genera. These main phyla and genera may be key to
maintaining a stable function of the intestinal environment. Firmicutes was the phylum with the
highest relative abundance, which is probably related to the carnivorous behaviour of S. planum. The
abundant C. Hepatoplasma may be related to the starvation of S. planum in the wild. In both gut and
water microbiota, beta diversity analyses showed significant differences across seasons. Comparative
analysis of gut microbes and surrounding water microbes showed significant differences in microbial
diversity and composition between gut and surrounding water. In conclusion, the structure of the
gut microbial community of S. planum differed significantly between the studied seasons, but the
water microbial community around S. planum was less variable and significantly different from the
gut microbes. The seasonal differences in gut microbes are more likely the result of self-internal
adaptation to changes in water temperature and food resources between seasons.

Keywords: environment; high-throughput sequencing; microbial communities; seasonal variation;
Sinopotamon planum; zoobenthos

1. Introduction

The gut microbiota is the complex community of microorganisms that live in the
digestive tract of metazoan, from invertebrates to vertebrates [1,2], playing important roles
throughout the life cycle [3]. The gut microbiota in animals is interdependent and mutually
constrained with their hosts [4]. Through long-term co-evolution, they constitute a specific
intestinal micro-ecosystem with their hosts and participate in important physiological
processes such as substance synthesis, metabolism, development, immunity, etc., [5-7].

Gut microbial communities are formed by a combination of the physiological char-
acteristics of the host and external environmental factors [8]. The diversity of the gut
microbiota is determined by the phylogenetic status and the host’s dietary preferences due
to the long period of co-evolution with the host [9,10]. Several external factors can also
cause changes in the microbial composition of the animal’s gut, including environmental
temperature, food resources, salinity, etc., [11-13]. Seasonal changes can also cause gut
microbiota variations due to fluctuations in external factors, as evidenced in studies on
various species [14-16].
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The research work on animal gut microbiota has gone through the initial in vitro
culture and gradually developed into non-culture DNA molecular techniques [17,18], which
have accelerated the progress of gut microbiota research. With the wide application of high-
throughput sequencing technology, 165 rRNA gene sequencing has been developed as a
reliable tool for gut microbial identification as well as diversity analysis [19,20]. Nowadays,
with the development of metagenomic technology, the understanding of gut microbiota is
not only limited to community structure but also linked to its function [21,22].

In Decapod, studies on gut microbes have focused on several commercially valuable
marine crabs and shrimps [23,24], while other species, such as freshwater crabs, have
been neglected. The China endemic freshwater crab Sinopotamon planum [25] has a wide
distribution range in eastern China, inhabiting a variety of aquatic ecosystems, such as
lakes, rivers, and hill streams. Typically, like most freshwater crabs in China, S. planum
lives in the water during spring, summer, and autumn. In spring, as the water warms up,
S. planum awakens from its dormancy and enters the water to feed; in summer, when the
water is warmer, S. planum reaches its peak growing season and reproduces; and in autumn,
S. planum remains active and feeds around to accumulate nutrients. When winter arrives,
as the water temperature decreases, S. planum leaves the water and goes into dormancy by
digging burrows on the shore, away from the water [26]. The water environment as the
main living space for S. planum is more dynamic and spatially heterogeneous than terrestrial
ecosystems [27]. In response to variable environments and food sources, aquatic organisms
generally have more diverse and complex gut microbiota [28]. In addition, S. planum is
a freshwater benthic macroinvertebrate that plays an important role in maintaining the
functional integrity of freshwater ecosystems and indicating the health status of water
quality, which is of great ecological value [29-31]. The study of gut microbes in S. planum
will help us to understand the diversity and composition of the microbial community,
and thus delve deeper into the relationship between S. planum and the aquatic ecosystem,
and the potential for pathogen carriage. In this study, microbial diversity and community
structure in the gut of S. planum and water were explored by high-throughput sequencing
to understand the seasonal changes in the gut microbial community and the association
with the external environmental microbes when S. planum lives in the water.

2. Materials and Methods
2.1. Samples Collection

All samples of Sinopotamon planum were wild and collected from Longdu Lake
(30.4239° N, 120.3409° E) in Jiaxing City, Zhejiang Province, China (Figure 1). Spring
samples were collected in May 2021 (average water temperature: 24 °C), summer samples
in August 2022 (average water temperature: 33 °C), and autumn samples in November
2021 (average water temperature: 14 °C). The water temperature was measured by a
handheld water quality tester (Model: AZ86031). All crab samples for each season were
collected from the same area on a sunny day. All samples of crabs used to extract gut
microbes were healthy and active adults (carapace width: 27.20-34.12 mm; carapace length:
23.71-28.75 mm) and the sex ratio was male: female = 3:1. Samplings of gut microorgan-
isms from crabs were carried out on the day of collection and the crabs were not fed before
sampling. The abdomen of the crab was first cleaned using 75% alcohol and then the
intestinal contents were collected from the hindgut of the crab in a sterile environment
using clean scissors and forceps. The intestinal contents from three individuals were mixed
into a pooled gut sample (referred to as “gut sample” in the following).
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Figure 1. The sampling site and photo of Sinopotamon planum (Authors’ own).

Environmental water samples were collected from the same place as the crab samples
simultaneously, and water samples were collected using sterile water collection bags when
the water was stable. Microbiological samples of the water (water samples) were obtained
by filtering 500 mL of environmental water through a 0.22 pm pore size filter membrane.
A total of 20 gut samples and three water samples were taken per season, and stored at
—80 °C until DNA extraction. The dissected crab samples were preserved in 95% ethanol
and deposited in the Jiangsu Key Laboratory for Biodiversity and Biotechnology, College
of Life Sciences, Nanjing Normal University, China.

2.2. DNA Extraction and Sequencing

The E.Z.N.A. Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) was used to extract
total microbial DNA from the gut and water samples, following the manufacturer’s in-
structions. PCR amplification of high variant region V3-V4 of bacterial 16S rRNA gene
was performed using paired primers 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and
806R (5'-GGACTACHVGGGTWTCTAAT-3') according to the following steps: first initial
denaturation at 95 °C for 3 min, followed by 30 cycles in three steps, denaturation at
95 °C for 30 s, annealing at 55 °C for 30 s, extension at 72 °C for 45 s, and final extension at
72 °C for 10 min, ending at 4 °C and storage. The purified PCR products were sent to Ma-
jorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) for paired-end high-throughput
sequencing on the Illumina MiSeq PE300 platform (San Diego, CA, USA). The raw reads
were deposited in the National Center for Biotechnology Information (NCBI) Sequence
Read Archive database (accession number: SRR22389362-22389430).

2.3. Statistical Analysis

The raw data were quality-controlled using fastp v0.19.6 [32] and merged using Flash
v1.2.11 [33]. The sequences were clustered into operational taxonomic units (OTUs) using
UPARSE v11 at a 97% similarity [34], excluding chimeras and annotated mitochondrial
sequences. To minimize the effects of sequencing depth on alpha and beta diversity
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measurements, the number of 165 rRNA gene sequences from each sample was rarefied to
20,000. The OTU species taxonomy was annotated using the RDP Classifier v11.5 against
the Silva 16S rRNA gene database [35,36], with a confidence threshold of 70%, and the
community composition of each sample was counted at different taxonomic levels.

All samples were divided into two main groups: Gut-group (including all gut samples)
and Env-group (including all water samples), and on this basis, the Gut-group was further
divided into three sub-groups: SprGut-group (20 gut samples from spring), SumGut-group
(20 gut samples from summer), and AutGut-group (20 gut samples from autumn). The
Env-group was also further divided into three sub-groups: SprEnv-group (three water sam-
ples from spring), SumEnv-group (three water samples from summer), and AutEnv-group
(three water samples from autumn). The statistical analysis of the data was performed
based on the MajorbioCloud platform (https://cloud.majorbio.com, accessed on 3 March
2023). Alpha diversity indexes (Richness indexes: Ace and Chaol; Diversity indexes:
Simpson and Shannon) were calculated using Mothur v1.30.2 [37], and the Wilcoxon rank
sum test was used for intergroup variance analysis. Beta diversity distance calculation and
analysis of similarity (ANOSIM) based on 999 permutations were performed using Qiime
v1.9.1 [38], followed by principal coordinates analysis (PCoA) and non-metric multidimen-
sional scaling analysis (NMDS) based on Bray—Curtis and unweighted-UniFrac distances
and graphical visualization using the vegan and ggplot2 packages in R v4.0.5 [39-41].
Kruskal-Wallis H tests were performed using the stats package in R v4.0.5 to obtain signifi-
cantly different species between groups. Linear discriminant analysis Effect Size (LEfSe)
performed linear discriminant analysis (LDA) on samples according to different grouping
conditions based on taxonomic composition to identify groups or species that produced
significantly different effects [42]. Functional abundances were counted and plotted against
the evolutionary genealogy of genes, the Non-supervised Orthologous Groups (EggNOG)
database, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, using
PICRUST® [43]. Venn diagrams, histograms, and heat maps were plotted in R v4.0.5.

3. Results
3.1. Sequencing Data and Alpha Diversity Indexes

After quality filtering and merging, a total of 3,931,718 clean sequences of 165 rRNA
gene (mean length = 425 bp) were obtained from 60 gut and nine water samples. The
number of clean sequences for each sample was between 30,447 and 103,268 (mean = 56,981)
(Table S1). The Good'’s coverage estimates of 69 samples ranged from 97.67% to 99.71%
(Table S2). Sinopotamon planum yielded 4557 valid OTUs at a 97% identity. OTUs were
assigned to 51 phyla, 136 classes, 326 orders, 577 families, 1262 genera, and 2371 species. The
rarefaction curves of the Chaol and Shannon indexes were flat for all samples, indicating
that the amount of sequencing data was large enough to reflect the majority of microbial
diversity information in the samples for subsequent analysis (Figure S1).

We analyzed Ace, Chaol, Shannon, and Simpson as the four common alpha diver-
sity indexes of the gut microbiota (Figure 2, Tables 52 and S3). The Chaol, Shannon,
and Simpson indexes indicated significant differences in gut microbiota diversity be-
tween SprGut-group and SumGut-group and between AutGut-group and SumGut-group
(p < 0.05). However, the Ace index showed significant differences only between AutGut-
group and SumGut-group (p < 0.05), and no significant differences between SprGut-group
and SumGut-group. All four diversity indexes showed no significant difference between
spring and autumn (Figure 2, Table S3).


https://cloud.majorbio.com

Diversity 2023, 15, 519 50f17

(a) Wilcoxon rank-sum test for Ace index (b) Wilcoxon rank-sum test for Chao1 index
1400
M SprGut LA N SprGut
ek M SumGut 1200 o —_— W SumGut
12004 M AutGut M AutGut
— __ 10004
[ [
1000
3 3
o =}
s 800- '6
k] k]
x x
3 o004 3
£ £
© -
2 400 E
o
2004
ol
SprGut SumGut AutGut SprGut SumGut AutGut
(c) Wilcoxon rank-sum test for Shannon index (d) Wilcoxon rank-sum test for Simpson index
0.5q
_— M SprGut M SprGut
o P . . J— ¥ SumGut sk ¥ SumGut
R S M AutGut 2 M AutGut
- — 044
[ [
3 4 3
=) =)
= =
o o]
- -
5] 3| o
x x
) o
° °
= £
§ 7 §
c [
E o
2 £
[ 7
ol

SprGut SumGut AutGut SprGut SumGut AutGut

Figure 2. Comparison of gut microbiome alpha diversity index in the studied seasons of Sinopotamon
planum. (a) Ace index; (b) Chaol index; (¢) Shannon index; (d) Simpson index. Significant differences
were marked as “**” (p < 0.01) and “***” (p < 0.001).

3.2. Composition and Beta Diversity Analysis of Gut Microbiota

From the phylum-level classification of the gut microbiota composition, the three sea-
sons were very similar in components but differed in proportions (Figure 3). The major
phyla (relative abundance of more than 1%) in the SprGut-group were Firmicutes (70.73%),
Proteobacteria (18.77%), and Bacteroidota (8.66%). The major phyla (relative abundance of
more than 1%) in the SumGut-group were Firmicutes (44.90%), Proteobacteria (27.37%),
Bacteroidota (19.23%), Actinobacteriota (2.34%), and Patescibacteria (3.56%). The major
phyla (relative abundance of more than 1%) in the AutGut-group were Firmicutes (58.65%),
Proteobacteria (21.34%), Bacteroidota (13.00%), Campilobacterota (3.82%), Actinobacteriota
(1.22%), and Fusobacteriota (1.48%). Firmicutes were the most abundant phylum in the
three gut groups (Figure 3a).

The gut microbiota of S. planum in three different seasons also varied greatly in propor-
tions at the genus level (Figure 3b). Candidatus Hepatoplasma and Candidatus Bacilloplasma
were the main components of the gut microbiota in all three seasons, accounting for 31.89%
and 26.63%, 16.21% and 16.34%, 38.11% and 8.21%, in spring, summer, and autumn, respec-
tively. In the SprGut-group, the other dominant genera with relative abundances above
5% were norank-f-Mycoplasmataceae (7.59%), and Aeromonas (5.94%). None of the other
genera had more than 5% relative abundance in the SumGut-group. In the AutGut-group,
the other dominant genera (relative abundance of more than 5%) were Vibrio (12.24%),
norank-f-Mycoplasmataceae (9.31%), and Bacteroides (7.26%) (Figure 3b).

In terms of beta diversity, PCoA and NMDS analyses based on Bray—Curtis and
unweighted-UniFrac distances were performed to determine the difference in the composi-
tion structure between the three Gut-groups (Figure 4). The ANOSIM results showed that
the intra-group distances are smaller than the inter-group distances (R > 0), justifying the
grouping. The PCoA plots of Bray—Curtis and unweighted-UniFrac distances all showed
that the composition of the gut microbiota community was significantly different among the
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three Gut-groups (p = 0.001) (Figure 4a,b). This result was also verified in the NMDS results
based on unweighted—-UniFrac distance (stress = 0.117, p = 0.001) (Figure 4d). Although
the NMDS analysis based on the Bray—Curtis distance indicated similar results, the stress
value was greater than 0.2 which is not credible (Figure 4c).
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3.3. Differences in Gut Microbes in the Three Studied Seasons

The Venn diagram showed the number of shared and unique OTUs (Figure 5a). A total
of 657 OTUs were shared in three groups, accounting for 40.43%, 30.42%, and 45.37% of the
total number of the SprGut-group, SumGut-group, and AutGut-group, respectively. Among
these shared OTUs, 58.10% were from Firmicutes, 22.49% from Proteobacteria, 13.63% from
Bacteroidota, 1.58% from Campilobacterota, 1.47% from Actinobacteriota, and 1.41% from
Patescibacteria (Figure 5b). There were 471 unique OTUs in the SprGut-group, 750 unique
OTUs in the SumGut-group, and 427 unique OTUs in the AutGut-group (Figure 5a).
(a)

(b) Phylum-level classification of shared OTUs
SprGut SumGut

others:1.32%

Patescibacteria:1.41%——
Actinobacteriota:1.47%

Campilobacterota:1.58%

Bacteroidota:13.63% 4

Proteobacteria:22.49%

AutGut

Firmicutes:58.10%

Figure 5. Venn diagram based on OTU level in the studied seasons (a) and classification of shared
OTUs at the phylum level (b).

To explore the microbial community composition variation between the three gut
groups, we performed a LEfSe analysis with an all-against-all strategy to detect differences
in the relative abundance of the bacterial taxa (including phylum and genus) (Figure 6a,b,
Table S4). At the phylum level, our LEfSe analysis results revealed that the Firmicutes
were significantly enriched in the SprGut-group, the Nitrospirota, and Deinococcota sig-
nificantly enriched in the SumGut-group, and the Campilobacterota and Fusobacteriota
significantly enriched in the AutGut-group (LDA > 3.5, p < 0.05) (Figure 6a). At the
genus level, nine genera (Flavobacterium, Chryseobacterium, Acinetobacter, Pseudomonas, Co-
mamonas, TM7a, unclassified-o-Saccharimonadales, Macellibacteroides, and Proteocatella) were
significantly enriched in the SumGut-group and three genera (Bacteroides, unclassified-
f-Arcobacteraceae, and Fusobacterium) were significantly enriched in the AutGut-group
(LDA > 3.5, p < 0.05) (Figure 6b).

Kruskal-Wallis H test at the phylum level indicated that the three main phyla, Fir-
micutes, Proteobacteria, and Bacteroidota, differed significantly in abundance between
seasons (Figure 6c). The abundance of Proteobacteria, Bacteroidota, Actinobacteriota, and
Patescibacteria in the SumGut-group was significantly higher than that in the SprGut-group
and AutGut-group (p < 0.05). In contrast, the Firmicutes had a markedly lower abundance
in the SumGut-group compared to SprGut-group and AutGut-group (p < 0.001). In the
AutGut-group, the relative abundances of Campilobacterota and Fusobacteriota were sig-
nificantly higher than that in the other two groups (p < 0.001) (Figure 6¢). At the genus
level, the relative abundances of Candidatus Hepatoplasma and norank-f-Mycoplasmataceae
were the lowest in the SumGut-group (p < 0.01), and the relative abundance of Flavobac-
terium, Chryseobacterium, Pseudomonas, Acinetobacter, and Paracoccus were the highest in
SumGut-group (p < 0.001) (Figure 6d).
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Figure 6. LEfSe analysis of Sinopotamon planum gut microbiota at the phylum (a) and genus (b)
level, and comparison of gut microbiota composition abundances of S. planum at the phylum (c) and
genus (d) level in the studied seasons. Significant differences were marked as “*” (p < 0.05), “**”
(p < 0.01), and “**” (p < 0.001).

A total of 24 metabolic functions were predicted in all gut samples from the EggNOG
database (Figure 7a). The main functions included amino acid transport and metabolism
(0.081-0.087), translation, ribosomal structure and biogenesis (0.065-0.082), energy produc-
tion and conversion (0.064-0.066), carbohydrate transport and metabolism (0.058-0.061),
transcription (0.061-0.065), replication, recombination and repair (0.059-0.069), cell wall/
membrane/envelope biogenesis (0.062-0.067), inorganic ion transport and metabolism
(0.065-0.067), and signal transduction mechanisms (0.059-0.063), etc., (Figure 7a, Table S5).

PICRUSt was used to predict the function of the gut microbiota. A total of 7237 KEGG
Orthology groups (KOs) were mapped to six levell KEGG pathways, 46 level2 path-
ways, and 395 level3 pathways. According to the heatmap, predicted functional pathways
metabolism accounted for the highest proportion at level 1, followed by genetic information
processing, environmental information processing, cellular processes, human diseases, and
organismal systems (Figure 7b). Kruskal-Wallis H test was conducted in the three gut
groups and the result showed that significant differences in organismal systems, human
diseases, and genetic information processing were detected among these three groups
(Figure S2). At level 2, predicted functional pathways global and overview maps ac-
counted for the highest proportion, while the sensory system accounted for the lowest
proportion (Figure 7c).
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abundance column diagram of microbiota functions based on the KEGG database. (b) Microbiota
functions are shown on the first level; (c) microbiota functions are shown on the second level.

3.4. Microbial Diversity of Surrounding Water

This study also analysed the alpha diversity (Figure S3) and beta diversity (Figure 54)
of water microbial communities from the studied three seasons. The results of the alpha
diversity analysis showed that the Ace, Chaol, and Shannon indices were all lowest in
spring and highest in autumn, while the Simpson index was lowest in autumn and highest
in summer (Figure S3). The four alpha diversity indices all showed that although the
diversity of the water microbial communities differed between the three seasons, they did
not show significant differences. In contrast, the PCoA analysis based on both weighted-
UniFrac and unweighted-UniFrac distances showed that the water microbial samples were
separated in the coordinate systems and showed significant differences (p < 0.01) across
spring, summer, and autumn (Figure 54). These results indicate that the diversity of the
water microbial communities was relatively similar across the three seasons, but differed
in terms of the relative abundance of species composition. Overall the water microbial
community fluctuated less than the gut microbial community in S. planum.

3.5. Analysis of the Microbiota Variance between S. planum and Surrounding Water

The relationship between the gut microbes of S. planum (Gut-group) and surrounding
water microbes (Env-group) was analyzed (Figures 8 and 9). The four alpha diversity in-
dexes (Ace, Chaol, Shannon, and Simpson) showed a significant difference in the diversity
of microorganisms between the water and the crab’s gut (p < 0.001), with the surrounding
water showing more diverse microorganisms (Figure 8a—d). The results of PCoA anal-
ysis based on Bray—Curtis and unweighted—Unifrac distances showed clear separations
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between the two groups, representing the difference in the relative abundance of microbial
communities (p < 0.01). In addition, although both Gut-groups and Env-groups clustered
separately, the aggregation in Gut-groups appeared to be looser, suggesting that the relative
abundance of microbial communities was more similar in the samples within Env-groups.
This is also supported by the fact that the relative abundance of microbial communities
within Env-groups fluctuated less than that of Gut-groups (Figure 8e,f). In terms of micro-
bial community composition, Proteobacteria, Firmicutes, and Bacteroidota are the main
constituent phyla in Gut-groups, while Proteobacteria, Bacteroidota, and Actinobacteriota
are the main constituent phyla in Env-groups (Figure 9). Firmicutes is the phylum with
the highest relative abundance in Gut-groups, but its relative abundance in Env-groups is
extremely low. The phylum with the highest relative abundance in Env-groups is Proteobac-
teria, which also shows a high relative abundance in Gut-groups. Bacteroidota shows high
relative abundance in both Gut-groups and Env-groups, while Actinobacteriota, the second
most abundant phylum in Env-groups, has very low relative abundance in Gut-groups
(Figure 9). At the genus level, the results of the heatmap analysis indicate that for most
genera, Gut-groups and Env-groups show large differences in relative abundance (Figure 9).
These results indicated that there were considerable differences in the microbial community
diversity and composition between Gut-groups and Env-groups.
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Figure 8. Differences in alpha diversity indexes between gut microbes and surrounding water
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Curtis and (f) unweighted-UniFrac distances of community composition between gut microbes and

surrounding water microorganisms.
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4. Discussion
4.1. Structure and Function of Gut Microbes of S. planum in Three Seasons

In the present study, the alpha diversity results of gut microbiota in three seasons
(spring, summer, and autumn) showed that the gut microbiota of S. planum in summer
had the highest diversity (Figure 2). Previous studies on freshwater molluscs (Pomacea
canaliculata) and amphibians (Rana dybowskii) have shown similar results [15,44]. The higher
alpha diversity indicates that the gut microbiota is more diverse and stable, enhancing
their adaptability to external disturbances and benefiting the health of the host [45]. Beta
diversity analysis based on PCoA and NMDS showed that seasonal variation had a very
significant effect on the structure of the gut microbiota community of S. planum (Figure 4).
External factors such as temperature, precipitation, and food resources change significantly
from season to season, and these fluctuations are likely to cause changes in the gut microbial
community structure [46,47]. Studies on the gut microbiota of tench (Tinca tinca) have also
shown that habitat and seasonal factors play an important role in shaping the host gut
microbiota [48]. The feeding trial for the swimming crab (Portunus trituberculatus) demon-
strated that higher dietary lipid levels affect the composition of the intestinal microbial
community and increase the potential risk of disease [49]. Although the diversity and
structure of the gut microbial community differed between the three seasons, the Venn
diagram results showed that 657 OTUs were still shared among all three seasons (Figure 5a).
These shared OTUs were mainly from five phyla, Firmicutes, Proteobacteria, Bacteroidota,
Campilobacterota, and Actinobacteriota (Figure 5b). These shared phyla are often referred
to as key phyla and may play important roles in maintaining the normal functions of the
host intestinal environment [50].
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The analysis of the gut microbiota indicated that the main bacteria in all three seasons
for the freshwater crab S. planum belonged to the phyla Firmicutes, Proteobacteria, and
Bacteroidota (Figure 3a), which are also the dominant microbiota species of the gut from
the other crustacean such as red swamp crayfish [51]. These results are also consistent with
studies on the gut microbiome of other crabs, including the Chinese mitten crab Eriocheir
sinensis [52,53], the mud crab Scylla paramamosain [54], and the swimming crab Portunus
trituberculatus [55]. However, Mycoplasmatota (Tenericutes), the dominant phylum compo-
sition in the above three marine crabs [52,54,55], had a relatively low abundance, less than
1%, in S. planum. We speculate that the different relative abundance of Mycoplasmatota
in the gut of freshwater and marine crabs may be related to differences in water environ-
ments. Firmicutes can degrade polysaccharides and have positive effects on nutrient and
energy absorption from food [56]. In addition, Firmicutes is considered the most abundant
phylum of carnivore gut microbes, despite its close association with plant polysaccharide
metabolism [57,58]. This could explain why the relative abundance of Firmicutes was
highest in all three seasons in this study (Figure 3a), as S. planum is an omnivore but prefer
a carnivore diet. Bacteroidota not only degrades polysaccharides, carbohydrates, and
proteins but also assemble polysaccharides to help the host absorb nutrients from the diet.
In addition, it improves the intestinal environment, which is more beneficial for the host
itself and other microorganisms [59]. The relative abundance of Bacteroidota was highest
in summer (Figure 3), which may be related to the high abundance of food resources in
summer. Moreover, there is an interaction between Firmicutes and Bacteroidota. The
high abundance of Firmicutes and Bacteroides has the potential to help the host to absorb
or store energy [60]. Proteobacteria dominate the gut microbiota of aquatic invertebrate
crustaceans and are highly diverse in terms of physiology, morphology, and genetics [61].
It has been shown that the abundance of Patescibacteria and ambient temperature are
positively correlated [62]. In our study, the relative abundance of Patescibacteria in the gut
microbial community was highest in summer which is also the season with the highest wa-
ter temperature. Fusobacteriota showed different levels of enrichment in the three seasons,
with the highest relative abundance in the autumn (Figure 3a). Members of this phylum are
thought to be involved in amino acid fermentation and are therefore more prevalent in the
gut of strictly carnivorous species [63]. S. planum is omnivorous, and our results suggest
that it may be more carnivorous in the autumn, which would coincide with the habit of
S. planum, which is active in the autumn and accumulates a lot of nutrients to survive the
winter dormancy period, pending subsequent analysis of its diet to verify this.

At the genus level, the main components were Candidatus Hepatoplasma and Candida-
tus Bacilloplasma (Figure 3b). Previous studies have shown that Candidatus Hepatoplasma
presents a high abundance in the gut of crabs [64,65]. It has also been shown that isopods
with more Candidatus Hepatoplasma in the intestine are more likely to survive in the presence
of food scarcity [66]. This finding is also supported by the present study, as S. planum, an
opportunistic predator, spends most of its time in a state of foodless starvation, and the high
abundance of Candidatus Hepatoplasma is likely to be associated with this. Moreover, the
Candidatus Hepatoplasma in the gut microbes of S. planum was somewhat higher in spring
and autumn, with less availability of food resources, which was more favourable for the
survival of the host. Candidatus Bacilloplasma is the native population of the crustacean gut
microbiota [53,67]. It has been shown that a significant increase in the content of Candidatus
Bacilloplasma in the gut of shrimp carrying pathogenic bacteria [68]. In the present study, the
relative abundance of Candidatus Bacilloplasma in the gut microbes of S. planum decreased
from spring to autumn (Figure 3b), which may be related to changes in the health status of
S. planum. We infer that S. planum may be more susceptible to some disease in spring when
it is just recovering from dormancy, hence the highest relative abundance of Candidatus
Bacilloplasma. The practical role of Candidatus Bacilloplasma for host S. planum is unclear and
needs to be further explored.

Although the diversity and composition of the gut microbial community differed
significantly between the three seasons, the results of the functional prediction analyses did
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not differ significantly in the studied seasons. The COG functional classification showed
that 24 metabolic functions were predicted in all three seasons and that there were no
significant differences in relative abundance (Figure 7a). Heatmap analysis also showed no
significant differences in gut microbial community functions between the three seasons at
both level 1 and level 2 of KEGG pathways (Figure 7b,c). This result suggests that the gut
microbes of S. planum remained functionally stable across the three seasons, which may
be related to the fact that the main phyla of the gut microbial composition were the same
across the three seasons.

4.2. Relationships between Crab Gut Microbes and Surrounding Water Microbes

Studies on gut microbes of S. planum have shown significant differences in gut mi-
crobial diversity and composition between three seasons. Could this difference be linked
to surrounding environmental microbes? Numerous studies have been carried out to
understand the correlation between microorganisms in the gut of animals and those in
the surrounding environment. For example, the gut microorganisms of marine crabs from
different estuarine regions have their specific components, which is a reflection of the
characteristics of the regional environment [69]. However, it has also been shown that the
diversity and composition of bacterial communities in the gut of the half-smooth tongue
sole differ from those in the surrounding environment [70]. In our study, the alpha diversity
of the gut microbial community of S. planum showed significant differences across the
three seasons (Figure 2), whereas the alpha diversity of the water microbes in the surround-
ing environment did not differ significantly between the three seasons (Figure S3). Beta
diversity analysis showed significant differences in both gut (Figure 4) and water microbes
(Figure 54) in the three seasons. A follow-up analysis on the correlation between gut mi-
crobes (Gut-group) and surrounding water microbes (Env-group) was done to address
whether there are differences between gut microbes and water microbes (Figures 8 and 9).
The results of alpha diversity and beta diversity analysis all showed that the gut microbiota
of S. planum was significantly different from the surrounding water microbiota (Figure 8).
The diversity of microbial communities was much lower in the gut of S. planum than in
the surrounding environmental water, a finding similar to previous studies in half-smooth
tongue soles [70] and mud crabs [71]. It is also clear from the PCoA result that the internal
variation in gut microbes is greater than that of water microbes. Combined with the above
analyses, it can be surmised that the slight fluctuations in ambient water microbes are not
the main cause of the three seasonal differences in the gut microbes of S. planum.

In terms of microbial community composition, we found differences in the core com-
position of gut microbes in S. planum and ambient water microbes (Figure 9). At the phylum
level, Firmicutes is the main microbial phylum that colonizes mainly the gut and plays
a crucial role in host health [72]. Thus, Firmicutes is the most dominant component of
the gut microbiota but is extremely underrepresented in the surrounding environment
(Figure 9a). Actinobacteriota is a group of bacteria that are widely distributed in soil and
water [73] and therefore has a high relative abundance in the microbial community of the
surrounding environment but not in the gut (Figure 9a). At the genus level, many genera
showed significant differences in abundance in the gut and the surrounding environment
compared to seasonal variations, such as Candidatus Hepatoplasma, Candidatus Bacilloplasma,
norank-f-Mycoplasmataceae, Vibrio, etc., (Figure 9b). These genera were barely detected in
water, and this finding suggests that the crab gut is colonized by its own particular gut bac-
terial community [74]. The study of red swamp crayfish by Xavier et al. 2021 also showed
that variations in environmental conditions did not explain differences in gut microbial
communities, which were often the result of host-internal factors such as developmental
stage and feed supply [75]. We suggest that the gut microbes of S. planum are somewhat
independent and that the gut microbial composition and seasonal variation of S. planum
are less related to surrounding water microbes, but more likely a self-internal adaptation
to changes in water temperature, food resources, and other factors in different seasons.
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Future studies on the temperature adaptation mechanisms and dietary analysis of S. planum
are expected.

5. Conclusions

In the present study, we investigated the diversity, composition, and function of the gut
microbial community of S. planum in three different seasons (spring, summer, and autumn)
and found significant differences between seasons. The diversity of the gut microbial
community was highest in the summer. Moreover, the comparative analysis based on gut
microbes and surrounding water microbes showed that significant differences were found
between the gut microbes and water microbes. The seasonal changes in gut microbes of
S. planum were probably due to changes in water temperature and food resources brought
about by the turn of seasons. This study provides insight into the gut microbes of freshwater
crabs and explores the association between gut microbes and surrounding water microbes.
Further studies focusing on the functional exploration of gut microbes and the interaction
between gut microbiota, freshwater crabs, and the environment are expected.
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