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Abstract: Bacterial assemblages associated with sea urchin are critical to their physiology and ecology
within marine ecosystems. In this study, we characterized the bacterial communities in wild sea
urchin Anthocidaris crassispina captured in Daya Bay, South China Sea. A total of 363 amplicon
sequence variants belonging to nine phyla and 141 genera were classified from intestine, body surface,
and surrounding seawater samples. Proteobacteria, Firmicutes, and Bacteroidetes were the dominant
bacteria phyla found in this study. A network analysis of bacterial interspecies interactions revealed
varying complexity, stability, connectivity, and relationship patterns across the samples, with the
most intricate network observed in the surrounding seawater. Metagenomic predictions highlighted
the distinct bacterial metabolic pathways, with significant differences between intestine and seawater
samples. Notably, pathways associated with polysaccharide degradation, including chitin derivatives,
starch, and CoM biosynthesis, were markedly abundant, underscoring the gut microbiota’s key role
in digesting algae. In addition, other metabolic pathways in intestine samples were linked to immune
response regulation of sea urchins. Overall, this study provides a comprehensive overview of the
bacterial community structure and potential functional roles in A. crassispina.

Keywords: sea urchin; 16S rRNA gene; gut microbiota; Anthocidaris crassispina

1. Introduction

As an ancient marine invertebrate, sea urchin includes over 900 species and thrives
in marine benthic ecosystems worldwide [1]. Over the past century, it has served as a
pivotal model organism in biotechnological research, contributing to studies on molecular
mechanisms, gene engineering, cell cycle regulation, neurotoxicity, and toxicology [2–4].
Beyond its value in biological research, the sea urchin is crucial to marine ecosystems. It acts
as an important indicator of environmental stress in marine settings and plays a key role in
consuming marine algae, thus maintaining the ecosystems balance [5]. Additionally, sea
urchins are popular seafood in some Southeast Asia countries [6], significantly contributing
to the local aquaculture economies as a valuable source of aquatic organisms.

Recently, various novel marine products derived from sea urchins such as naphthaz-
arin pigments, astaxanthin, and aromatic compounds have demonstrated with remarkable
bioactive properties [7–9]. Furthermore, sea urchin coelomic fluid has shown significant an-
tiviral and antioxidant potential [10,11]. In traditional Chinese medical science, sea urchin
shells are considered a valuable remedy with potent anti-inflammatory properties [12].
However, emerging issues such as overfishing, climate change, and marine pollution
have severely impacted sea urchin populations [13]. Conservation efforts should focus on
promoting artificial urchin reproduction.

Previous research has highlighted the correlations between gut microbiome and its
hosts [14]. Gut microorganisms participate in various metabolic processes, contributing
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significantly to the digestion and immune functions of sea urchins [15]. Furthermore,
gut-derived probiotics have proven effective in promoting reproduction and disease man-
agement in aquatic species, such as shrimp and tilapia [16]. In sea urchins, the gut micro-
biota supports host growth by providing nitrogen and facilitating digestion [17]. It also
contributes to the nutrient cycling of the marine environments by degrading intestinal
digesta into highly nutritious food resources for many marine organisms [18]. Studying
the gut microbiome of sea urchins could provide more efficient breeding strategies, dis-
covering novel potential probiotics and controlling the disease outbreaks in sea urchin
populations, reducing reliance on antibiotics and supporting sustainable aquaculture prac-
tices. Given that sea urchins host abundant and complex gut microbial communities, their
gut microbiome efficiently reflects the status of the marine environment [19], making it
highly relevant to aquaculture research. However, knowledge about the gut microbiome
composition and its relations with marine environment in sea urchin Anthocidaris crassispina
remains limited. To date, only a few sea urchin species have had their gut microbiome
specifically studied, including Abatus agassizii [20], Lytechinus variegatus [21], Stomopneustes
variolaris, Tripneustes gratilla, and Diadema savignyi [22].

Although most sea urchins are herbivorous, they can also feed on sediment [23], which
allows them to ingest microorganisms from the sediments and introduce them into their
intestines. Recent studies have revealed the diverse microbial communities in the marine
sediment, closely related to the gut microbiota of a number of aquatic organisms [15].
Feeding on sediment and its impact on the gut microorganisms can influence the overall
health and nutrition of sea urchins. By absorbing probiotics from sediments to intestines,
sea urchins may enhance their digestion, immune system, and even reproduction [24].
However, mechanisms of microbial exchange between the surrounding sediment and
urchin guts remain rarely studied. It has been found that the composition, diversity, and
functional categories of gut microbiota can vary significantly among different sea urchin
species, and the epibiotic microbiota in sea urchins is highly species-specific [25]. However,
other external factors were found to be related with the alterations of the gut bacterial
diversity and composition of sea urchin such as ocean warming, barren levels of hosts’
habitats, and their feeding diets [26–28].

In addition, the body surfaces of sea urchins host a high diversity of microorgan-
isms [25]. Notably, the prevalence of Vibrio and Exiguobacterium on the body surfaces of
diseased urchins has been found to significantly increase compared to healthy individu-
als [29]. This dysbiosis of the microbial community on the sea urchin’s body surface often
leads to related diseases, which emphasize the role of body surface microbiota in identifying
sea urchin health issues [30]. Such diseases result in increased mortality among sea urchins,
leading to a significant loss in urchin production. Therefore, it is crucial to fully understand
the mechanisms and develop effective treatments of the diseases [31]. Investigating the
body surface microbiota of sea urchins provides a more comprehensive understanding
of the normal epibiotic composition and the shifts in microbial communities triggered by
various diseases [25]. In sea urchins, studies on microorganisms have primarily focused
on gut, pharynx, and other tissues [20,22,32], knowledge of the external microbiota in
sea urchins remains limited [33]. Moreover, urchins can derive specific microorganisms
through horizontal transmission, making the microbial composition of surrounding water
critical to maintaining the microbial homeostasis in sea urchins.

A. crassispina is a widely distributed and commonly cultured urchin species in
China [34]. In this study, samples from the intestines, body surfaces, and seawater of
sea urchin species A. crassispina were collected from Daya Bay, South China Sea, and
the diversity of their bacterial communities was analyzed through high-throughput se-
quencing technology. A high diversity of bacterial 16S rRNA sequences was found in
urchin-associated samples, providing insight into bacterial community in sea urchins
through taxonomic annotation, community composition, diversity calculation, network
analysis, and gene function prediction. Correlations between the surrounding seawater and
the intestines of sea urchins were identified. Significant differences in bacterial diversity
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and richness were observed among all samples. Specific bacterial taxa in each sample and
the core bacteria involved in the digestion process of sea urchins were discovered.

2. Materials and Methods
2.1. Sample Collection

Adult sea urchins A. crassispina (n = 5) were collected off the coast of Daya Bay
(114◦41′5.70′′ E, 22◦33′6.36′′ N) in the South China Sea at a depth of 10 m in May 2020
(Figure 1). Five sampling sites were selected, with an interval distance of more than 2 km
between each site, and one urchin was collected from each site. After collection, sea urchins
were stored at 4 ◦C in a tank containing in situ seawater. Seawater samples (0.5 L) were also
collected from the surroundings of the sea urchins at each sampling site. These seawater
samples were slowly vacuum-filtered separately through a 0.22 µm filter membrane for
subsequent DNA extraction (EMD Millipore Corporation, Danvers, MA, USA). The filter
membranes were then placed in 1.5 mL sterilized centrifuge tubes and stored in liquid
nitrogen. Within 5 h of sampling, the body surfaces and intestines of A. crassispina were
gently rinsed with nuclease-free sterile water and dissected using sterile scissors and placed
in sterilized centrifuge tubes. A total of 15 samples (intestine, n = 5; body surface, n = 5;
surrounding seawater, n = 5) were collected and kept frozen at −20 °C for later molecular
analyses.
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Figure 1. Map of the Daya Bay and the location of the urchin sampling site (a). Photos of Anthocidaris
crassispina taken during sampling (b).

2.2. DNA Extraction and High-Throughput Sequencing

Each urchin sample was cut separately and soaked with 75% ethanol, then samples
were washed three times with sterile seawater. Later DNA of each intestine and body
surface samples were extracted using an DNeasy PowerSoil Kit (Qiagen, Hilden, Germany),
DNA of each seawater sample was extracted using NucleoSpin Tissue Kit (MACHEREY-
NAGEL). The V4–V5 region of 16S ribosomal RNA was amplified using the 515F and 907R
bacterial primers [35].

PCR amplification was performed using 60 µL reactions that included 30 µL of High-
Fidelity PCR Master Mix (New England Biolabs, Beverly, MA, USA), 0.4 µM each of
forward and reverse primers, and approximately 20 ng of DNA templates. Subsequently
to amplification, all PCR products were purified using the GeneJET Gel Extraction Kit
(Thermo Scientific, Vantaa, Finland). The NEB Next® DNA Sample Preparation Kit was
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utilized to construct 16S rRNA sequencing libraries, which were subsequently sequenced
on the Illumina MiSeq platform (Version 3).

2.3. Sequences Analysis and Taxonomic Annotation

The raw paired-end sequences from each sample were acquired using the Illumina
platform and subsequently imported into the QIIME2-2023.2 platform for analysis [36].
Firstly, raw sequences were demultiplexed into each group by DNA barcode, and primer
and low-quality reads with an average quality score <20 were filtered by the QIIME2
demux command. Raw sequence data were demultiplexed and quality filtered using the
q2 demux plugin followed by denoising with DADA2 [37]. The high-quality forward
and reverse reads were then merged and correctly assigned to their respective samples
using DNA barcodes [38]. Subsequently, the UCHIME plugin was employed for chimera
detection and elimination, leading to the creation of a feature table for amplicon sequence
variants (ASVs). Later, all ASVs were aligned by the qiime2-alignment function [39] and the
phylogeny tree was constructed by q2-phylogeny function [40]. Taxonomic annotation was
conducted by the qiime2-feature-classifier function [41] through the classify-sklearn naive
Bayes taxonomy classifier against the Greengenes 13_8 99% OTUs reference sequences [42].
Metabolic functions were predicted by the “PICRUSt2” script under the Python 3 envi-
ronment. The metagenome prediction result was later analyzed by “ggpicrust2” package
in R [43]. The ko abundance was firstly converted to KEGG pathway abundance, and
then the pathway differential abundance was analyzed using the ALDEx2 method. Finally,
differential pathways between gut and surrounding seawater were selected and visualized.

2.4. Statistical Analysis

The biom-format document generated by QIIME2 was converted into a text file for
the subsequent analysis of bacterial community diversities. Rarefaction curves, along
with alpha and beta diversity for each sample, were calculated using Bray–Curtis metrics
through the ‘GUnifrac’, ‘ggplot2’, and ‘vegan’ packages in RStudio [44,45]. The interspecific
comparisons of each sample were executed by the ‘vegan’ and ‘ggplot2′ packages of
Rstudio [46]. The later picturing drawing and analysis of bacterial diversity were conducted
by the ‘pheatmap’, ‘ggpub’, and ‘circlize’ packages of Rstudio [47,48]. Statistical significance
(p value) was calculated through univariate analysis (t-test). Co-occurrence network of
bacterial interactions among all samples were analyzed through “Hmisc” package and later
visualized by “Gephi” software (version 0.10) [49].

3. Results
3.1. Diversity of Bacterial Community in Sea Urchin

A total of 15 samples were collected from the South China Sea and their bacterial
communities were obtained through high-throughput sequencing technology based on
the 16S rRNA gene. Amplicon sequencing results showed a total of 909,239 sequences,
which ranged from 47,931 to 79,954 per sample, were obtained from all urchin samples,
and the feature table containing 363 ASVs were generated from theses amplicon sequences.
The rarefaction curves of each sample plateaued as sequence accumulation increased
(Figure 2a), suggesting all samples could adequately reflect the bacterial communities
observed in this study. β-diversity indicated distinct bacterial compositions among the
different sample types (Figure 2b). The α-diversity analysis demonstrated that the body
surface samples had a significantly lower bacterial diversity and richness compared to
the other two sample groups (Wilcox test, p < 0.01), while no significant differences were
observed between intestine and seawater samples (Figure 2c,d). These results indicate that
bacterial communities in the intestine and seawater samples are more abundant and diverse
than those on the body surface. Although their bacterial compositions were significantly
different, the intestine and surrounding seawater samples showed no significant differences
in microbial abundance and diversity.
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index (d) of bacteria communities in the intestine, body surface, and surrounding seawater samples
of sea urchin A. crassispina. ** p < 0.01.

3.2. Bacterial Taxonomic Classification and Community Composition

Bacterial taxonomic classification was performed on the q2-feature-classifier plugin.
At the phylum level, a total of nine bacterial phyla were observed in the three types of
samples (Table S1), including Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes,
Planctomycetes, Cyanobacteria, Tenericutes, Spirochaetes, and Chloroflexi (Figure 3a).
Among them, Proteobacteria, Firmicutes, and Bacteroidetes were the dominant bacterial
phyla in this study, and Proteobacteria accounting for 66–94% of the bacterial communi-
ties as the most abundant bacteria. Firmicutes was the second most abundant phylum,
constituting an average of 11.47% of the total bacterial communities. All phyla, except Chlo-
roflexi, were found in all samples, while Chloroflexi were only observed in the seawater
samples. Furthermore, based on the bacterial community composition, the abundances
of Proteobacteria in the intestine and body surface samples were relatively higher than
in the seawater samples, while Firmicutes and Actinobacteria were more abundant in the
seawater and intestine samples compared to the body surface samples.
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Figure 3. Relative abundance of bacteria at the phylum level (a), distribution of top 15 abundant
bacteria genera (b), Venn diagram of bacteria at genera level (c), in the body surface, seawater, and
intestine samples of sea urchin A. crassispina (B, body surface; E, environment seawater; I, intestine).

At the genus level, a substantial proportion of bacteria remained unclassified, account-
ing for 48.96% and 25.51% of the intestine and seawater samples, respectively (Figure 3b,
Table S2). In the body surface samples, the dominant bacterial genera were Pseudoal-
teromonas (41.25%), Vibrio (15.49%), and Acinetobacter (12.98%). Apart from the unclassified
bacteria in seawater and intestine samples, Acinetobacter was the most dominant bacteria
genus in these two groups. The majority of Pseudoalteromonas (96.71%) and Vibrio (82.41%)
detected in this study were distributed in the body surface samples, while Staphylococcus
(96.99%) was mostly distributed in the intestine samples. In the seawater samples, nearly
half of the bacteria remained unclassified at the genus level.

3.3. LefSe Analysis

The mutual and exclusive bacterial genera was clearly demonstrated by the Venn
diagram (Figure 3c). As shown in the figure, a total of 15 bacteria genera were shared
by all samples, with the seawater sample hosting the highest number of exclusive genera
(20). The number of bacterial genera shared between the intestine and seawater samples
(18) was much higher than that shared between the intestine and body surface samples
(4), indicating the environmental microbiota may contribute more significantly to the
composition of the urchins’ gut microbiota. Potential biomarkers that showed the greatest
differences in bacterial communities among the different sample types were predicted by
LefSe analysis (Figure 4). In the urchins’ body surfaces, Vibrionales and Pseudoalteromonas
were the most differentially abundant taxa. Pseudoalteromonadaceae and Arthrobacter
showed the most effecting size in seawater samples while the intestine samples presented
Alphaproteobacteria, Rhizobiales, and Comamonadaceae.
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was log10 (LDA score) > 4.

3.4. Bacterial Gene Function Predictions of Sea Urchin

In this study, the metagenomics of bacterial communities were predicted using PI-
CRUSt2 (v2.5.2) (Figure 5), revealing a wide range of gene functions and enzyme pathways.
A total of 56 functions were predicted at KEGG pathway level 2, belonging to the 7 classes in
KEGG pathway level 1, including proteins, cellular processes, environmental information
processing, genetic information processing, human diseases, metabolism, and organismal
systems. A principal component analysis (PCA) demonstrated noticeable differences in
the compositions of predicted pathways between gut and surrounding seawater sam-
ples, which were consistent with PCA results of the bacterial community at the ASV level
(Figure 6). Although there was no observed difference in the abundance of bacterial com-
munities between intestine and surrounding seawater samples, a significant number of
differential KEGG pathways (28) and Metacyc (89) pathways were identified (Figure 7).
Predicted pathways including the superpathway of polyamine biosynthesis, starch degra-
dation, isoprene biosynthesis, coenzyme M biosynthesis, chitin derivatives degradation,
and steroid biosynthesis were notably more abundant in the intestine samples compared to
the surrounding seawater.
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3.5. Network Pattern of Bacterial Interaction

The co-occurrence pattern networks elucidate the interactions of bacterial interspecies
among the body surface, intestine, and surrounding seawater of sea urchin A. crassispina
(Figure 8). Among the three types of samples, the network pattern of surrounding seawater
sample hosted the highest number of nodes (229) and edges (2272) and highest average
degree (19.834), with relatively low positive correlations (71.57%), modularity (0.617), and
density (0.087) among all edges. In the intestine sample, the network pattern consisted of
178 nodes, 1437 edges, and an average degree of 16.146, with 87.13% positive correlations,
a modularity of 0.622, and a density of 0.091. The body surface sample had the lowest
number of nodes (47) and edges (104) and the lowest average degree, but showed the
highest positive correlations (88.46%), modularity (0.759), and density (0.096). These topo-
logical characteristics comprehensively illustrated the complexity, stability, connectivity,
and interaction patterns in the three types of samples.
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4. Discussion

In this study, a total of 909,239 bacterial 16S rRNA sequences were discovered in
the seawater, intestines, and body surface samples of sea urchin A. crassispina through
high-throughput technology. Sequences detected in the intestine and surrounding seawater
samples showed a significantly higher abundance compared to the body surface sample,
but no significant difference between the intestine and seawater samples. As many sea
urchins ingest marine sediment as an alternative carbon source, the microbial community
hosted in marine sediment may be selectively transplanted into the gut of sea urchin and
contribute to the urchin digestion process. This could explain the similarity in bacterial
abundance between the intestine and surrounding seawater samples.

The bacterial taxonomic annotation revealed the composition of bacterial communities
in each sample. The most dominant bacterial phylum in all samples was Proteobacteria,
a frequently observed group in the marine environment, especially the intestines of sea
urchins. Proteobacteria plays an essential role in the marine ecosystem, closely associated
with hydrogen oxidation, sulfate reduction, and denitrification [50]. Previous studies
have reported the relatively high abundance of Proteobacteria in the gut of sea urchins.
These bacteria are involved in nutrient absorption, breaking down complex molecules, and
may play a role in protecting sea urchins against pathogens. Firmicutes was the second
most dominant phylum found in intestine samples of this study. Similarly, a previous
study also reported Firmicutes as a major bacterial phylum in one algivorous sea urchin
Tripneustes gratilla [51], and discussed its potential roles in the urchin food digestion and
fermentation process due to its outstanding cellulolytic activity in the decomposition of
plant biomass [27,52,53]. However, this hypothesis has not yet been verified.

As the major consumers of algae in the marine ecosystem [54], sea urchins lack the
innate gut digestive enzymes to facilitate the breakdown of insoluble structural carbohy-
drates [21,55]. Moreover, a previous study has demonstrated the significant role of the
gut microbiome in assisting with the digestion of complex compounds in sea urchins [56].
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It is speculated that, due to the extreme conditions in the intestines of sea urchins (low
pH and oxygen concentration, high CO2 concentration), their gut microbiota is influenced
by strong deterministic forces that shape its composition and function to compensate for
the innate digestive limitations, such as deficiencies in polysaccharide degradation [51].
Additionally, it has been reported that the dominant bacterial phyla in red seagrass are
Proteobacteria and Firmicutes [57], which is also the top two abundant bacterial phyla
detected in urchin intestine samples of this study (with relative abundance of 64.11% and
23.42%, respectively). This coincidence may be attributed to active microbial transmission
through sea urchin ingestion, which aids in algal polysaccharide degradation through
bioactive polysaccharide-degrading enzymes.

At the genus level, we identified several bacterial genera that are rarely found in the
gut microbiota of other urchin species, and compositions of dominant bacterial genera in
this study were different from previous research (Table S3), indicating the species-specific
bacterial communities and their distinct roles in sea urchins. In this study, Acinetobacter,
Psychrobacter, and Staphylococcus were the dominant bacteria in the intestine samples.
Among these, nearly all Staphylococcus in this study were found in the intestine samples,
suggesting urchins may acquire this group of bacteria from their parental generation
through vertical transmission. Although Staphylococcus is commonly recognized as a
pathogenic bacterium that causes various diseases by attenuating the immune response [58],
it has also been commonly found in the gut microbiota and slightly effect the gut microbial
composition and health status of their hosts. Recent studies have reported a relatively
high abundance of Staphylococcus in the body surface of sea urchin S. intermedius has been
associated with the infection of red spotting diseases [59], but their role in the intestine
tissues of sea urchin still remains unclear. Acinetobacter was the most abundant genus in
the intestine samples in this study, and it is inferred that this bacterial genus may play a
role in managing environmental stressors of the gastrointestinal systems and potentially
influence the gut epithelium [60]. Moreover, one Acinetobacter strain isolated from marine
sediments was found to have the remarkable ability of producing agarase (Leema Roseline
and Sachindra, 2016), which may potentially contribute to the agal digestion process of
sea urchins. However, the specific roles of Acinetobacter in the intestines of urchins still
lack further investigation. The second most abundant genus in the intestine samples was
Psychrobacter. As a cold-resistant bacterium commonly found in the marine environment,
Psychrobacter was able to improve the native microbial diversity in the gastrointestinal of
grouper Epinephelus coioides [61], but it was rarely found in the urchins’ gut tissues in the
former investigations.

LEfSe analysis demonstrated the significant effect size of certain key bacterial taxa
contributing to microbial community, clearly illustrating the specific bacteria in each sample.
In the body surface samples, where a relatively lower abundance of bacteria was observed in
this study compared to the other two sample types, only Vibrionales and Pseudoalteromonas
were identified as potential biomarkers. Notably, nearly half of Pseudoalteromonas and
Vibrionales detected in this study were found in the body surface samples, and the potential
roles of these two bacterial genera in sea urchins have been verified in previous studies.
A previous study conducted on the body surface bacterial community of the sea urchin
Strongylocentrotus intermedius discovered the highest abundance of the Pseudoalteromonas in
the healthy urchins, and a significantly higher abundance of Vibrio (32.47%) compared to the
healthy urchins was also detected in the disease urchins suffered from red spotting disease.
Moreover, previous studies found the bacteria Pseudoalteromonas and Vibrio could form
biofilms that provide suitable substrate to induces larval settlement and metamorphosis of
urchin [62,63]. Larval settlement is of significant importance to the survival and distribution
of sea urchin, as it indicates the termination of the planktonic larval phase and start of
a benthic adult phase. This process involved larva selection and colonization of suitable
benthic habitat, and subsequently metamorphosis to adapt to a benthic lifestyle [64].

Additionally, it has been reported that the bacterial community of urchin body surface
may significantly impact their health through nutrient cycling [33]. Previous researches had
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reported the occurrence of Alphaproteobacteria, Comamonadaceae, Rhizobiales, Campy-
lobacterales as the key taxa in the sea urchin A. agassizii, Lytechinus variegatus, and Tripneustes
gratilla, respectively [20,26,51,65]. Enterococcus was also detected in both the stomach and
intestine tissues of sea urchin Paracentrotus lividus through the traditional cultural method
with a relative higher abundance. Although the gut microbiota has been described as
highly species-specific and variable [25], the intestine-specific bacteria identified in this
study have already been observed with significant dominance in the gut tissues of other
urchin species. However, the specific roles of these bacteria in the gut tissues still require
further investigation.

The result of a PCA at the taxonomic level and predicted functions level had illustrated
the differences in bacterial communities of different samples in this study. As shown in
Figure 5, bacterial communities from body surface and intestine groups were plotted sepa-
rately from those in the seawater group, and the PERMANOVA results revealed that the
bacterial communities in seawater were significantly different from the intestine and body
surface groups (p < 0.01). Furthermore, the Venn diagram showed the seawater sample
shared a much broader bacterial community with the intestine sample (33) compared to
the body surface sample (16), indicating that sea urchin intestine tends to recruit microor-
ganisms from the sediment from surrounding seawater through ingestion, while the body
surface of sea urchin, in spite of directly exposed to the surrounding seawater, shown a less
inclination.

This result may be attributed to the significantly lower bacterial abundance and di-
versity in the body surface of sea urchin. The hydrophobic body surface of sea urchin
could effectively reduce the affinity between the microbial cell membranes and the surface,
thereby inhibiting colonization [66]. Moreover, urchin epibiotic microbiome plays a sub-
stantial role in preventing infections from external microbial pathogens. Invasions by other
bacteria can lead to the dysbiosis of the epibiotic microbiome, resulting in severe diseases
such as balding disease and spotting disease [25,31,33]. Therefore, the bacterial composition
on the body surface is less likely to be affected by direct contact with microorganisms in
the surrounding seawater. In contrast, the intestines of sea urchins host a more abundant
and diverse bacterial community, and microorganisms can be easily transferred from the
surrounding seawater or sediments to the intestine through ingestion [28]. Hence, although
the body surface is constantly exposed to the surrounding seawater, the bacterial commu-
nity on the sea urchin body surface shares fewer common bacteria with the surrounding
seawater compared to the intestine.

The network pattern delineated the interactions among bacterial species within each
sample, revealing relationships such as mutualism and competition in the bacterial com-
munity, as well as the complexity and stability of the bacterial interactions. As shown in
Figure 8, the Proteobacteria showed the most abundant among all networks, highlighting its
significance in the bacterial interactions of sea urchins. The body surface sample exhibited
a relatively lower bacterial abundance compared to other samples, resulting in a simpler
network pattern as evidenced by the minimal number of nodes and edges. Although no
significant difference was detected between the intestine and seawater samples, the number
of nodes and edges and the average degree in the seawater sample were much higher than
those in the intestine sample, indicating a more stable and complex network pattern in the
surrounding seawater. In addition, the positive correlations were generally higher than the
negative correlations, showing a mutualistic interaction pattern in the bacterial community.
However, the positive correlations in seawater sample were much lower than the intestine
sample, suggesting a higher antagonistic interaction among seawater bacterial species.

The bacterial potential pathways were predicted through the PICRUST2 script. Previ-
ous research had revealed the lack innate gut digestive enzymes in the sea urchins, and
their remarkable seagrass consuming ability may be attributed to the synthesis of complex
carbohydrates degradation and essential biomolecules for protein and lipid incorporation
by various gut bacterial communities [67]. PCA result showed the distinct variance in the
predicted pathway between the intestine and seawater samples, with differential pathways
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also observed between these two sample types. While most of predicted pathways in
both the KEGG and Metacyc databases showed higher abundances in the surrounding
seawater sample, several predicted pathways demonstrated significant higher abundance
in the intestine sample. Two polysaccharide degradation-correlated pathways in the in-
testine, chitin derivative degradation, and starch degradation were found to significant
more abundant than the sediment sample, reflecting the intensive algal polysaccharide
digestion process and the significant role of gut microbiota in the intestine of sea urchin.
Moreover, the CoM biosynthesis pathway was found to have potential correlations with the
polysaccharide degradation. The efficiency of polysaccharide degradation could influence
the availability of substrates of methanogenesis, indirectly affecting the demand for CoM
in methane-producing pathways [68]. Another abundant pathway in the intestine sample
was the isoprene biosynthesis pathway. It is reported that the isoprene plays an essential
role in interacting with the host’s immune system through affecting the behavior of gut
cell, thereby regulating intestinal health and disease [69]. However, knowledge on the
mechanism of isoprene affecting sea urchin intestine remains limited.

5. Conclusions

In summary, this study revealed the bacterial community profiles of the intestine,
body surface, and surrounding seawater in sea urchin A. crassispina. A diverse bacterial
community was detected in each sample, their community composition, interspecies
interactions, and predicted metagenomic pathways were obtained, and differences between
each sample were analyzed. The bacterial community in the seawater sample was found
to be significantly divergent from the other two groups of samples, and the number of
bacteria in seawater sample shared with the intestine sample was much higher than the
body surface samples. The network analysis of bacterial interspecies interaction showed the
different levels of complexity, stability, connectivity, and relationship pattern in each sample,
with the most stable and complex network pattern hosted by the surrounding seawater
sample. The bacterial metagenomic prediction result revealed the potential metabolic
pathways of bacteria in each sample, and the intestine and seawater sample displayed
significant different pathway compositions. Significant differences in predicted pathways
including chitin derivatives degradation, starch degradation, and CoM biosynthesis were
detected using the ALDEx2 method, and their potential correlations with the polysaccharide
degradation were discovered. However, there are a variety of predicted pathways that
still remain unclear in the gut of sea urchins, and further investigation about the digestion
mechanisms of sea urchin should be conducted in the future.
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