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The gut bacterial community plays a vital role in adjusting host adaptation to 
temperature variation, a key factor influencing physiology. Currently, the effects of 
temperature on the bacterial community of sea urchins remain unknown. In this study, 
the structural alterations and community reassembly of the gut bacterial community in 
sea urchins (Strongylocentrotus intermedius) under different temperatures (13 ℃, 16 ℃, 19 
℃, 22 ℃, and 25  ℃) were investigated by high-throughput sequencing. After 30 days of 
exposure, high temperatures increase bacterial diversity and alter the structure of the 
bacterial community. Proteobacteria, Bacteroidota, and Firmicutes were the dominant 
bacterial communities of S. intermedius, accounting for more than 80% of the total 
relative abundance. At 13 ℃, 16 ℃, and 19 ℃, Desulforhopalus, Cohaesibacter, and 
Pseudomonas were the dominant genera, with relative abundances of 34.25%, 11.71%, 
and 31.49%, respectively, whereas Ruegeria (30.21%) and Sphingomonas (33.23%) became 
dominant at 22 ℃ and 25 ℃. Functional prediction based on the KEGG database indicated 
that key metabolic pathways, including amino acid, carbohydrate, energy, and lipid 
metabolism, exhibited significant alterations across the different temperatures (P < 0.05). 
Co-occurrence network analysis revealed that gut bacterial community network 
complexity was higher at 13 °C and 25 °C than at other temperatures, with the 13 °C and 
25 °C groups exhibiting the greatest number of nodes (99) and edges (824). In addition, 
temperature fluctuations strengthened the deterministic assembly of the gut bacterial 
community, increased the host’s selective effect on gut bacteria, and reduced 
stochasticity. This study aims to provide some theoretical basis for the temperature 
effects of the gut bacterial community in the sea urchin. 

1. INTRODUCTION 

Sea urchin (Strongylocentrotus intermedius) is a characteris
tic cold-water species whose optimal growth temperature 
ranges from 15 ℃ to 20 ℃. Previous studies have shown 
that temperature is a key factor influencing sea urchin 
physiology.1,2 Prolonged exposure to temperatures above 
23 ℃ induces severe physiological stress in S. intermedius, 
manifesting as reduced feeding, suppressed growth, and in
creased mortality.3‑5 

The gut bacterial communities influence host nutrient 
metabolism, immune responses, and growth performance, 
whereas their composition and structural integrity are sus

ceptible to environmental temperature fluctuations.6‑8 The 
temperature fluctuations often induce gut dysbiosis in 
aquatic species, ultimately compromising host health.9,10 

For instance, in the Yesso scallop (Patinopecten yessoensis), 
exposure to elevated temperature induces intestinal tissue 
damage along with gut microbial dysbiosis, characterized 
by an increased abundance of potential pathogens such as 
Tenacibaculum and MycoplasmaIn.11 In red swamp crayfish 
(Procambarus clarkii), high temperatures affect gut micro
biota composition, including an increase in pathogens like 
Citrobacter, and regulate the levels of intestinal metabo
lites, such as sugars and amino acids.12 In rainbow trout 
(Oncorhynchus mykiss) revealed that elevated temperatures 
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(18-21 ℃) reduced relative abundances of Proteobacteria 
and increased Firmicutes, impairing metabolism and gut 
barrier function.13,14 In sea cucumbers (Apostichopus 
japonicus), exposure to 26 ℃ significantly increased the rel
ative abundance of Firmicutes and Desulfobacterota in the 
gut microbiota, which may disrupt ecological balance and 
impair host health.15 Therefore, it is essential to under
stand the effect of temperature on the gut bacteria commu
nity of S. intermedius. Also, the gut microbiota exerts its in
fluence on the host through complex, interactive networks 
among bacterial species rather than monospecific colonies. 
Therefore, when environmental fluctuations perturb host 
physiology, the preservation of microbial community func
tion becomes more contingent upon the structural stability 
of the microbial community network.16 Analysis of its net
work characteristics thus facilitates the assessment of com
munity resistance to disturbance and the elucidation of un
derlying functional response mechanisms. 
Network analysis serves as a pivotal tool for analysing 

microbial interactions and assessing community stabil
ity.17‑19 Quantifying key topological metrics, such as com
plexity, modularity, and core taxa, enables the evaluation 
of community ecological stability, the prediction of ecolog
ical function, and the elucidation of stress response mech
anisms.20 Previous studies have shown that exposure to 
sulfamethoxazole for 30 days significantly reduced the 
complexity of the gut bacterial network in marine medaka 
(Oryzias melastigma), with the number of nodes, edges, and 
modularity decreasing from 76, 308, and 0.593 to 53, 198, 
and 0.505, respectively.21 Under temperature fluctuations, 
the gut bacterial network in the mud crab (Scylla para
mamosain) exhibited increased complexity, with the aver
age path length rising from 2.42 to 3.29 and the clustering 
coefficient from 0.73 to 0.75, indicating a restructured pat
tern of microbial interactions.22 Furthermore, in sea cu
cumbers (A. japonicus), the probiotic Paracoccus marcusii 
DB11 promoted the integration of sub-modules within the 
gut bacterial network, increasing interspecies interactions 
and the number of connectors and module hubs. In con
trast, the antibiotic florfenicol reduced connector numbers 
and interspecies interactions, thereby disrupting network 
integrity.23 Network analysis is a key method for revealing 
the mechanisms by which bacterial communities respond 
to environmental stress and for understanding the ecolog
ical functions of microbial communities and their interac
tions with the host. 
Although the influence of temperature on the microbiota 

of aquatic animals is well recognized, the characteristics of 
the gut bacterial community in sea urchins under tempera
ture remain unclear. Therefore, this study investigated the 
structural and co-occurrence network characteristics of the 
gut bacterial community in S. intermedius under different 
temperatures (13, 16, 19, 22, and 25 ℃). These findings pro
vide novel insights into the ecological adaptations of the 
gut bacterial community in sea urchins facing temperature 
fluctuations. 

2. MATERIALS AND METHODS 

2.1. EXPERIMENTAL DESIGN 

A total of 600 healthy 6-month-old sea urchins (S. inter
medius) with a diameter of 3.00 ± 0.20 cm were acclimated 
for two weeks in a recirculating aquaculture system (RAS). 
The conditions during acclimation were maintained at tem
perature (19.0 ± 1.0 ℃), salinity (30.0 ± 1.0), dissolved oxy
gen (6.9 ± 0.2 mg/L), and pH (8.0 ± 0.1). Following ac
climation, individuals were randomly assigned to five 
temperature treatment groups (13℃, 16℃, 19℃, 22℃, and 
25℃). Three parallel sets were set for each group, with 40 
sea urchins per tank (n=40 per replicate). Throughout the 
experimental period, seawater was sand-filtered. The sea 
urchins were fed fresh Ulva lactuca. Feces were removed by 
siphoning every two days, and only one-fifth of the water 
was renewed to minimize disturbance and maintain a stable 
thermal environment. The water temperature in each treat
ment group was adjusted from the acclimation temperature 
to its respective target level at a rate of 1.0 ℃ per day and 
was thereafter maintained with fluctuations within ± 0.2 ℃. 

2.2. SAMPLE COLLECTION AND DNA EXTRACTION 

After the end of the 30-day experiment, a total of 15 sea 
urchins were randomly selected from each temperature 
group (5 individuals per replicate) for dissection. Prior to 
dissection, each sea urchin was rinsed with sterile seawa
ter.24 The gut tissues were then removed in a biosafety cab
inet, wiped with 75% alcohol on the surface, and placed 
into 1.5 ml sterile centrifuge tubes. To minimize individual 
variation, the intestinal tissues from five sea urchins in 
each replicate were pooled to form a single composite sam
ple. Then, frozen in liquid nitrogen and stored at -80℃. All 
the instruments used in the experiment were autoclaved to 
sterilize them. The gut samples from the 13 ℃, 16 ℃, 19 ℃, 
22 ℃, and 25 ℃ groups were labeled as G13, G16, G19, G22, 
and G25, respectively. 
The gut samples were minced using sterile scissors and 

transferred to a 2 mL centrifuge tube. To each tube, an ap
propriate amount of steel beads and 800 μL of SLX buffer 
were added. The samples were then homogenized using a 
tissue grinder. DNA extraction was subsequently performed 
following the protocol provided with the E.Z.N.A.™ Mag-
Bind Soil DNA Kit (OMEGA). Negative controls were added 
during the DNA extraction to prevent contamination. 

2.3. 16S RRNA GENE SEQUENCING 

The extracted DNA was quantified using a NanoDrop 
ND-2000 spectrophotometer (Thermo Scientific, Waltham, 
MA, USA) and analyzed by electrophoresis on 1.0% agarose 
gels. The V3-V4 region of the bacterial 16S rRNA gene was 
amplified using the primer pairs 341F (5’-CCTACGGGNG
GCWGCAG-3’) and 805R (5’-GACTACHVGGGTATC
TAATCC-3’). The PCR amplification protocol followed that 
described in a previous study.25 The PCR products were re
solved on 2.0% agarose gels and purified using Agencourt 
AMPure XP Beads (A63881, Beckman, USA). The DNA sam
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ples were then submitted for paired-end Illumina sequenc
ing. 

2.4. SEQUENCE ANALYSIS 

Bioinformatics analysis of microbial communities was con
ducted using QIIME2 (v2019.4). Raw amplicon sequences 
were subjected to quality filtering and adapter trimming. 
Amplicon Sequence Variants (ASVs) were inferred through 
the DADA2 pipeline for sequence denoising. Taxonomic as
signment of the 16S rRNA gene ASVs was performed 
against the Greengenes database (version 13.8) using the 
naïve Bayesian classifier implemented in DADA2.26 Alpha 
diversity indices (Chao1, Observed_species, Shannon, 
Simpson) and beta diversity (based on Bray-Curtis distance) 
were calculated, with statistical testing performed via PRE
MANOVA. Putative gene functions were predicted using PI
CRUSt (v1.0.0) with KEGG databases. 
Co-occurrence networks were constructed using Spear

man rank correlations ( | r | > 0.60, P < 0.05), visualized 
with Gephi, and analyzed for key network topology metrics. 
Community assembly processes were assessed by calculat
ing the Nearest Taxon Index (βNTI) via the picante pack
age27; | βNTI | > 2.00 indicates deterministic dominance, 
whereas | βNTI | < 2.00 reflects stochastic dominance. All 
statistical analyses and visualizations were performed in R. 

2.5. STATISTICAL ANALYSIS 

All data are presented as the mean ± standard deviation 
(AVG ± SD). All data were tested for normality using the 
Kolmogorov-Smirnov test for normality and Levene’s test 
for homogeneity of variances. One-way analysis of variance 
(ANOVA) and the LSD test were performed using SPSS 26.0. 

3. RESULTS 

3.1. SEQUENCING RESULTS 

In this study, sequencing of the sample targeting the 16S 
rDNA gene yielded an average of 80,828 raw sequences. Af
ter quality filtering, an average of 73,975 sequences were 
obtained. The proportion of valid sequences exceeded 
96.94% with a coverage rate of 99.13%, confirming that the 
sequencing results accurately reflected the biological char
acteristics of the samples. 

3.2. DIVERSITY ANALYSIS OF GUT BACTERIA 
COMMUNITIES OF SEA URCHINS 

A Venn diagram was used to illustrate the unique OTUs 
in the gut samples (Figure 1B). Specifically, 998, 387, 275, 
683, and 1,671 representative OTUs were identified in the 
G13, G16, G19, G22, and G25 groups, respectively. In total, 
9 OTUs were shared among all five groups, while 532, 224, 
135, 365, and 910 OTUs were unique to the G13, G16, G19, 
G22, and G25 groups. 
Chao1 index, Observed_species index, Simpson index, 

and Shannon index were used to evaluate the alpha diver
sity and richness of gut bacteria communities (Figure 1A). 

Compared with the other groups, G13 and G25 exhibited 
significantly greater diversity and richness of the gut bacte
rial community. In contrast, the G19 group showed the low
est species diversity and richness (P < 0.05). PCoA based on 
Bray–Curtis distances revealed that the PCoA1 and PCoA2 
accounted for 52.20% and 20.90% of the total variation, re
spectively (Figure 1C). Significant differences in sea urchin 
gut bacterial communities were observed with changes in 
the water temperature (P < 0.05). 

3.3. STRUCTURAL CHARACTERISTICS OF THE GUT 
BACTERIA COMMUNITY 

This study demonstrated significant differences in the gut 
bacterial community of S. intermedius across different tem
peratures. At the phyla, the highest relative abundance of 
gut bacteria communities were Proteobacteria, Bac
teroidota, and Firmicutes (Figure 1D). The relative abun
dance was highest for Firmicutes in the G13 group 
(22.76%), while Proteobacteria was highest in the G19 
group (95.14%), and Bacteroidota was highest in the G25 
group (21.98%). At the genus level, Ruegeria, Desul
forhopalu, and Pseudomonas were the dominant genera in 
the gut bacteria community of the sea urchin. The relative 
abundance of Pseudomonas was highest in the G19 group 
(31.49%) and lowest in the G13 group (9.56%) (Figure 4). 
Desulforhopalus was most abundant at G13 group (34.25%), 
while it was almost not detected in the other groups. Co
haesibacter was found to have higher relative abundances in 
the G16 (11.71%). The relative abundance of Ruegeria was 
highest in the G22 and G25 groups (30.21% and 33.23%, re
spectively), and it was also detected in the G16 group (Fig
ure 1E). 
The LEfSe analysis shows that the gut bacterial com

munities selectively enrich bacteria with specific capabili
ties to adapt to different temperature environments (Fig
ure 2). In the G13 group, Desulfobacteria were significantly 
enriched, including the genus Desulforhopalus. In the G16 
group, Variovorax and Paracoccus were enriched; both have 
versatile metabolic capabilities. In the G19 group, Pro
teobacteria were enriched, specifically the family 
Pseudomonadaceae, and the genus Pseudomonas. At the 
G22 group, Barnesiella and Rhodopirellula were enriched. 
Notably, Pseudophaeobacter, Ruegeria, Sphingomonas, and 
Burkholderia_Caballeronia_Paraburkholderia were signifi
cantly enriched in the G25 group. 

3.4. FUNCTIONAL PREDICTION OF THE GUT BACTERIAL 
COMMUNITIES 

Based on the KEGG database, a total of 170 tertiary path
ways with significant differences (P < 0.05) were obtained 
in the five groups, which could be classified into 33 sec
ondary metabolic pathways and 6 primary metabolic path
ways. Differential metabolic pathways were carbohydrate 
metabolism, amino acid metabolism, cofactor and vitamin 
metabolism, and DNA replication and repair. The G19 
group exhibited significant upregulation in several path
ways, including the digestive system, lipid metabolism, gly
can biosynthesis and metabolism, terpenoid and polyketide 
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Figure 1. Analysis of the diversity of gut bacterial community of sea urchin (           Strongylocentrotus intermedius ) at   
different temperatures.   
(A) Alpha diversity. (B) Venn diagram. (C) Beta diversity. (D) Phylum-level relative abundance. (E) Genus-level relative abundance. 
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Figure 2. LEfSe analysis of the gut bacterial community of the sea urchin (           Strongylocentrotus intermedius ) at   
different temperatures.   

metabolism, folding, sorting, and degradation, and bacte
rial infections (P < 0.05). The G25 group showed signif
icant enrichment in signaling molecules and interactions 
compared to the other groups. The G13 group’s immune 

system pathways showed significant differences compared 
with those of the other groups (Figure 3). 
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Figure 3. KEGG pathways of sea urchins (     Strongylocentrotus intermedius ) at different temperatures     

3.5. CO-OCCURRENCE NETWORKS OF DIFFERENT 
TEMPERATURE GROUPS 

Based on the structural topology analysis of the sea urchin 
gut bacterial communities, it was concluded that the sym
biotic network of gut bacteria in the G25 group was sig
nificantly larger than those in the other groups (Figure 4). 
Specifically, the nodes in the G13, G16, G19, G22, and G25 
groups were 58, 17, 12, 31, and 99, respectively, while the 
edges were 253, 24, 14, 58, and 824 (Table 1). The G13 and 
G25 groups exhibited higher network complexity, charac
terized by increased nodes and edges as well as higher aver
age degree (avgK) values. The modularity of the G13 group 
network was the highest (0.616) and contained 8 modules. 
In comparison, the G16, G19, G22, and G25 groups each 
contained 5 modules, with modularity coefficients of 0.556, 
0.309, 0.592, and 0.609, respectively (Figure 4A). Degree 
centrality and betweenness centrality increased from the 
G16 to the G25 group, whereas closeness centrality was sig
nificantly higher in the G19 group than in the other tem
perature groups (Figure 4D-F). The co-occurrence networks 
of the G13, G19, and G25 groups showed balanced propor
tions of positive and negative microbial interactions (Fig
ure 4C). The G19 and G25 groups had higher percentages 
of positive interactions (54.65% and 53.71%, respectively), 
while the G22 group was dominated by positive interactions 
(60.28%). In contrast, negatives were most prevalent in the 
G16 group (71.92%). A symbiotic network was established, 
with Proteobacteria accounting for 67.10%, Bacteroidetes 
for 14.71%, and Firmicutes for 7.95%. (Figure 4B). 
In our study, the α-NTI values were positively correlated 

with the temperature fluctuation, indicating phylogenetic 
clustering of bacteria with symbiotic relationships in the 
bacterial community of sea urchin was greater than ex
pected, with a more pronounced effect observed at the G19 

group (Figure 5A). The β-NTI (phylogenetic turnover rate) 
was significantly higher in G19 group gut samples than 
in other groups, indicating that the gut bacterial commu
nity assembly of S. intermedius was predominantly shaped 
by stochastic processes (Figure 5B). Notably, deterministic 
processes mainly drove the assembly of the gut bacterial 
community in the G19 group (Figure 5C), indicating an in
creased selective effect of temperature on the gut bacterial 
community of the G19 group. 

4. DISCUSSION 

4.1. EFFECTS OF DIFFERENT TEMPERATURES ON THE 
GUT BACTERIA COMMUNITY OF SEA URCHIN 

The gut bacterial community plays a crucial role in medi
ating host adaptation to environmental changes, with tem
perature being a key factor influencing microbial compo
sition and function.28 In this study, the gut bacteria of S. 
intermedius exhibited clear temperature-dependent struc
tural shifts at both phylum and genus levels, reflecting 
adaptive microbial restructuring in response to thermal 
variation. 
At the phylum level, Proteobacteria, Bacteroidota, and 

Firmicutes constituted the core phyla and consistently 
dominated the gut microbiota across all temperature 
groups. This aligns with previous reports identifying these 
taxa as major components of the bacterial community in S. 
intermedius. Consistent with our findings in S. intermedius, 
studies indicate that these bacteria represent the predomi
nant component of the bacterial community in the benthic 
environment by S. intermedius.29 The relative abundance 
of these phyla, however, varied significantly with tempera
ture. Under the optimal growth temperature of 19 °C (G19), 
the relative abundance of Proteobacteria reached in 
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Figure 4. Comparative analysis of the co-occurrence network in sea urchins (         Strongylocentrotus intermedius ) at   
different temperatures.   
(A) Symbiotic network of the gut bacterial community of sea urchins at different temperatures. (B) Proportion of different bacterial taxa in the network. (C) Proportion of positive and 
negative relationships in the network. (D) Betweenness. (E) Closeness. (F) Degree. Each node is colored by a module, and the size of each node is proportional to the degree. Node de
gree is a number of adjacent edges. Betweenness is the number of paths through a focal microbialnode. Closeness is the number of steps required to access every other node from a 
given node. 

95.14%. Previous studies have reported that the feeding 
rate of S. intermedius is highest at this temperature.30 As 
one of the largest and metabolically most versatile prokary
otic groups,31 the high metabolic plasticity of Proteobac
teria likely plays a key role during periods of active host 
feeding: by enhancing the degradation of complex organic 
matter, it may directly support improved host nutrient me
tabolism and energy acquisition.32,33 

In contrast, the relative abundance of Firmicutes in the 
G13 group increased significantly to 22.76%, suggesting 
a metabolic adaptation to low-temperature stress. Firmi
cutes are known to efficiently ferment carbohydrates to 
produce utilizable energy sources such as short-chain fatty 
acids.34 Under low-temperature conditions that reduce host 
metabolic rate and constrain energy intake, the rise in Fir
micutes abundance could help sustain host energy supply 
by enhancing intestinal fermentation, thereby alleviating 
physiological pressure induced by cold stress.35 

The relative abundance of Bacteroidota reached 21.98% 
in the G25 group, a change that may be linked to the host’s 
physiological adaptation under high-temperature stress. 
Bacteroidota are enriched with polysaccharide-degrading 
enzymes, enabling efficient breakdown of dietary fiber and 

complex carbohydrates into metabolites such as short-
chain fatty acids (SCFAs), which can serve as an energy 
source for the host.36,37 Under high temperatures, host 
metabolic rate typically increases, accelerating energy ex
penditure, while feeding efficiency may decline, potentially 
leading to an imbalance between energy supply and de
mand.38 The observed increase in Bacteroidota abundance 
may therefore enhance intestinal polysaccharide degrada
tion, improving energy harvest efficiency and helping to 
mitigate energy metabolic pressure induced by heat stress, 
thereby contributing to the maintenance of gut homeosta
sis. Furthermore, certain members of Bacteroidota have the 
potential to modulate host immune and inflammatory re
sponses,39 suggesting that changes in their abundance may 
also contribute to the host’s overall physiological regula
tion during thermal challenge. 
Genus-level analysis further elucidated distinct temper

ature-dependent enrichment patterns associated with 
functional adaptation. In the G13 group, the psychrophilic 
sulfate-reducing genus Desulforhopalus dominated 
(34.25%). Its known capacity for gas vacuole formation and 
organohalide respiration suggests that it may contribute to 
energy provision in cold environments, potentially through 
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Figure 5. Community assembly processes in sea urchins (      Strongylocentrotus intermedius ) at different temperature     
treatment groups.   
(A) αNTI values. (B) βNTI values. (C) Relative contributions of determinism and stochasticity. αNTI (nearest-taxon-index) quantifies the standard deviation of the MNTD (mean-
nearest-taxon-distance) with respect to the mean of the null distribution (999 randomizations). βNTI is the number of standard deviations, and the observed βMNTD is the mean of 
the null distribution. | βNTI | > 2 indicates that the cluster clusters are mainly controlled by deterministic processes; otherwise, the cluster clusters are mainly controlled by stochas
tic processes. 

pathways such as 2,6-dibromophenol debromination, 
thereby supporting host metabolic maintenance during 
low-temperature periods.40,41 At the optimal temperature 
(G19), Pseudomonas became the dominant genus (31.49%). 
Although traditionally regarded as an opportunistic 
pathogen,42,43 its sustained dominance in healthy individ
uals implies a potential dual role as both a conditional 
pathogen and a beneficial commensal. This functional plas
ticity aligns with reported oxygen-dependent bacteriostatic 
activity of Pseudomonas against fermentative bacteria, 
highlighting the context-dependent nature of its ecological 
role in marine invertebrates.44 It has been demonstrated 
that Ruegeria and Sphingomonas play a protective role 
against environmentally induced microbial dysbiosis in di
verse marine animals. Prior studies indicate that these bac
terial genera contribute to microbiome stability, particu
larly in marine hosts, by producing quorum-quenching 
enzymes and antimicrobial compounds. Specifically, Ruege
ria produces N-acylhomoserine lactonases that quench 
pathogen quorum-sensing signals and suppress virulence 
expression, and further contribute to host microbial home
ostasis by modulating the associated bacterial community 
to counteract pathogenic proliferation while promoting 
probiotic taxa, thereby alleviating Vibrio-induced dysbio
sis.45,46 Similarly, Sphingomonas have been reported to har
bor quorum-quenching enzyme genes and to produce an
timicrobial substances, demonstrating antagonistic activity 
against Vibrio anguillarum in fish, thereby improving host 
survival and immune parameters.47 In this study, the en
richment of Ruegeria and Sphingomonas in the sea urchin 
gut under high temperature may indicate the activation of 
a similar microbiota-assisted defense mechanism, thereby 

contributing to the maintenance of intestinal microbial 
community stability. However, the specific functions of 
these bacteria in our study and their direct contribution to 
the sea urchin remain to be further investigated. 

4.2. EFFECTS OF DIFFERENT TEMPERATURES ON THE 
GUT SYMBIOTIC BACTERIA COMMUNITY OF SEA 
URCHINS 

Microbial co-occurrence network analysis provides a 
methodological framework for linking ecosystem complex
ity to stability, offering insights into community structure 
and species interactions.48,49 Community stability is often 
associated with topological features such as a high average 
clustering coefficient and increased modularity.50,51 In this 
study, temperature fluctuations altered network structure, 
as evidenced by changes in edge numbers and modularity. 
Higher modularity in the G13 and G25 groups indicates 
the formation of densely connected, functionally coherent 
modules, which may enhance community stability and re
silience under external stress. In contrast, the G19 group 
exhibited the lowest modularity, with a network dominated 
by negative correlations, reflecting competitive interac
tions. This structural simplification likely results from tem
perature acting as an environmental filter, excluding less 
tolerant taxa and reducing niche overlap and functional re
dundancy.52 

The average path length (APL) reflects network connec
tivity and the efficiency of microbial interaction. An in
creased APL in the G13 group suggests longer interaction 
pathways, which may reduce metabolic efficiency and delay 
coordinated community responses to environmental stress 
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such as low temperature.53,54 Such functional impairment 
could hinder the host’s nutrient acquisition and metabolic 
homeostasis.55 Ecological networks comprise both positive 
(e.g., mutualistic) and negative (e.g., competitive) interac
tions.56 In this study, the G16, G22, and G25 groups showed 
a higher proportion of positive correlations, suggesting en
hanced cooperative exchanges. Conversely, the G13 and 
G19 groups showed stronger negative correlations, indi
cating competitive dominance. Although competition can 
contribute to network robustness,57 higher modularity and 
a balance of interaction types likely support more stable 
coexistence.58 Thus, the intestinal microbial community 
appears most stable in the G13 and G25 groups, where 
temperature-induced shifts promoted either competitive 
structuring or cooperative coherence, each favoring net
work persistence. 
Community assembly analysis revealed that stochastic 

processes predominantly drove microbiota clustering 
across temperatures, except in the G19 group, where deter
ministic selection was observed. Under suboptimal temper
atures, increased stochasticity may arise from a balance be
tween microbial loss and gain,59 possibly as cooperatively 
adaptive strategies emerge. 
Collectively, these findings indicate that temperature 

critically shapes the assembly and stability of the sea 
urchin intestinal microbiota, with the G13 and G25 groups 
exhibiting more stable network architectures. These ob
served changes warrant further exploration in future stud
ies. 

4.3. TEMPERATURE-DEPENDENT MICROBIAL 
STRATEGIES AND HOST ADAPTATION 

The alpha diversity of the bacterial community was lowest 
at G16  and G19 groups, which may, conversely, indicate a 
stable state of the intestinal community. Previous studies 
have shown that the temperature range of 16-19  ℃ is the 
optimal range for sea urchin growth and feeding.60 Within 
this optimal temperature range, enhanced feeding activity 
and stable host metabolism may selectively promote the 
enrichment of specific core microbial taxa, thereby reduc
ing overall diversity.61 In this study, the significant enrich
ment of Pseudomonas at G16 and G19 groups may be due 
to its unique metabolic functions. Research has shown that 
Pseudomonas can decompose complex nutrients and assist 
the host in energy acquisition, thereby promoting growth 
performance, enhancing immune function, and optimizing 
gut health, thus enhancing the host’s health and disease 
resistance.62,63 Their dominance under optimal tempera
tures may therefore facilitate more efficient nutrient ab
sorption and contribute to the host’s growth and feeding 
performance. 
In contrast, the higher diversity and more complex net

work structures observed in the G13, G22, and G25 groups 
are likely driven by distinct mechanisms. In the G13, G22, 
and G25 groups, the decline in host physiological integrity 
and its selective pressure on the bacterial community, cou
pled with potential colonization by opportunistic or stress-
tolerant generalist bacteria, could lead to increased species 
diversity and more complex network structures.64 In the 

G13 group, the significant enrichment of Desulforhopalus 
may represent a microbial adaptation to low-temperature 
physiological stress. Desulforhopalus is an anaerobic bac
terium specializing in sulfate reduction. This metabolic 
process provides the bacterial community with essential 
energy when the host’s metabolism slows at low temper
atures.65,66 Furthermore, it helps maintain an anaerobic 
gut environment, which may help suppress colonization by 
harmful aerobic pathogens.67,68 Under high-temperature 
conditions (G25), the significant enrichment of potential 
beneficial bacteria (Ruegeria and Sphingomonas) within 
the gut bacterial community of S. intermedius may repre
sent a compensatory microbial response. While the extent 
of their functions remains to be further investigated, these 
compositional adjustments suggest a potential functional 
reorganization of the microbiome that could help mitigate 
thermal stress.69,70 This provides crucial microbial support 
for the host to adapt to high-temperature stress. 

5. CONCLUSION 

In conclusion, the gut bacteria community of sea urchins 
exhibits distinct temperature-dependent characteristics, 
with Proteobacteria, Bacteroidetes, and Firmicutes consti
tuting the core taxa in the symbiotic network. Changes in 
the gut bacterial community are closely linked to the com
plexity of the gut symbiotic network in the sea urchin. This 
study, through a 30-day experiment, has provided a foun
dational understanding of the sea urchin bacterial com
munity’s response to temperature changes. However, due 
to significant seasonal and long-term temperature fluctu
ations in natural aquaculture environments, further long-
term studies are needed to better understand the influence 
of the bacterial community on the host’s temperature 
adaptability. 
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