
Sun et al. BMC Microbiology          (2024) 24:536  
https://doi.org/10.1186/s12866-024-03670-1

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

BMC Microbiology

Which is more priority, substrate type 
or food quality? A case study on a tropical 
coral reef sea cucumber Stichopus chloronotus 
revealed by prokaryotic biomarker
Chunyang Sun1,3, Yanan Wang2,3, Chenghao Jia1,3, Fei Gao2,3, Yun Rong2,3, Boxuan Feng2,3, Kunzhi Yao2,3 and 
Qiang Xu2,3* 

Abstract 

Background  Different species of sea cucumbers in various regions have diverse preferred habitats and feeding hab-
its. However, detailed research on the correlation between food selection and habitat preference of sea cucumbers, 
as well as their adaptive adjustments to specific habitat types, is still lacking.

Methods  A field study was carried out to explore the relationship between food selection and habitat preference, 
as well as the adaptation process, of the tropical sea cucumber Stichopus chloronotus, which has specific food prefer-
ences. This was achieved using an in situ mesocosm method with three single habitat types: sandy, broken coral 
branches, and reef. Changes is the prokaryotic community structure of gut contents, revealed by high-throughput 
sequencing analysis of the 16S rRNA gene, were used as the biomarker. Tax4Fun assessed the metabolic pathways 
of samples, and FAPROTAX evaluated the biogeochemical cycling processes.

Results  Alpha diversity, PCoA, and UPGMA tree analyses consistently revealed that bacterial community structures 
in the gut contents of S. chloronotus in reef bottom cages (GRee) are closely related to those of wild S. chloronotus col-
lected in September (GWS) and October (GWO) than those from the sandy bottom (GSan) and broken coral branches 
bottom (GBra) cages. The relative abundance of Ruegeria is one of the dominant genera in the control groups (GWS 
and GWO), while Synechococcus CC9902 is among the predominant genera in the treatment groups (GSan, GBra 
and GRee). Functional prediction outcomes from Tax4Fun and FAPROTAX also indicate that the metabolic pathways 
in the gut contents of the treatment groups are distinct from those of the control groups.

Conclusions  Compared with S. chloronotus in single habitat types, wild S. chloronotus showed stronger feeding 
selectivity and ingested actively larger proportion of Ruegeria sp. For this picky species, hard-substrate habitats 
that can keep it away from strong waves seem to be more important to than those with good sedimentary food. 
Inappropriate habitats without stable substrate for attachment may cause an unusual change in food preference of S. 
chloronotus. Tax4Fun and FAPROTAX functional annotation also confirmed that the adaptive adjustment of S. chlo-
ronotus can be completed within a month.
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Background
Tropical sea cucumbers have high commercial value 
and huge market demand, but long-term overfishing 
has led to a serious decline in their populations [1–3]. 
Sea cucumbers also have important ecological functions 
and play an important role in the benthic ecosystem [4]. 
Sedimentary sea cucumbers can purify the benthic envi-
ronment and disturb the sediment by feeding, which 
accelerate the exchange of inorganic nutrients in sedi-
ments with seawater [5–9]. Moreover, their fecal depos-
its can enhance coral calcification and provide a buffer 
against ocean acidification [10–13]. At present, research 
on tropical sea cucumbers mainly focuses on resource 
surveys, classification and diversity, and physiological 
ecology [14–16]. In comparison, research on the correla-
tion between their food selection and habitat preference 
is relatively scarce.

The habitat selection of animals is often closely related 
to their feeding habits, covering their food search and 
ingestion. Whether or not food is easy to obtain is the 
first question that animals need to consider, followed by 
factors such as avoiding enemies [17]. Is there a similar 
phenomenon with Stichopus chloronotus? A few stud-
ies have revealed the distinct species-specific substrate 
and food preference of several tropical coral reef sea 
cucumbers. Holothuria edulis and Holothuria atra pre-
fer distributing in sandy bottom areas and have no clear 
selectivity to the sediment [18], whereas S. chloronotus 
and Stichopus monotuberculatus prefer areas with hard 
substrates (e.g., rocks and coral reef blocks) and are picky 
about food with fine grain size and high organic content 
[2, 19, 20]. In particular, S. chloronotus is more inclined to 
eat sediments with high microalgae content, and S. mono-
tuberculatus actively eats sediments with higher nutrient 
content [21]. However, which is taken into account first 
between food quality and physical substrate during the 
habitat selection of sea cucumbers remain unclear.

The preferred habitats of S. chloronotus vary in differ-
ent regions and life history stages, such as reefs shoals, 
lagoons [22], soft substrates [23], and other hard sub-
strates [18]. The reason may be that S. chloronotus have 
made adaptive adjustments to the habitat characteristics 
and food conditions of specific sea areas, though detailed 
studies are still lacking. The present research aims to 
explore whether the strategic adjustment of sea cucum-
ber response to habitat changes is a positive rapid process 
or a passive long-term adaptation. In what aspects have 
sea cucumbers made adaptive adjustments, and what do 
these adjustments mean? To sum up, studying the natural 
ecology of sea cucumbers will help us to understand their 
ecological habits, grasp the ecological adaptation rules, 
and provide a basis for the protection and sustainable 
development of sea cucumber resources.

DNA barcoding requires only an accurate DNA 
sequence to detect many biological species from a small 
number of samples, offering the advantages of sensi-
tivity, accuracy, and speed [24]. 16S rRNA gene high-
throughput sequencing technology has been widely used 
to analyze microflora in various biomes, such as water, 
sediments, and gut content of animals [25–28]. This 
study aims to explore the feeding adjustment ability of 
sea cucumbers on a small spatial scale when their food 
sources are consistent. Prokaryotes in their gut contents 
can be used as indicator microorganisms to determine 
their feeding adjustment in a single habitat type.

The sea area of Wuzhizhou Island is a typical example 
of tropical marine ranching, with effective protection of 
the coral reef ecosystem in the South China Sea [29]. S. 
chloronotus is the dominant species here [3]. Our previ-
ous study found that this species has a strong preference 
for hard substrates such as reefs and rocks [2]. Therefore, 
we selected S. chloronotus as the experimental species 
and conducted an in situ mesocosm experiment for one 
month. 16S rRNA gene high-throughput sequencing was 
used to reveal the changes in microbial community struc-
ture of gut contents of S. chloronotus. The goals of this 
study are to explore the feeding selectivity of S. chlorono-
tus and the correlation between its habitat preferences 
and feeding choices. Moreover, it aims to investigate the 
adaptability adjustment of S. chloronotus in net cages 
with a single habitat type, namely sandy, broken coral 
branches, and reef, over the short term.

Materials and Methods
Study area and period
The northeast of Wuzhizhou Island is a compound distri-
bution area of living coral reefs and sandy bottom, with 
well-developed coral reefs and diverse habitat types [30, 
31]. Numerous artificial reefs are deployed here to restore 
fishery resources and provide reef diving tourism. The 
experimental area (18°322′N, 109°775′E) is between two 
sunken vessels (length, 30 m; width, 6 m; and height, 8 m) 
that are parallel to the coastline to effectively weaken the 
intrusion of typhoons and wind waves (Fig. 1). Net cages 
were placed in the sandy bottom for easy deployment. A 
previous study found that the population of S. chlorono-
tus increases during the rainy season and that changes 
in preferred habitats tend to stabilize in September [2]. 
Consequently, the experiment commenced on September 
20, 2021, and lasted for a full month.

Design of experiment
Twelve custom net cages (length, 1 m; width, 1 m; height, 
0.5 m; mesh size, 8 mm) were fixed by divers between two 
sunken vessels and divided into three treatment groups 
(n = 4). Each group had a different substrate type: sand, 
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Fig. 1  Study area and experimental design
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broken coral branches, and reef blocks (Fig.  1). Dead 
broken coral branches and small reef blocks (< 45  cm 
in diameter) were collected nearby and laid into the net 
cages, covering 60% of the bottom on average (0.6 m2).

At the beginning of the study, 16 wild S. chlorono-
tus with similar sizes (306.97 ± 38.65  g) were collected 
via SCUBA diving. Of this number, 12 were placed into 
12 cages, which were sealed to prevent escape, and the 
remaining 4 individuals (serving as the control group in 
their natural habitat) were brought back to the labora-
tory for gut content sampling. At the end of the 30-day 
experiment, divers sampled all the sea cucumbers within 
the cages and additionally sampled 4 wild ones of simi-
lar weight (373.34 ± 80.37 g) outside the net cages, which 
served as the control group in October.

Sample collection of gut contents
The collected S. chloronotus were transported to the 
Wuzhizhou Island Laboratory within half an hour under 
oxygenation and low temperature conditions. Subse-
quently, the samples were put on ice, and 5 ml potassium 
chloride solution (0.35  mol/L) was administered with 
a pinhole syringe to facilitate the expulsion of gut tis-
sue. The gut contents were then collected and stored in 
a 2  ml sterile cryopreservation tube. After each sample 
collection, the tray and tweezers were disinfected with 
75% ethanol and sterilized seawater to minimize bacterial 
cross-contamination between samples. According to the 
experimental design, the gut content samples from wild 
S. chloronotus in September and October were labeled 
as GWS1–GWS4 and GWO1–GWO4, respectively. 
The gut content samples of S. chloronotus housed in net 
cages with sandy bottom, broken coral branches bottom, 
and reef bottom (with one invalid sample) were labeled 
as GSan1–GSan4, GBra1–GBra4, and GRee2–GRee4, 
respectively.

Sample collection of environmental sediments
The collection of environmental sediment samples corre-
sponded to that of S. chloronotus. Sediment samples col-
lected near wild S. chloronotus in September and October 
were labeled as SWS1–SWS4 and SWO1–SWO4, respec-
tively. Sediment samples in the four net cages with sandy 
bottom were directly collected by divers using 2 ml ster-
ile cryopreservation tubes and labeled as SSan1–SSan4. 
Sediment samples collected in the net cages with broken 
coral branches bottom and reef bottom were scraped 
from dead coral branches and reef surfaces and labeled 
as SBra1–SBra4 and SRee1–SRee4, respectively. The sam-
ples of gut contents and sediments were stored at −80° C 
until required for analysis.

DNA extraction, PCR amplification, and high‑throughput 
sequencing
The genomic DNA of the gut contents and sediment 
samples was extracted by CTAB (hexadecyl trimethyl 
ammonium Bromide) method, and the purity and con-
centration of DNA were detected by agarose gel electro-
phoresis. Appropriate DNA was placed in a centrifuge 
tube and diluted to 1 ng/μl with sterile water. Using the 
diluted genomic DNA as the template, based on the 
selection of sequenced regions (V4) [24, 32], the universal 
primer set, 515F (5′-GTG​CCA​GCMGCC​GCG​GTAA-
3′) and 806R (5′-GGA​CTA​CHVGGG​TWT​CTAAT-
3′) [33, 34], was used for amplification of the 16S rRNA 
gene from the gut contents and sediments. A total of 
30-μL PCR mixture contained 15 μL of Phusion® High-
Fidelity PCR Master Mix (New England Biolabs), 3 μL of 
each primer (2 μM), 10 μL genomic DNA (1 ng/μL), and 
2 μL sterile water. Thermal cycling was as follows: initial 
denaturation at 98 °C for 1 min, followed by 30 cycles of 
denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s, 
and elongation at 72 °C for 30 s. The process concluded 
with a final extension at 72  °C for 5 min. PCR products 
were mixed at equal concentration and purified by Gene-
JETTM Gel Extraction Kit (Thermo Scientific) [28].

Sequencing libraries were generated using the TruSeq® 
DNA PCR-Free Library Preparation Kit (Illumina, USA) 
following the manufacturer’s instructions. The con-
structed library quality was assessed on the Qubit@ 2.0 
Fluorometer (Thermo Scientific, USA) system. After 
qualification, the constructed library was sequenced by 
NovaSeq6000 platform (Novogene, China).

Statistical analysis
FLASH (V1.2.7, http://​ccb.​jhu.​edu/​softw​are/​FLASH/) 
was used to splice the reads of each sample and obtain 
raw tags [35]. Uparse algorithm (Uparse v7.0.1001, 
http://​www.​drive5.​com/​uparse/) was used to cluster all 
the effective tags of all samples [36]. The sequences are 
clustered into operational taxonomic units (OTUs) with 
97% identity, and representative sequence of the OTUs 
were selected. The Mothur method and the SSUrRNA 
database of SILVA138 (http://​www.​arb-​silva.​de/) were 
used for species annotation analysis, with the threshold 
set at 0.8 ~ 1 [37, 38]. Next, the taxonomic information 
was obtained at each classification level. MUSCLE soft-
ware (version 3.8.31, http://​www.​drive5.​com/​muscle/) 
was used to perform fast multi-sequence alignment to 
obtain the phylogenetic relationships of all representative 
sequences of the OTUs. Finally, the data of all samples 
were homogenized, and the subsequent alpha diversity 
and beta diversity analyses were based on the homoge-
nized data.

http://ccb.jhu.edu/software/FLASH/
http://www.drive5.com/uparse/
http://www.arb-silva.de/
http://www.drive5.com/muscle/
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R (version 2.15.3) was used to analyze the inter-group 
differences of alpha diversity indices, including abun-
dance-based coverage estimator (ACE), Chao1 rich-
ness estimator, Shannon diversity index, and Simpson 
diversity index. R software was also used for principal 
coordinates analysis (PCoA) and species analysis, with 
significant differences between groups (T-test). Analysis 
of similarities (Anosim) used the Anosim function of the 
R vegan package. Qiime (version 1.9.1) was used to cal-
culate the unweighted-unifrac distance and construct the 
unweighted pair-group method with arithmetic means 
(UPGMA) sample cluster tree. Tax4Fun analysis (R Ver-
sion 3.0.3) and the FAPROTAX software were used for 
functional prediction of samples.

Results
At the end of the experiment, all 12 net cages were intact 
and there was no instance of S. chloronotus escaping. 
The S. chloronotus in the treatment groups lost weight, 
but none were reported of injured or deceased. Spe-
cifically, the weight of S. chloronotus in GSan, GBra, and 
GRee decreased by 21.25 ± 10.36  g, 18.39 ± 7.20  g, and 
11.53 ± 3.58 g, respectively.

A total of 2 492 373 effective reads, with an average 
length of 253 base pairs (bp), were obtained from 19 gut 
content samples and 20 sediment samples through 16S 
rRNA gene sequencing. The number of effective reads for 

each gut content samples ranged from 61 680 to 69 316, 
with an average of 65 270 ± 2 585. For the sediment sam-
ples, the number of effective reads ranged from 40 484 to 
70 232, with an average of 62 612 ± 7 805. The Good’s cov-
erage estimate for all samples was between 91.80% and 
97.85%, indicating that the sequencing depth was suffi-
cient to capture the majority of microorganisms present.

Richness and diversity analysis of gut and sediment 
samples
A total of 25 650 OTUs were identified from 39 samples 
based on a 97% similarity threshold. GWS and GWO har-
bored 4 777 and 4 540 OTUs, respectively, while GSan, 
GBra, and GRee contained 6 182, 6 937, and 4 147 OTUs, 
respectively (Fig. 2). Among these OTUs, 860, 652, 1 661, 
2 082 and 559 were uniquely detected in GWS, GWO, 
GSan, GBra, and GRee, respectively (Fig.  2). A total of 
1 849 OTUs (15.53%) were shared across all gut content 
samples; 2 982 (47.07%) were shared between GWS and 
GWO; and 2 454 (24.20%) were shared among GSan, 
GBra, and GRee (Fig. 2). Correspondingly, the sediment 
samples (SWS, SWO, SSan, SBra, and SRee) contained 10 
406, 12 599, 11 179, 9 925, and 11 782 OTUs, respectively.

The richness indices (ACE, Chao1) and diversity 
indices (Shannon, Simpson) for each sample group are 
shown in Fig. 3. The ACE and Shannon diversity indi-
ces for the sediment groups (SWS, SWO, SSan, SBra, 

Fig. 2  Venn diagram of core OTUs among the gut contents of five group of S. chloronotus 
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SRee) were extremely significantly higher than those for 
the corresponding gut content groups (GWS, GWO, 
GSan, GBra, GRee) (P < 0.01) (Fig. 3a, c), indicating that 
the bacterial communities in the sediments exhibited 
greater richness and diversity compared to those in the 
gut contents. Upon comparison of the gut content sam-
ples, the ACE and Chao1 indices for GSan and GBra 
were found to be significantly higher than those for 
GWS and GWO (P < 0.05), whereas no clear differences 
were observed among GRee, GWS, and GWO (Fig. 3a, 
b). The Shannon and Simpson diversity indices for 
GWS, GWO, and GBra were significantly higher than 
those for GSan and GRee (expect for GWO and GRee 
in the Shannon index) (P < 0.05) (Fig.  3c, d). Further-
more, no significant difference was observed between 
GWS and GWO, which were characterized by high 
diversity indices and low richness indices (Fig. 3).

Bacterial community structure in gut contents 
and sediments
The gut content groups (GWS: 36.25 ± 3.30, GWO: 
37.25 ± 2.87, GSan: 51.50 ± 3.51, GBra: 51.75 ± 5.62, GRee: 
41.33 ± 1.53) and sediment groups (SWS: 67.50 ± 2.65, 
SWO: 69.50 ± 2.89, SSan: 64.25 ± 2.99, SBra: 63.50 ± 1.29, 
SRee: 61.50 ± 8.27) exhibited varying numbers of phyla. 
Significantly, the sediment groups had a higher number 
of phyla compared to the gut content groups (P < 0.05), 
with GSan and GBra showing a significant increase over 
GWS, GWO, and GRee (P < 0.05).

The 10 most abundant phyla across different groups 
accounted for 73.89%–91.86% of the total reads (Fig. 4). 
For the sediment groups, the top 10 phyla were consist-
ent, with variations in their relative abundances. Proteo-
bacteria (34.68 ± 4.50%) dominated the sediment groups, 
followed by Firmicutes (5.62 ± 4.47%), Bacteroidota 
(5.22 ± 1.04%), and Cyanobacteria (4.22 ± 0.91%), which 

Fig. 3  Alpha-diversity of the gut content samples and sediment samples. a ACE, b Chao1, c Shannon index, d Simpson index. *: P < 0.05; **: P < 0.01; 
***: P < 0.001. Dark point represents the abnormal value
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also constituted relatively significant proportions. How-
ever, the top 10 phyla in the five gut content groups var-
ied, with Proteobacteria, Acidobacteriota, Cyanobacteria, 
Actinobacteriota and Planctomycetes appearing in every 
group and comprising 59.06%–76.10% of the total.

Proteobacteria was the predominant phylum in GWS 
(47.29 ± 4.43%) and GWO (45.23 ± 4.74%), whereas 
Cyanobacteria was the dominant phylum in GSan 
(52.59 ± 16.07%) and GRee (43.51 ± 10.47%). In the case 
of GBra, both Proteobacteria (25.06 ± 7.91%) and Cyano-
bacteria (18.01 ± 9.93%) constituted substantial fractions 
(Fig. 4). The relative abundances of Proteobacteria, Planc-
tomycetes, and Actinobacteriota in GWS and GWO were 
also significantly higher than those in SWS and SWO, 
whereas the relative abundances of Cyanobacteria and 
Planctomycetes in GSan and GRee were significantly 
higher than those in SSan and SRee (T-test, P < 0.05).

Prokaryotes with a relative abundance of over 1% at 
the genus level in each group are shown in Fig. 5. In five 
sediment groups, 10 genera of prokaryotes had relative 
abundances over 1%, with Pseudomonas (4.05 ± 2.01%), 
Woeseia (2.23 ± 0.15%), Ralstonia (2.15 ± 0.93%), and 
Candidatus Nitrosopumilus (1.82 ± 0.42%) present in at 
least four groups (Fig. 5). In five gut content groups, 21 
genera of prokaryotes had relative abundance over 1%, 
with Synechococcus CC9902 (24.12 ± 20.24%), Ruegeria 
(3.35 ± 3.03%), Ilumatobacter (2.53 ± 0.93%), Rubripirel-
lula (1.82 ± 0.63%), Blastopirellula (1.48 ± 0.35%), and 
Sva0996 marine group (1.43 ± 0.33%) present in at least 
four groups (Fig.  5). Dominant prokaryotes in the sedi-
ment and gut content samples were markedly different at 
the genus level. A comparison of the relative abundances 

of dominant genera within each gut content group 
showed that Synechococcus CC9902 had the highest rela-
tive abundance in GSan (46.16%), GBra (12.83%), and 
GRee (35.45%), whereas it was less than 2.03% in GWS 
and GWO (Fig.  5). The relative abundance of Sva0996 
marine group exceeded 1% in GWS (1.14%), GWO 
(1.15%), GBra (1.77%), and GRee (1.65%), but only 0.75% 
in GSan. In addition, the relative abundance of Ruegeria 
in GWO (7.39 ± 1.38%) was extremely significantly higher 
than that in GSan (1.06 ± 1.11%), GBra (1.01 ± 0.60%), and 
GRee (0.53 ± 0.10%) (P < 0.001) (Fig. 5).

The top 10 prokaryotes in relative abundance at the 
species level and present in at least four sample groups 
are shown in Fig.  6. Among them, Virgulinella fragi-
lis (1.08 ± 0.29%), Ralstonia pickettii (2.15 ± 0.93%), 
and Lactobacillus murinus (0.29 ± 0.14%) were pre-
sent in all sediment groups. Ruegeria lacuscaeru-
lensis (0.51 ± 0.25%), Planoglabratella opercularis 
(0.45 ± 0.12%), and alpha proteobacterium endosymbi-
ont 2 of Inanidrilus makropetalos (0.27 ± 0.06%) were 
present in SWS, SWO, SSan, and SBra (Fig. 6). By con-
trast, dominant prokaryotes in the gut content samples 
were markedly different from those in the sediment 
samples at the species level. They were characterized 
by the presence of R. lacuscaerulensis (2.79 ± 2.91%) 
and mixed culture isolate koll13 (0.47 ± 0.17%) in all 
five gut content groups. V. fragilis (1.22 ± 0.48%) and 
Pediococcus pentosaceus (0.38 ± 0.19%) were present 
in GWS, GSan, GBra, and GRee (Fig. 6). Note that the 
relative abundance of R. lacuscaerulensis in the control 
groups (GWS: 3.96%, GWO: 7.39%) was higher than in 
the treatment groups (GSan: 1.06%; GBra: 1.01%, GR: 

Fig. 4  Relative abundance of the 10 most abundant phyla
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0.53%), with GWO showing statistically significant dif-
ferences (T-test, P < 0.001) (Fig. 6). Moreover, the rela-
tive abundance of P. opercularis in GWS reached 3.05% 
but was less than 0.12% in GWO, GSan, GBra, and 
GRee (T-test, P < 0.001) (Fig. 6).

Relationships among the bacterial communities from gut 
content and sediment samples
PCoA analysis and UPGMA tree were conducted 
to evaluate the bacterial compositional similarities 
among different samples (Figs.  7 and 8). The PCoA 

Fig. 5  Prokaryotes with relative abundance of more than 1% at the genus level in each group

Fig. 6  Prokaryotes with relative abundances of the top 10 at the species level and present in at least four sample groups
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analysis showed the samples segregated into three 
groups (Fig.  7). Among them, all sediment samples 
(SWS, SWO, SSan, SBra, SRee) were clustered on the 
left side of the figure along the first principal compo-
nent axis (PC1), accounting for 29.39% of the total 
variation (Fig.  7). The gut content samples of GWS, 
GWO, and GRee were clustered along the second prin-
cipal component axis (PC2) on the upper right side of 
the figure, whereas the GSan and GBra samples were 
grouped on the lower right side, accounting for 5.64% 

of the total variation (Fig. 7). UPGMA tree at the phy-
lum level (Fig. 8) corroborated the results of the PCoA 
analysis. These results indicate that the gut content and 
sediment samples harbor distinct bacterial community 
characteristics, with two single habitat types (sandy 
bottom and broken coral branches bottom) altering 
the gut content bacterial community structure of S. 
chloronotus. On the contrary, the bacterial community 
structure of GRee bore the closest resemblance to that 
of GWO and GWS.

Fig. 7  Two-dimensional PCoA of each sample based on Unweighted unifrac distance at the OTU level

Fig. 8  UPGMA tree at the phylum level based on Unweighted unifrac distance of each group
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Anosim revealed that the R values between the 
control groups (GWS, GWO) and the experimental 
groups (GSan, GBra, GRee) were greater than 0, and 
the differences were statistically significant (Table  1, 
P < 0.05). This finding suggests that both monthly vari-
ations and habitat changes can significantly affect the 
gut bacterial community structure of S. chloronotus.

Functional prediction of microbiota in gut contents 
and sediments
Tax4Fun is adept at functional prediction for both gut 
and sediment samples. FAPROTAX demonstrates robust 
predictive capabilities for the biochemical cycling of sedi-
ment samples.

Utilizing the KEGG pathway database, Tax4Fun analy-
sis delineated 7 level-1 pathways and 44 level-2 pathways 
across five groups of gut contents. The relative abundance 
of microbial flora functions within the level-2 pathways 

Table 1  Analysis of similarities (ANOSIM) between control groups (GWS, GWO) and experimental groups (GSan, GBra, GRee)

R value is between (- 1, 1), and R-value greater than 0 indicates that the difference between groups is greater than the difference within groups

 *P < 0.05, indicates statistical significance

GWS-GWO GWS-GSan GWS-GBra GWS-GRee GWO-GSan GWO-GBra GWO-GRee

R value 0.96 1 0.81 1 1 0.59 1

P value 0.04* 0.03* 0.03* 0.02* 0.03* 0.03* 0.03*

Fig. 9  Level-2 cluster heatmap (Top 35) for predicting Gene function of gut contents based on Tax4Fun
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was normalized, revealing a bifurcation where five intes-
tinal content groups were categorized into two primary 
branches: GSan and GRee clustered on one branch, and 
GWS, GWO, and GBra formed another (Fig.  9). The 
main pathways for GSan and GRee encompassed Drug 
resistance, Immune system, Cancers, Cardiovascular dis-
eases, Metabolism of other amino acids, Enzyme fami-
lies, Biosynthesis of other secondary metabolites, Glycan 
biosynthesis and metabolism, Nucleotide metabolism, 
Metabolism of terpenoids and polyketides, Metabolism 
of cofactors and vitamins, Energy metabolism, among 
many others. By contrast, the principal pathways for 
GWS and GWO focused on Transport and catabolism, 
Membrane transport, Xenobiotics biodegradation and 
metabolism, Carbohydrate metabolism, Lipid metabo-
lism, Metabolism, Amino acid metabolism, Genetic 
information processing, Transcription. Noteworthy dif-
ferences in metabolic pathways were observed between 
GSan and GBra, as well as in GWO and GWS (Fig.  9). 
The T-test also indicated no significant differences in 
level-3 pathways between GSan and GRee (P > 0.05).

The top 10 biochemical cycling processes of gut con-
tent groups and sediment groups predicted by FAPRO-
TAX are shown in Fig.  10. The relative abundances of 
oxygenic photoautotrophy, cyanobacteria, photoautotro-
phy, and phototrophy in GBra (7.95%), GRee (16.55%), 
and GSan (18.28%) were significantly higher than those 
observed in GWO (1.24%), GWS (0.29%), and five sedi-
ments groups (0.53% ± 0.21%) (P < 0.05) (Fig.  10). Con-
versely, the relative abundances of chemoheterotrophy 
and aerobic chemoheterotrophy in GBra (5.62% and 
4.72%), GSan (2.10% and 1.75%), and GRee (2.02% and 
1.54%) were significantly lower compared to those of 

GWO (7.55% and 7.16%), GWS (8.51% and 6.81%), and 
five sediments groups (9.64% ± 2.40% and 5.91% ± 1.71%) 
(P < 0.05) (Fig. 10). The predicted functional structure of 
S. chloronotus within complex multi-habitat types (GWS 
and GWO) was similar to those of the sediment groups 
(SWS, SWO, SSan, SBra, and SRee), whereas that of S. 
chloronotus in single habitat types (GSan, GBra, and 
GRee) exhibited significant alterations.

Discussion
Feeding selectivity of S. chloronotus
S. chloronotus has feeding preferences and exhibits selec-
tive enrichment of microbiomes in their gut contents. 
The number of microbial phyla in the gut contents (80) 
was remarkably lower than those in ambient sediments 
(100), with the microbial community structure in the gut 
contents characterized by reduced richness and diver-
sity. Dominant genera within the gut contents were also 
markedly distinct from those in the ambient sediment. 
Alpha-diversity, PCoA analysis, and UPGMA tree con-
sistently revealed that the microbial communities of sedi-
ments were distinctly different from those of gut contents 
[38–42]. S. chloronotus is known to have a propensity for 
ingesting sediments with finer grain size [18, 21], actively 
consuming sediments with higher organic content [19, 
20, 43], and selectively feeding on eukaryotes [32]. Mori-
arty et al. (1985) found that the assimilation efficiency of 
S. chloronotus for heterotrophic bacteria ranged from 32 
to 44%, surpassing that of organic matter in sediments 
[44]. The tentacles of sea cucumbers, particularly the sen-
sory receptors at the tips, may facilitate the selection of 
specific sediment patches by sea cucumbers [45, 46].

Fig. 10  Relative abundance of the 10 most abundant functional predicted by FAPROTAX
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In comparison to S. chloronotus in three single habi-
tat types (GSan, GBra, and GRee), wild S. chloronotus in 
complex multi-habitat types (GWS and GWO) display 
enhanced feeding selectivity. The reduced richness (ACE, 
Chao1) and increased diversity (Shannon, Simpson) of 
the microbial community in GWS and GWO suggest 
that wild S. chloronotus possesses stable food sources 
and actively searches for specific sediment patches. 
This is corroborated by its conspicuous patchy cluster-
ing behavior [2, 21, 22]. The weight loss of S. chloronotus 
in net cages also indicates a stronger feeding selectiv-
ity and a broader feeding range for wild S. chloronotus. 
The relative abundance of Ruegeria (R. lacuscaerulensis) 
was notably high in GWS and GWO, with GWO show-
ing a significant increase compared to GSan, GBra, and 
GRee (P < 0.001). Ruegeria is known to secrete a variety 
of bioactive molecules, such as cyclic dipeptides, which 
can inhibit Vibrio [47], and is a potential probiotic for 
corals [48, 49]. R. lacuscaerulensis possesses significant 
ecological functions and plays a crucial role in the marine 
ecosystem by participating in the metabolic process of 
dimethylsulfoniopropionate through specific metabolic 
pathways [50]. The elevated abundance of Ruegeria has 
been correlated with an enhanced capacity for cultured 
aquatic organisms to fend off pathogenic invasions [51, 
52]. Ruegeria also constitutes a dominant genus in the 
gut microbiota of pound-cultured S. monotuberculatus 
and Holothuria scabra [53]. Consequently, it is hypoth-
esized that wild S. chloronotus actively seeks out and 
ingests higher quantities of Ruegeria (R. lacuscaerulensis) 
across a larger territory to maintain the stability of its gut 
microbiota and overall health.

Key factor influencing the niche differentiation of S. 
chloronotus
In comparison to food selectivity, our findings indi-
cate that habitat preference is the key factor influenc-
ing the niche differentiation of S. chloronotus. This study 
was conducted in in  situ habitats with consistent food 
sources. However, the microbial community structure 
within the gut contents of S. chloronotus exhibited dif-
ferentiation across the three single habitat types (GSan, 
GBra, and GRee). S. chloronotus prefers to inhabit hard 
substates such as reefs and rocks [2], and its microbial 
community structure in the hard habitat (GRee) closely 
resembles that of wild S. chloronotus sampled in October 
(GWO) and September (GWS). By contrast, GSan and 
GBra are closer to each other and distinct from the afore-
mentioned groups (based on PCoA analysis and UPGMA 
clustering). Furthermore, wild S. chloronotus is known to 
feed during the day and perch on rocks at night [3, 23]. 
For S. chloronotus in single habitat types characterized by 
sandy bottoms (GSan) and broken coral branches (GBra), 

they were often observed attaching to the sides of net 
cages during the daytime, with their tentacles in a forag-
ing stance. However, the sides and top of the cages are 
clearly not suitable foraging locations and cannot pro-
vide adequate sustenance. Surprisingly, when confronted 
with unsuitable bottom types, S. chloronotus dramatically 
altered their original feeding habits. Securing a stable 
substrate for attachment became their primary objective. 
This shift contradicts conventional cognitive and animal 
ecological principles, which posit that the procurement 
of food is the paramount consideration for animals [17]. 
Our previous laboratory microcosm research likewise 
found that S. chloronotus consistently prefers the reef 
bottom, while H. edulis, which prefers sandy bottoms in 
the wild, also opts to inhabit the reef bottom. These stud-
ies and observations collectively substantiate that habitat 
selection occupies a greater weight when food sources 
and habitat environments undergo changes. The infer-
ence that sea cucumbers exhibit reduced dependency on 
food sources may provide a compelling explanation for 
why the majority of tropical sea cucumbers, particularly 
within coral reef ecosystems, opt to feed on sediments.

The reasons for this phenomenon may be multifaceted 
and complex. Previous study identified that the S. chlo-
ronotus population is extensively distributed across shal-
low coral reef areas at approximately 5  m depth. Such 
areas are prone to wind and wave impacts [3], making 
the discovery of a stable attachment substrate especially 
critical for sea cucumbers. This may also be associated 
with the physiological structure of S. chloronotus, whose 
flattened ventral surface and powerful adhesive foot ena-
ble it to adhere firmly to reefs and effectively withstand 
severe marine conditions [2]. It is evident that loose 
sands and unstable broken coral branches are unsuitable 
for the attachment of S. chloronotus. Consequently, in 
the study, only sea cucumbers in the reef bottom (GRee) 
maintained consistent feeding habits with their wild 
counterparts, albeit with a slight decrease in the micro-
diversity index due to the restricted foraging area within 
the net cages.

Adaptive modulation of S. chloronotus to food in single 
habitat types
The R values from Anosim indicated significant shifts in 
the microbial community structure within the gut con-
tents of S. chloronotus in single habitat types. At the phy-
lum level, Proteobacteria predominated in GWS, GWO, 
and five sediment groups but was significantly decreased 
in GSan, GBra, and GRee, with a corresponding sig-
nificant increase of Cyanobacteria (52.59%, 18.01%, and 
43.51%). As the largest bacterial phylum, Proteobacteria 
is the dominant phylum detected in the gut contents of 
numerous marine invertebrates, such as Litopenaeus 
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vannamei, Fenneropenaeus chinensis and Tedania sp. 
[54–56]. Proteobacteria also exhibits absolute dominance 
among the symbiotic and epiphytic microorganisms 
of Holothuroidea. Gao et  al. (2022) and Zhang (2021) 
identified Proteobacteria as the predominant phylum in 
the gut contents of H. atra, Holothuria leucospilota, S. 
monotuberculatus and ambient sediments in Wuzhizhou 
Island [24, 28], consistent with our findings for wild S. 
chloronotu and sediments. The increase of Cyanobacte-
ria in GSan, GBra, and GRee was also primarily reflected 
by the increase of Synechococcus CC9902 (GSan: 46.16%, 
GBra: 12.83%, GRee: 35.45%) at the genus level, whereas 
the relative abundance of Synechococcus CC9902 in 
wild S. chloronotus and sediments were less than 2.03%. 
This suggests that S. chloronotus in single habitats (with 
restricted feeding areas) adjusts their diet by altering 
their feeding selectivity. Wu (2018) found that Synecho-
coccophycideae, which is symbiotic with sponges, can 
synthesize polyphosphates (polyP) as energy reserves and 
degrade them to maintain the normal metabolic activi-
ties of the host under harsh conditions [55]. Additionally, 
symbiotic algae of invertebrates (corals) and symbiotic 
bacteria of bivalves (Lucinoma aequizonata) have also 
been reported to accumulate polyP under normal condi-
tions and degrade it to supply energy to the host during 
extreme conditions such as hypoxia [57, 58]. Currently, 
research is limited on the symbiotic and epiphytic micro-
organisms of sea cucumber [59]. Therefore, we speculate 
that Synechococcus CC9902 may be a potential probiotic 
of S. chloronotus, and its increase ensures the energy 
supply and normal metabolic activities of S. chloronotus 
when habitat types and feeding areas are restricted.

The prokaryotic composition and species-level propor-
tions in the gut contents of S. chloronotus from the treat-
ment groups (GSan, GBra, GRee) were more similar to 
each other and differed from those in the wild (GWO) 
during the same period. This difference was character-
ized by a significant increase in V. fragilis and P. pen-
tosaceus. Notably, V. fragilis adapts to grow in anoxic 
environments with sulfides and contains symbionts of 
diatom origin [60, 61], making it the predominant spe-
cies in the liquid of Chaetoceros muelleri (accounting for 
68.8%) [62]. We hypothesize that the observed alterations 
are a consequence of the dietary and foraging behavior 
adjustments of S. chloronotus in response to specific sub-
strate conditions, and according to the aforementioned 
findings, adaptive adjustment is likely to be completed 
within the span of a month.

Microbial function variation of S. chloronotus in single 
habitat types
Results from microbial functional analysis revealed the 
high abundance of carbohydrate metabolism, amino acid 

metabolism, lipid metabolism, and membrane trans-
port in GWS and GWO, indicating that the gut content 
microbiota of wild S. chloronotus is stable and actively 
engaged in its daily metabolic processes. Carbohydrates, 
proteins, and lipids are essential nutrients required for 
the growth of sea cucumbers [63]. Membrane transport 
can enhance the stability of the gut microbiota, thereby 
improving its biological resistance [64]. However, the 
functional metabolic pathways of the gut microbiota of S. 
chloronotus in single habitat types undergo changes, with 
GSan and GRee showing remarkable differences com-
pared to those of wild S. chloronotus. Glycine serves as an 
energy source for the colon microbiota during metabolic 
processes, wherein various vitamins play a crucial regula-
tory role.

Therefore, we speculate that the high abundance of gly-
can biosynthesis and metabolism, metabolism of cofac-
tors and vitamins, and energy metabolism, along with 
changes in level-1 metabolic pathways (e.g., genetic infor-
mation processing and organismal systems), may be the 
way for adaptive adjustment of S. chloronotus in unsuit-
able habitats with restricted feeding areas.

Functional annotation of microbial communities can 
provide insights into the overall metabolism of the host 
[65]. Regarding the FAPROTAX outcomes, the significant 
increase in cyanobacteria, oxygenic photoautotrophy, and 
photoautotrophy in GSan, GBra, and GRee corresponds 
to the substantial intake of Cyanobacteria by S. chlorono-
tus in single habitat types. The FAPROTAX predictions 
also suggest that the biochemical cycling of the gut micro-
biota of S. chloronotus in single habitat types has changed, 
whereas the functional relative abundance of GWS and 
GWO is similar to that of sediments. This result further 
confirms that S. chloronotus in single habitat types can 
actively modify their diet. Furthermore, whether changes 
in the biochemical cycling of gut contents can alter the 
organic properties of their feces and the possible impact 
on coral reef warrants further research.

Conclusion
Through in  situ mesocosm experiments and 16S rRNA 
gene high-throughput sequencing technology, we found 
that S. chloronotus possesses a strong capacity for habitat 
adaptation and can actively adjust its diet. We observed 
changes in the feeding and habitat behavior of caged S. 
chloronotus, as well as shifts in the functionality of the 
microbial community in their gut contents. This adaptive 
adjustment can be completed within one month. Moreo-
ver, compared to the acquisition of food resources, the 
availability of a suitable habitat is a more critical factor 
influencing the ecological niche differentiation of S. chlo-
ronotus. Securing a stable substrate for attachment has 
become the primary concern.
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Abbreviations
GWS	� The gut contents from wild S.chloronotus in September
GWO	� The gut contents from wild S.chloronotus in October
GSan	� The gut contents of S.chloronotus housed in net cages with sandy 

bottom
GBra	� The gut contents of S.chloronotus housed in net cages with broken 

coral branches bottom
GRee	� The gut contents of S.chloronotus housed in net cages with reef 

bottom
SWS	� The sediments collected near wild S.chloronotus in September
SWO	� The sediments collected near wild S.chloronotus in October
SSan	� The sediments collected in net cages with sandy bottom
SBra	� The sediments collected in net cages with broken coral branches 

bottom
SRee	� The sediments collected in net cages with reef bottom
OTUs	� Operational taxonomic units
PCoA	� Principal coordinates analysis
Anosim	� Analysis of similarities
ACE	� Abundance-based coverage estimator
UPGMA	� Unweighted Pair-group Method with Arithmetic Mean
VPE1	� Vibrioparahaemolyticus E1
polyp	� Polyphosphates
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