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Abstract
Polyunsaturated fatty acids (PUFAs) are important nutrients that play critical roles in sea urchin reproduction and 
early development. Strongylocentrotus intermedius, the only commercially cultured sea urchin species in China with 
substantial economic value, has edible gonads that are particularly rich in PUFAs.

In this study, we investigated the molecular mechanisms underlying fatty acid biosynthesis and metabolism 
through chromosome-level genome assembly, evolutionary analysis, and transcriptomic profiling across 
developmental and gonadal stages. We assembled a chromosome-level genome (704.9 Mb; Scaffold N50 30 Mb) 
and identified an expansion of the Elovl gene family, indicating a strong endogenous capacity for fatty acid 
synthesis. To systematically characterize metabolic changes during gonadal development, raw RNA-seq data 
from previously published gonadal samples were re-analyzed together with newly generated stage 4 gonadal 
samples. Pathway analysis revealed that unsaturated fatty acid biosynthesis was more active during early gonadal 
development in males, whereas in females it remained elevated during later developmental stages, suggesting 
that females maintain sustained fatty acid biosynthesis throughout gonadal development, while males prioritize 
rapid sperm production at immature stages. During larval development, the expression of key fatty acid synthesis 
genes (Fads, Elovl5, Elovl4, and ACSL6) gradually decreased as planktonic larvae transitioned to benthic juveniles and 
endogenous lipid reserves were progressively consumed, reflecting metabolic adaptation to environmental and 
developmental changes.

Collectively, these findings advance our understanding of fatty acid metabolism in echinoderms and provide a 
valuable genomic and transcriptomic resource for future studies on lipid biosynthesis and metabolism in marine 
invertebrates.
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Introduction
The sea urchin Strongylocentrotus intermedius, charac-
terized by rapid growth and high gonad quality, is cur-
rently the only sea urchin species commercially cultured 
in China and therefore holds substantial economic value. 
In sea urchin aquaculture, larval survival and gonadal 
nutrient accumulation are key determinants of produc-
tion yield and product quality [1], underscoring the 
importance of understanding the molecular mechanisms 
underlying fatty acid biosynthesis and metabolism.

Polyunsaturated fatty acids (PUFAs) play essential 
roles in sea urchin gonadal development, serving both 
as structural components of cellular membranes and 
as major energy reserves. As the primary lipid storage 
organ, the gonads accumulate large quantities of PUFAs 
to support gametogenesis [2]. In S. intermedius, levels of 
free fatty acids and triglycerides—major transport and 
storage forms of PUFAs—decline markedly after spawn-
ing, whereas cholesterol, a key molecule involved in 
steroid hormone production and membrane synthesis, 
increases significantly in female gonads [3]. Integrated 
metabolomic and transcriptomic analyses have further 
demonstrated that genes involved in PUFA biosynthe-
sis and metabolism exhibit dynamic and stage-specific 
expression patterns during gonadal development, reveal-
ing a tightly regulated energy allocation network that 
supports gamete maturation [4, 5].

In addition to their role in reproduction, gonadal 
PUFAs are crucial for early embryonic development in 
sea urchins. Fatty acids serve as primary metabolic sub-
strates for oocytes and early embryos, where maternally 
derived lipids are mobilized through enzymatic hydroly-
sis to provide both energy and membrane components. 
In the green sea urchin Evechinus chloroticus, substantial 
triglyceride consumption occurs during the transition 
from early to late 4-arm larval stages, coinciding with the 
formation of fully developed arms and intestines. During 
the 8-arm larval stage, neutral lipids and free fatty acids 
accumulated to meet the energetic demands of metamor-
phosis [6]. Similarly, in Tripneustes gratilla, lipid and pro-
tein consumption is minimal during early embryogenesis; 
however, approximately 50% of maternal lipid reserves 
are depleted by the two-arm larval stage, and nearly all 
maternal nutrients are exhausted by the 4-arm stage [7].

Although previous studies have demonstrated that S. 
intermedius possesses endogenous PUFA biosynthetic 
capacity and that lipid metabolic pathways were largely 
conserved among sea urchins [8, 9], the precise molecular 
networks and regulatory dynamics governing fatty acid 
synthesis and metabolism remain poorly understood. 

Addressing these knowledge gaps requires high-quality 
genomic and transcriptomic resources. In this study, we 
constructed a chromosome-level genome assembly of 
S. intermedius and generated comprehensive transcrip-
tomic profiles spanning gonadal and larval develop-
mental stages to investigate the regulatory mechanisms 
underlying fatty acid synthesis and metabolism during 
reproduction and early development. This work expands 
genomic resources for echinoderms, clarifies endogenous 
fatty acid biosynthetic pathways in sea urchins, and pro-
vides a theoretical foundation for the selective breeding 
of sea urchin varieties enriched in polyunsaturated fatty 
acids.

Materials and methods
Sample collection
Collection of samples for genome sequencing and 
annotation
Healthy 2-year-old S. intermedius (average test diameter: 
56.72 ± 1.65  mm, average test height: 32.35 ± 1.58  mm, 
weight: 55.08 ± 2.88  g) (Fig.  1A) were acquired in 2019 
from Dalian Haibao Fishery Co., Ltd. (38°91’25"N, 
121°60’25"E) in Dalian, Liaoning Province, China, and 
were immediately transported to the Key Laboratory of 
Mariculture & Stock Enhancement in the North China 
Sea, Ministry of Agriculture and Rural Affairs, Dalian 
Ocean University, Dalian, Liaoning, China.

To obtain sperm for genome sequencing, three S. inter-
medius were injected with 1 mL of KCl (40 µL/g body 
weight) through the perioral membrane into the body 
cavity to induce spawning. Sperm was collected using 
a pipette into a 2 mL centrifuge tubes and liquefied at 
37 °C water bath for 30 min, centrifuged at 1500 × g for 
20 min. The supernatant was removed, the sperm pellet 
was retained, rapidly frozen in liquid nitrogen, and store 
at -80 °C for subsequent experiments.

For auxiliary genome annotation, three S. intermedius 
were dissected, and five different tissues (tube foot, peri-
stomial membrane, gonad, digestive tract, and Aristo-
tle’s lantern) were collected into 2 mL centrifuge tubes. 
These were rapidly frozen in liquid nitrogen and stored at 
-80 °C in an ultra-low temperature freezer for subsequent 
auxiliary annotation.

Collection of gonadal samples at the mature developmental 
stage
Healthy 2-year-old S. intermedius were purchased in 
August 2022 from Dalian Haibao Co., Ltd. (Dalian, 
China). After transportation to the laboratory, sea 
urchins were maintained in 1000-L tanks at 15 ± 0.5  °C 
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and 31 ± 0.5‰ salinity, and were fed continuously with 
kelp (Laminaria japonica) throughout the experi-
ment. Gonadal sex and developmental stage were deter-
mined according to previously described criteria [4]. 
Only gonads at the mature stage (stage 4) were used in 
this study. At this stage, the gonadal lumen is filled with 
fully differentiated and stored mature ova or immotile 
spermatozoa.

Gonadal tissues were collected in October 2022. Por-
tions of gonadal tissue were rapidly frozen in liquid 
nitrogen and stored at -80 °C for subsequent RNA extrac-
tion. In parallel, portions of gonadal tissue were fixed 
in Bouin’s solution, embedded in paraffin, sectioned 
at 6  μm, and stained with hematoxylin and eosin (HE; 
Institute of Biological Sciences, Suzhou, Jiangsu). Sex 
and gonadal developmental stage were confirmed under 
a microscope based on histological observations. Based 
on the observation results, the mature-stage female and 
male samples used in this study were named Ost4 and 
Tst4, respectively (Fig. 5A). Three female and three male 
samples at stage 4 of gonadal development were selected 
for transcriptomic sequencing analysis.

Collection of samples from different developmental stages
To collect samples from various developmental stages, 
three females and three males were induced to spawn 
through an injection of 1 mL KCl (0.5  mol/L, 40 µL/g 
of body mass [10]) into the coelom via the peristomial 
membrane [11] in March 2020. Sea urchin larvae sam-
ples at 15 different developmental stages, including fer-
tilized egg (FE), 2 cell stage (CS-2), 4 cell stage (CS-4), 8 
cell stage (CS-8), 16 cell stage (CS-16), 32 cell stage (CS-
32), multicellular stage (MS), blastula stage (BS), gastrula 
stage (GS), prism larvae (PL), 2-armed larvae (AL-2), 
4-armed larvae (AL-4), 6-armed larvae (AL-6), 8-armed 
larvae (AL-8), juvenile sea urchin (JSU), were collected 
for transcriptome analysis (Fig.  6A) [12]. Samples were 
pooled, passed through a 400 μm sieve to remove impuri-
ties, collected with pipettes, and placed in 1.5 mL centri-
fuge tubes. All tissue and stage samples were immediately 
frozen in liquid nitrogen and stored at -80  °C prior to 
RNA extraction and fatty acid analyses.

Genome sequencing and analysis
Genomic DNA was extracted from S. intermedius sperm 
using the cetyl trimethyl ammonium bromide (CTAB) 
method. The CTAB method is a widely used technique 
for DNA extraction, primarily involving the dissolution 
of cell membranes using CTAB and the selective precipi-
tation of DNA under varying salt conditions [13]. DNA 
quality and integrity were assessed using agarose gel elec-
trophoresis and a Qubit fluorometer.

Illumina short-read sequencing
Short-insert paired-end libraries with an average insert 
size of approximately 350 bp were constructed according 
to the manufacturer’s instructions and sequenced on the 
NovaSeq 6000 platform (Illumina, CA, USA) with a read 
length of 2 × 150 bp. Raw reads were subjected to quality 
control to remove adapter sequences, low-quality reads, 
and reads containing excessive ambiguous bases, gener-
ating high-quality clean reads for downstream analyses.

PacBio long-read sequencing
For long-read sequencing, high-molecular-weight 
genomic DNA (10 µg) was used for PacBio library con-
struction. DNA damage repair, end repair, and adapter 
ligation were performed using the PacBio Express Tem-
plate Prep Kit 2.0. Size selection of 15–20 kb fragments 
was conducted using the BluePippin Size-Selection 
System (Sage Science). The size-selected libraries were 
purified with AMPure PB beads and assessed for concen-
tration and fragment size distribution. Sequencing-ready 
libraries were bound with primers and polymerase using 
the PacBio Sequel II Binding Kit 2.0 and sequenced on 
the PacBio Sequel II platform in continuous long-read 
(CLR) mode. A total of 115.94 Gb of high-quality PacBio 
CLR data were generated, corresponding to approxi-
mately 164.47× genome coverage.

Genome assembly and polishing
PacBio CLR reads were first corrected using Canu (ver-
sion 1.5) [14]. De novo genome assembly was then per-
formed using wtdbg2 (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​r​u​a​n​​j​u​​e​/​w​t​d​b​g​
2), which constructs a fuzzy de Bruijn graph optimized 
for long noisy reads. The initial assembly was further 
refined through sequence alignment using MUMmer 
(version 4.0.0) [15]. To further improve assembly accu-
racy, Illumina short reads were aligned to the assembled 
genome using BWA (​h​t​t​p​​s​:​/​​/​b​i​o​​-​b​​w​a​.​​s​o​u​​r​c​e​f​​o​r​​g​e​.​n​e​t​/​b​
w​a​.​s​h​t​m​l) [16] and sequence polishing was performed 
to correct potential base-level errors. The resulting pol-
ished assembly was used for subsequent scaffolding and 
analyses.

Table 1  Summary of sequencing data for S. intermedius genome 
assembly
Paired-end 
libraries

Insert size 
(bp)

Total 
data (Gb)

Read 
length 
(bp)

Sequence 
coverage 
(×)

Illumina reads 350 121.37 150 186.07

PacBio reads 20,000 115.94 16,920 164.47

Hi-C 300–700 111.68 150 158.44

Total 348.99 508.98

https://github.com/ruanjue/wtdbg2
https://github.com/ruanjue/wtdbg2
https://bio-bwa.sourceforge.net/bwa.shtml
https://bio-bwa.sourceforge.net/bwa.shtml
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Hi-C library construction and chromosome-level scaffolding
To generate chromosome-level assemblies, Hi-C librar-
ies with insert sizes ranging from 300 to 700  bp were 
constructed from S. intermedius sperm following the 
protocol [6]. Hi-C libraries were sequenced on the Nova-
Seq6000 (Illumina, CA, USA) platform using paired-end 
reads. Raw Hi-C reads were filtered to remove adapter 
contamination and low-quality reads. Clean reads were 
aligned to the polished genome assembly, and invalid 
read pairs, including dangling-end, self-cycle, re-ligation, 
and dumped products, were filtered using HiC-Pro (ver-
sion 2.8.1) [17]. The remaining valid interaction pairs 
were used for chromosome-level scaffolding. Scaffolds 
were clustered, ordered, and oriented into chromosome-
scale assemblies using Lachesis (version 1.0) [18]. Default 
parameters were applied unless otherwise specified.

Genome assembly evaluation
To evaluate the quality of the chromosome-level genome 
assembly, Illumina short reads were mapped back to the 
final assembly using BWA (version 0.7.10-r789). Mapping 
statistics were calculated to assess assembly accuracy 
and completeness. Genome completeness was further 
assessed using BUSCO (version 2.0) [19] with the meta-
zoa_odb10 dataset, which contains 954 conserved single-
copy orthologs. The proportion of complete, fragmented, 
and missing BUSCO genes was used as an indicator of 
assembly quality.

Repeat annotation, gene prediction and functional 
annotation
Repeat annotation
Repetitive elements in the S. intermedius genome were 
identified using a combination of de novo and homol-
ogy-based approaches. A species-specific repeat library 
was constructed using LTR_FINDER (version 1.05) and 
RepeatScout (version 1.0.5) [20]. Repeat sequences were 
classified using PASTEClassifier (version 2.0) integrated 
with the Repbase database (version 19.06) [21]. The final 
repeat library was used to identify and mask repetitive 
elements in the genome using RepeatMasker (version 
4.2.1) [22].

Gene prediction, and functional annotation
Protein-coding genes were predicted through a combined 
approach: (1) de novo prediction using Genscan (version 
3.1.2) [23], Augustus (version 2.4) [24], GlimmerHMM 
(version 3.0.4), GeneID (version 1.4) and SNAP (version 
2006-07-28) [25]; (2) homology-based prediction with 
GeMoMa (version 1.9) [26] against proteins from Apos-
tichopus japonicus (GCA_002754855.1), Strongylocen-
trotus purpuratus (GCA_000002235.4), and Acanthaster 
planci (GCA_001949145.1); (3) transcriptome-based 
gene prediction was carried out using RNA-seq data 

from five S. intermedius tissues. TransDecoder (version 
2.0), GeneMarkS-T (version 5.1) [27], and PASA (version 
2.0.2) [28] were employed to predict gene models based 
on transcript evidence. Predictions were integrated by 
EvidenceModeler (EVM) and refined with PASA (ver-
sion 2.5.3) [29]. Non-coding RNAs included miRNA/
rRNA identified by Rfam alignment, tRNA detected 
with tRNAscan-SE (version 2.0) [30], and pseudogenes 
screened by GenBlastA (version 1.39) [31] followed by 
premature stop codon/frameshift validation via Gene-
Wise (version 2.4.0) [32]. Functional annotation of pre-
dicted protein-coding genes was performed by sequence 
similarity searches against the NCBI non-redundant 
protein (NR), KOG, and other public databases using 
BLAST. Functional assignments were based on the best 
hits obtained from these databases.

Comparative genomics analysis
We conducted a comparative genomics analysis using 
the protein sequences of 11 species from NCBI (​h​t​t​p​​s​
:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​b​i​o​p​r​o​j​e​c​t​/): S. intermedius 
(PRJNA1356650), Lytechinus pictus (PRJNA1092071), 
Lytechinus variegatus (PRJNA1111502), Anneissia japon-
ica (PRJNA615663), A. japonicus (PRJNA1390431), S. 
purpuratus (PRJNA1308562), A. planci (PRJNA1039947), 
Patiria miniate (PRJNA1244632), Branchiostoma lanceo-
latum (PRJNA1134169), Danio rerio (PRJNA1423909), 
and Crassostrea gigas (PRJNA1354972). The selected 
species cover five classes of echinoderms, chordates, and 
mollusks, tracing evolutionary nodes from basal deu-
terostomes (sea urchins) to vertebrates (zebrafish). Gene 
family clustering was performed using OrthoFinder (ver-
sion 2.4) [33]. Single-copy orthologous genes from all 11 
species were aligned using MAFFT (version 7.205) [34]. 
The protein sequence alignments were then converted 
into codon alignments using PAL2NAL (version 14) [35]. 
We applied Gblocks (version 0.91b) [36] to remove low-
quality sequences and highly divergent regions to ensure 
the accuracy of the alignment.

A maximum likelihood phylogenetic tree was con-
structed using IQ-TREE (version 1.6.11) [37] with the 
LG + F+I+G4 model. Fossil records and divergence times 
were retrieved from the TimeTree database ​(​​​h​t​t​p​:​/​/​w​w​w​
.​t​i​m​e​t​r​e​e​.​o​r​g​/​​​​​) to estimate divergence times between S. 
intermedius and other species, which was further refined 
using the MCMCtree tool in PAML (version 4.9i) [38]. 
Based on the constructed phylogenetic tree, we identified 
expanded and contracted gene families using CAFE (ver-
sion 4.2). To analyze positive selection, we employed the 
codeml program in PAML, utilizing the F3 × 4 model of 
codon frequencies.

https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
http://www.timetree.org/
http://www.timetree.org/
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Transcriptome sequencing and analysis
Total RNA was extracted, quality assessed, and purified 
following the Ye’s method [39]. Total RNA was extracted 
from gonadal samples at different developmental stages 
and from embryonic/larval samples using TRIzol reagent 
(Invitrogen, USA) following a standardized protocol. 
For gonadal tissues, approximately 100 mg of tissue was 
homogenized in liquid nitrogen prior to extraction. For 
embryonic and larval samples, individuals were collected 
at each defined developmental stage, rinsed three times 
with sterile phosphate-buffered saline (PBS) to remove 
debris, rapidly frozen in liquid nitrogen, and homoge-
nized thoroughly before RNA extraction. Homogenized 
samples were mixed with 1 mL TRIzol reagent and incu-
bated for 5  min at room temperature. Chloroform (0.2 
mL) was added for phase separation, followed by cen-
trifugation at 12,000 × g for 10 min at 4 °C. The aqueous 
phase was transferred to a new tube, and RNA was pre-
cipitated with an equal volume of isopropanol. The RNA 
pellet was washed with 75% ethanol, air-dried, and dis-
solved in RNase-free water. Residual genomic DNA was 
removed by DNase I treatment. RNA quality and integ-
rity were assessed prior to library construction.

RNA sequencing datasets
Two transcriptome datasets were analyzed in this study: 
(1) Gonadal developmental-stage transcriptome dataset: 
This dataset included gonadal samples from develop-
mental stages Ost1–Ost3 and Tst1–Tst3 generated in our 
previous study [4] using paired-end sequencing on the 
Illumina HiSeq 4000 platform, as well as newly generated 
mature-stage samples (Ost4 and Tst4) sequenced on the 
NovaSeq 6000 platform (Illumina, CA, USA). To ensure 
consistency, raw FASTQ files from the published samples 
and newly generated samples were combined and re-ana-
lyzed using the same bioinformatics pipeline. (2) Larval 
developmental transcriptome dataset: Larval samples 
were sequenced using paired-end sequencing on the Illu-
mina NovaSeq 6000 platform (Illumina, CA, USA). 

Quality control and read alignment
Raw sequencing reads from all datasets were first pro-
cessed using fastp to remove adapter sequences, reads 
with more than 10% ambiguous bases, and reads with 
low-quality scores (Q < 20). Only high-quality clean reads 
were retained for downstream analyses.

Clean reads were aligned to the assembled refer-
ence genome using TopHat2 (version 2.1.1) with default 
parameters to enable splice-aware alignment [40]. 
TopHat2 remains suitable for reference-based transcrip-
tome analysis and provides reliable mapping perfor-
mance for eukaryotic RNA-seq data. Alignment files in 
BAM format were generated for subsequent quantifica-
tion analyses.

Gene expression quantification and batch effect correction
Gene-level raw read counts were obtained from the align-
ment BAM files using HTSeq-count based on the gene 
annotation file generated in this study. These raw counts 
were used as input for differential expression analysis.

In parallel, transcript assembly and expression estima-
tion were performed using StringTie, and gene expres-
sion levels were calculated as fragments per kilobase of 
transcript per million mapped reads (FPKM). FPKM val-
ues were used for visualization purposes, including heat-
map construction and expression pattern profiling.

For the gonadal developmental-stage dataset, poten-
tial batch effects resulting from differences in sequencing 
platforms and library preparation batches were corrected 
using the ComBat function in the sva R package. Batch 
correction was applied to normalized expression matri-
ces for visualization analyses.

Differential expression and functional enrichment analysis
Differentially expressed genes (DEGs) were identified 
using the DESeq2 R package (version 4.2) [41]. DESeq2 
performs internal normalization using size factors to 
account for library depth differences. Genes with |log₂ 
fold change| ≥ 1 and a Benjamini–Hochberg adjusted 
P-value (false discovery rate, FDR) < 0.05 were considered 
significantly differentially expressed.

Identified DEGs were subjected to Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analyses using the cluster-
Profiler R package. Enrichment significance was assessed 
using a hypergeometric test, and P-values were corrected 
using the Benjamini–Hochberg method.

Results
The sea urchin genome assembly and annotation
Genome sequencing of S. intermedius was performed 
using a combination of Illumina short-read sequencing 
(NovaSeq 6000 platform), PacBio long-read sequenc-
ing (Sequel II platform), and Hi-C sequencing technolo-
gies. Based on k-mer distribution, the genome size of 
S. intermedius was estimated, and the quality of the S. 
intermedius draft genome assembly was evaluated (Sup-
plementary Table 1). The results showed that 97.56% of 
clean reads were mapped to our assembly. Among the 
303 core eukaryotic genes, 274 (90.43%) were identi-
fied in the S. intermedius assembly. Subsequently, we 
obtained 115.94 Gb of high-quality sequencing data 
(164.47 × coverage) from long-read libraries using the 
PacBio Sequel II platform. We assembled a 704.9  Mb 
genome with contig N50 length of 1.5 Mb (Supplemen-
tary Table 2). Finally, we constructed Hi-C fragment 
libraries ranging from 300 to 700  bp insert size and 
111.68 Gb (158.44 × coverage) data (Table 1) were gener-
ated through Illumina platform. Through analysis, a total 
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of 67,710,831 valid interaction pairs (58.9% of uniquely 
mapped paired-end reads) were generated from the Hi-C 
library. The valid interaction pairs were used for correc-
tion of scaffolds and clustered, ordered and orientated 
scaffolds onto chromosomes and 1,304 scaffolds (repre-
senting 97.77% total length) were anchored to 21 chro-
mosomes (Fig. 1B, and Fig. 1C, and Supplementary Table 
3). The final corrected S. intermedius genome size was 
704.9 Mb with contig and scaffold N50 values of 1.5 Mb 
and 30 Mb (Fig. 1D). BUSCO analysis based on the meta-
zoa_odb10 dataset identified 91.72% complete BUSCOs, 
including 89.62% single-copy and 2.10% duplicated BUS-
COs, with only 0.63% fragmented and 7.65% missing 
BUSCOs. This indicated that the genome assembly was 
relatively complete, exhibited a low proportion of dupli-
cated genes, and demonstrated high reliability (Fig. 1E). 
We uploaded the complete genomic data to NCBI (Bio-
project ID: JBGVUB000000000, ​h​t​t​p​​s​:​/​​/​s​u​b​​m​i​​t​.​n​​c​b​i​​.​n​l​m​​.​
n​​i​h​.​​g​o​v​​/​s​u​b​​s​/​​w​g​s​​/​S​U​​B​1​4​6​​9​8​​3​9​4​/​o​v​e​r​v​i​e​w). These results 
confirmed that we successfully assembled a high-quality 
S. intermedius genome.

A total of 297.33 Mb of repetitive elements were identi-
fied, accounting for 42.18% of the S. intermedius genome. 
The repeats were dominated by LARDs (13.89%), LINEs 
(9.85%) and TIRs (8.12%) (Supplementary Table 4). In 
total, we successfully predicted 23,127 protein-coding 
genes by combining de novo prediction, homology-based 
prediction and transcriptome-based prediction meth-
ods. The average length of genes was 13,741 bp, of exons 
was 2,334 bp, and of introns was 11,406 bp (Fig. 1F). 14 
microRNA, 239 ribosomal RNA, 1,684 transfer RNA and 
1,039 pseudogenes in our genome were predicted. And 
22,188 genes (95.94%) were functionally annotated in the 
S. intermedius genome by aligning protein-coding genes 
(Supplementary Table 5). 

Comparative genomics reveals the phylogenetic position 
ofS. intermedius, the expansion and contraction of gene 
families.
To understand the phylogenetic position of sea urchins, 
we performed a genome-wide phylogenetic analysis 
using the maximum likelihood method, which is based 
on single-copy genes from 11 genomes. Results from 

Fig. 1  Chromosome-level genome assembly of S. intermedius. AS. intermedius. B Interactive thermography of Hi-C assembly chromosomes. C A sche-
matic representation of the genomic characteristics of S. intermedius. From outside to inside: 1. miRNA distribution location, 2. chromosome, 3. repeat 
sequence distribution, 4. gene distribution. they are sliding window 500k. D Statistics for the final corrected S. intermedius genome. E BUSCO assessment 
results of the S. intermedius genome assembly completeness. F Summary of predicted genes
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the phylogeny and fossil record indicate that chordates 
diverged from echinoderms approximately 669  million 
years ago (Mya). This divergence roughly coincides with 
the Lower Cambrian Evolutionary Orogeny. In addition, 
evolutionary analyses of 8 echinoderms (A. japonicus, P. 
miniata, A. planci, A. japonica, L. variegatus, L. pictus, S. 
purpuratus, and S. intermedius) indicate that sea urchins 
are the sister group to sea cucumbers and are estimated 
to have diverged about 574 Mya, suggesting that the 5 
echinoderm classes have had a lengthy evolutionary his-
tory after divergence. Meanwhile, we found that S. inter-
medius and S. purpuratus diverged from their common 
ancestor ∼31  million years ago (Fig.  2A). The protein 
sequences of S. intermedius and 10 other species were 
employed for gene family clustering, resulting in a total 
of 133,856 gene families. (Fig.  2B, Supplementary Table 
6). A total of 132 gene families were unique to S. interme-
dius, 14,494 orthologs were identified for S. intermedius, 

which could cluster with the other 9 species. Across the 
four sea urchin species, we identified a total of 10,837 
shared gene families (Fig. 2C).

To further assess lineage-specific gene family dynam-
ics in S. intermedius, we compared gene family sizes with 
those inferred for the most recent common ancestor. A 
total of 1,150 gene families showed significant expan-
sion and 1,894 showed significant contraction (P < 0.05). 
GO enrichment analysis of significantly expanded gene 
families showed enrichment in receptor activity, molec-
ular transducer activity, and transmembrane signaling 
receptor activity (Fig.  3A). KEGG enrichment indicated 
significant representation in Neuroactive ligand-recep-
tor interaction, Calcium signaling pathway, and cAMP 
signaling pathway (Fig.  3B). Interestingly, we found an 
expansion of the Elovl gene family associated with fatty 
acid synthesis. Meanwhile, the 12 Elovl genes were 
sequenced and a phylogenetic tree was constructed, and 

Fig. 2  Comparative genomic analysis between S. intermedius and others. A Phylogenetic placement of S. intermedius within the metazoan tree. The num-
bers on the branches indicate the number of gene gains (+) and the number of gene losses (−), which are also displayed as bar plots: gene gain (in green), 
gene loss (in red), and the remaining gene families (in blue). The divergence times were estimated and displayed below the phylogenetic tree. B Compari-
son of the gene repertoire of 11 metazoan genomes. C The shared and unique gene families in 4 species of Echinoidea are shown in the Venn diagram
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the results are shown in Fig. 4 and Supplementary Table 
7. In addition, we also found that genes from the contrac-
tion-related gene family were significantly enriched in 
phagocytosis, apoptosis, HIF-1 signaling, and glutathione 
metabolism (Fig. 3C-D). We identified 33 GST genes and 
constructed a phylogenetic tree.

Based on the hypothesis that the rapidly evolving 
genes have been under positive selection, we identified 
418 positively selected genes (PSGs) using the codeml 
model (F3 × 4 model of codon frequencies) in PAML. 
These PSGs were considered to be involved in the func-
tional categories of “structural constituent of ribosome”, 
“threonine-type endopeptidase activity”, “threonine-type 
peptidase activity”, etc. These PSGs were significantly 
enriched in the “Proteasome (ko03050)” and “Ribosome 
(ko03010)” pathways (Supplementary Table 7). The spe-
cific and expanded gene families and PSGs in S. inter-
medius suggest that fatty acid synthesis and adaptive 

evolution to the harsh environment occurred at the 
genomic level.

Transcriptomes at gonad development stages of S. 
intermedius
Gonadal growth and development is a complex process 
involving a large number of genes (NCBI BioProject ID: 
PRJNA1200219), and the corresponding sequence data 
are presented in Fig. 5 and Supplementary Tables 8 and 
9. To investigate fatty acid biosynthesis and metabolism 
during the sea urchin gonadal development, we per-
formed transcriptomic comparisons across four devel-
opmental stages in both females and males (Ost1–Ost4 
for ovaries; Tst1–Tst4 for testes). Differential expression 
analysis was conducted using pairwise contrasts among 
all gonad developmental stages within each sex. Specifi-
cally, the data from each stage were compared with the 
pooled data from the other three stages, and the details 

Fig. 3  Functional enrichment analysis (GO and KEGG) of expanded and contracted gene families. A GO enrichment analysis of significantly expanded 
gene families. B KEGG pathway enrichment analysis of significantly expanded gene families. C GO enrichment analysis of significantly contracted gene 
families. D KEGG enrichment analyses of the significantly contracted gene families
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of the group comparisons were provided in Supplemen-
tary Tables 10 and 11.

In female sea urchins, 168, 143, 83, and 224 DEGs were 
identified when Ost1, Ost2, Ost3, and Ost4 were each 
compared with the pooled data from the other three 
stages, respectively. In male sea urchins, 84, 174, 35, and 
37 DEGs were identified when Tst1, Tst2, Tst3, and Tst4 
were compared with the pooled data from the other three 
stages, respectively (Fig. 5B).

To determine the functional categories associated 
with transcriptional changes during gonadal growth 
and development, KEGG enrichment analysis was per-
formed. The top 20 KEGG pathways associated with sea 

urchin gonadal development are presented in Fig. 5C and 
Supplementary Table 12. The most common metabolic 
pathways were: neuroactive ligand-receptor interaction, 
arachidonic acid metabolism, nucleotide excision repair, 
ubiquitin mediated proteolysis, base excision repair and 
RNA polymerase.

Among the top 20 KEGG pathways (Supplementary 
Table 8), the neuroactive ligand-receptor interaction 
pathway was found in all groups except for Ost4 group. 
In the other KEGG analysis, nucleotide excision repair 
pathway showed higher activity in Tst1, Ost1, Tst2, Ost3, 
and Tst4. During stage 1 and stage 2, ubiquitin medi-
ated proteolysis pathway exhibited higher activity in both 

Fig. 5  Fatty acid synthesis-related pathways and gene expression during gonadal development in sea urchins S. intermedius. A Histological features of 
the sea urchin S. intermedius gonads at different gonad development stages. Paraffin-embedded sections were stained with hematoxylin and eosin. Scale 
bar: 100 μm. Stage 4 gonads (Ost4, female; Tst4, male) were newly prepared for this study. Samples Ost1–Ost3 and Tst1–Tst3 were derived from our previ-
ously published data (PRJNA532998). B Venn diagram of DEGs in each comparison group

 

Fig. 4  Phylogenetic relationship of Elovl (A) and GST (B) genes between S. intermedius and related species. The green branch indicates the S. intermedius 
lineage that underwent a significant expansion of the Elovl gene family or contraction of the GST gene family
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sexes, including Tst4. Base excision repair pathway dem-
onstrated greater activity in Tst1, Ost2, Tst3, and Ost4. 
Furthermore, RNA polymerase was found to be present 
in all teste’s groups.

Among all KEGG pathways, those related to fatty acid 
metabolism were consistently active across all stages of 
gonadal development (Supplementary Table 13). The 
most active pathway in this category was the arachidonic 
acid metabolism pathway, which showed higher activity 
in most ovary development stages (Ost1, Ost2, and Ost4) 
as well as in the mature testis stages (Tst3 and Tst4). 
Specifically, during testis stage 4, there were 35 DEGs 
identified to be involved in arachidonic acid metabo-
lism (Supplementary Table 9). Linoleic acid metabolism 
was found to be more active in Ost2 and Tst3. Addition-
ally, fatty acid metabolism and biosynthesis pathways 
displayed significantly higher activity in Tst2 and Ost3, 
respectively.

Based on the identified DEGs, we further focused on 
the biosynthesis of unsaturated fatty acids (ko01040) 
which was present throughout gonad development, 
and this pathway included several key processes, such 
as elongation, desaturation, degradation, and hydroly-
sis (Supplementary Table 14). This metabolic pathway 
detailed the various reactions involved in the synthesis 
and modification of unsaturated fatty acids, with a partic-
ular emphasis on n-3 and n-6 polyunsaturated fatty acids 
(PUFAs), which were our primary focus (Supplementary 
Fig.  1). As the two major PUFAs, EPA (n-3) and ARA 
(n-6) reached their highest concentrations at stage 2 of 
gonadal development [5], suggesting that the unsaturated 
fatty acid biosynthesis pathway was more active at this 
stage than at others. In male sea urchins, the unsaturated 
fatty acids biosynthesis pathway was more active at stage 
1, where all four processes were present. In female sea 
urchins, all four processes were present at stage 2, and 
the pathway was most active at this stage (Supplemen-
tary Table 15). In other stages, only some of the processes 
were included, not all of them. For example, there was 
only one DEG in desaturation process at growth stage of 
testis (Tst2).

In the hydrolysis process within this pathway, the genes 
encoding peroxisomal succinyl-coenzyme A thioesterase 
(ACOT4-1) and acyl-coenzyme A thioesterase 4 (ACOT4-
2) exhibited higher expression in the ovary and testis, 
respectively. ACOT4-1 showed peak expression during 
the growth stage (stage 2), while ACOT4-2 expression 
increased progressively with testis development (Fig. 5D). 
In the elongation process, there were six types of fatty 
acid elongation proteins (Elovl), and the expression of 
Elovl6-1 decreased throughout gonad development. 
The gene expression levels of inactive hydroxyster-
oid dehydrogenase-like protein 1 (HSDL1) in the ovary 
and fatty acid elongation protein 3 (Elovl 3) in the testis 

increased with gonad development. Elovl3 exhibited sig-
nificantly higher expression in the testis compared to the 
ovary. There were three types of acyl-CoA 6-desaturases 
(FADS) and one stearoyl-CoA desaturase in the desatu-
ration process. The gene expression level of SCD5 was 
significantly higher than that of the other desaturases. 
In the degradation process, 3-ketoacyl-CoA thiolase A 
(peroxisomal-like, ACAA1a) showed higher expression 
than other enzymes in both sexes of gonads. The gene 
expression of peroxisomal multifunctional enzyme type 
2-like (HSD17B4) and non-specific lipid-transfer protein 
(nsLTP) decreased with testis development (Fig. 5D and 
Supplementary Table 16).

Transcriptomic profiling during larval development in the 
S. intermedius
To investigate metabolic remodeling associated with 
metamorphosis and the larval-to-benthic dietary tran-
sition, the transcriptome of S. intermedius was profiled 
across 15 developmental stages (45 samples; Fig.  6A). 
Sequencing statistics are listed in Supplementary Table 
17; raw data are available under PRJNA1199686.

A total of 45 samples from different developmental 
periods of S. intermedius were divided into 15 groups. 
All the differential expression genes statistics are shown 
in (Fig.  6B, Supplementary Table 18). KEGG enrich-
ment analysis of DEGs from FE to JSU revealed signifi-
cant pathway enrichments at each developmental stage 
(Fig. 6C, Supplementary Table 19).

During early embryonic development (fertilized egg 
to 32-cell stage), DEGs were enriched in DNA replica-
tion and RNA transport pathways, reflecting rapid cell 
proliferation and early developmental programming. 
Notably, pathways related to fatty acid metabolism, FoxO 
signaling, Notch signaling, and pyruvate metabolism were 
also detected. In the planktonic larval stage (gastrula to 
8-armed larva), DEGs differing between the gastrula and 
blastula stages were significantly enriched in the lyso-
some pathway (q-value < 0.05). During the long-armed 
larval stage, DEGs were significantly enriched in path-
ways including inositol phosphate metabolism, steroid 
biosynthesis, biosynthesis of unsaturated fatty acids, 
and arachidonic acid metabolism. In the metamorphic 
attachment stage, DEGs in sea urchins were signifi-
cantly enriched in pathways related to arginine and pro-
line metabolism, phosphatidylinositol signaling system, 
ECM-receptor interaction, glycosaminoglycan biosyn-
thesis (chondroitin sulfate/dermatan sulfate) (Fig. 6C).

Genes involved in fatty acid synthesis, elongation, and 
activation exhibited coordinated developmental regula-
tion (Fig. 6D). Overall, multiple genes associated with de 
novo fatty acid synthesis and elongation showed higher 
expression during embryonic and early larval stages and 
progressively decreased toward later larval and juvenile 



Page 11 of 17Han et al. BMC Genomics          (2026) 27:430 

stages. Long-chain-fatty-acid-CoA ligase 1 (ACSL1) 
showed the highest expression at the FE and CS. Fatty 
acid synthase, elongase Elovl4, ACSL6, CYP2U1, and 
Elovl6 reached peak expression from GS–AL. In contrast, 
Elovl5 and ACSL3 exhibited relatively higher expression 
in JSU. Several lipid transport and processing genes, 
including Elovl4, fatty acid-binding protein 2 (FABP2), 
ACSL1, ACSL5, ACSBG2, soluble epoxide hydrolase-like 
protein 2 (sEH2) were highest expressed in JSU (Fig. 6D).

In addition, key genes involved in bone and body axis 
formation—including calmodulin (CALM), Hox, Wnt, 
and TGF-β superfamily members—exhibited stage-spe-
cific expression patterns. CALM and calcium-binding 
genes were highly upregulated after the prism larval stage 
(PL), while multiple Hox genes showed peak expression 
at specific stages such as blastula (BS) and gastrula (GS). 
Members of the Wnt and TGF-β families (e.g., BMP, 
Wnt8, Wnt3) also displayed distinct expression maxima 
across early developmental stages, including the multi-
cellular (MS), gastrula (GS), and juvenile sea urchin (JSU) 
stages (Supplementary Table 20).

Dicussion
Genome assembly and evolutionary analysis of S. 
intermedius
In the field of sea urchin genomics, the genome of the 
purple sea urchin (S. purpuratus) was sequenced in 
2006. This assembly, approximately 814  Mb in length 
and encoding around 23,300 genes, revealed that sea 

urchins and other echinoderms share a closer phyloge-
netic affinity with humans and other chordates than pre-
viously recognized [42, 43]. Subsequently, the genome 
sequences of several other sea urchin species have been 
reported, including Hemicentrotus pulcherrimus [44], L. 
variegatus [45], Paracentrotus lividus [46], Mesocentro-
tus franciscanus [47], and Anthocidaris crassispina [48]. 
In this study, we sequenced and assembled the whole 
genome of S. intermedius. The assembled genome had 21 
chromosomes, with a total length of 704.9 Mb, a scaffold 
N50 of 30 Mb, and encodes 23,127 genes. In the previous 
study, we performed a karyotype analysis of S. interme-
dius and determined that a diploid chromosome number 
of 2n = 42 (2n = 20 m + 20sm + 2st) [49]. Furthermore, we 
revealed that sea urchins within the family Strongylocen-
trotidae (S. intermedius, H. pulcherrimus, and M. francis-
canus) and the family Echinometridae (A. crassispina) all 
possess 21 chromosomes [50]. Significantly, ancestral sea 
urchin lineages (e.g., genera Arbacia and Stomopneustes) 
typically possess 22 chromosomes . This indicates that 
S. intermedius and related species within the Strongylo-
centrotidae have undergone a chromosomal fusion event 
during their evolution.

Compared with other published echinoid genomes, 
the total span of the S. intermedius assembly falls at the 
lower end of the reported genome size range. Nonethe-
less, the final assembly size is consistent with the pres-
ent genome survey estimation. It is also supported by 
strong short-read mapping, Hi-C scaffolding consistency, 

Fig. 6  Screening and functional analysis of key genes in S. intermedius at different developmental periods. A Different development stage of S. interme-
dius. a: fertilized egg (FE), b: 2 cell stage (CS-2), c: 4 cell stage (CS-4), d: 8 cell stage (CS-8), e: 16 cell stage (CS-16), f: 32 cell stage (CS-32), g: multicellular 
stage (MS), h: blastula stage (BS), i: gastrula stage (GS), j: prism larvae (PL), k: 2-armed larvae (AL-2), l: 4-armed larvae (AL-4), m: 6-armed larvae (AL-6), n: 
8-armed larvae (AL-8), o: juvenile sea urchin (JSU). B The number of DEGs in each comparison group, red represents up-regulated genes, and blue repre-
sents down-regulated genes. C KEGG enrichment analysis of DEGs at key developmental stages (BS vs GS, AL4 vs AL6, and AL8 vs JSU) in S. intermediusD 
Heatmap of key gene expression for growth and development and fatty acid synthesis
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and high BUSCO completeness. These results indicate 
that the assembly is unlikely to reflect large-scale col-
lapse or systematic loss of conserved genes. In several 
other sea urchin assemblies, repetitive elements consti-
tute a considerable fraction of the genome. For example, 
repetitive sequences account for approximately 39.6% of 
the assembly of Echinometra lucunter [51]. In addition, 
repetitive regions comprise about 45.4% of the L. varie-
gatus genome [52]. These findings indicate that repetitive 
sequences are a major component of echinoid genome 
architecture. Variation in repeat content and other non-
coding components may therefore contribute to differ-
ences in total genome span among closely related species. 
In our study, the predicted number of protein-coding 
genes in S. intermedius is comparable to that reported 
for other sea urchins. This suggests that genome size dif-
ferences among these species are unlikely to be primarily 
driven by changes in coding gene content. This founda-
tional work establishes a framework for subsequent com-
parative genomic analyses within echinoderms.

Beyond providing a high-quality genomic resource, the 
assembled genome also enables the investigation of gene 
family evolution associated with key traits in S. interme-
dius. Notably, genes involved in fatty acid biosynthesis 
showed significant expansion. In our previous study, we 
first performed lipidomics profiling of lipid abundances 
in S. intermedius and detected 11 polyunsaturated fatty 
acids in the sea urchin gonads, accounting for 54.13% 
of the total fatty acid content, and also identified poly-
unsaturated fatty acid (42:11) as a potential marker to 
distinguish high levels of polyunsaturated fatty acids 
in individual sea urchins [53]. We clarified the relation-
ship between sea urchin gonadal development and fatty 
acid synthesis metabolism, proving that intermediate sea 
urchins have the ability to synthesize fatty acids endoge-
nously [4]. Secondly, we sequenced the gonadal transcrip-
tomes of both sexes at various developmental stages of S. 
intermedius, identifying critical genes related to gonadal 
growth as well as fatty acid biosynthesis and metabolism 
[4]. We have focused on the PUFA biosynthesis path-
way, specifically the genes involved in fatty acid desatu-
rase (SiFad1, Δ6Fad-like, Fad2) and elongase of long 
chain fatty acids (Elovl4-like, Elovel5-like) gene fami-
lies [8, 54, 55]. Interestingly, in this study, the expanded 
gene families were mainly enriched for fatty acid elon-
gation, biosynthesis of unsaturated fatty acids and fatty 
acid metabolism (P < 0.05). We found the expansion of 
elongase of long chain fatty acids family 6 (ELOVL6). As 
known, ELOVL6 is an enzyme that specifically catalyzes 
the elongation of saturated and monounsaturated fatty 
acids with 12, 14 and 16 carbons [56]. These findings may 
be related to the fatty acid rich gonads of S. intermedius, 
further confirms the endogenous synthesis of fatty acids 
in S. intermedius [57, 58].

This expansion is likely an adaptive evolutionary 
response to its dietary niche and reproductive demands. 
As sea urchins primarily feed on macroalgae, which are 
rich in C18 precursors like α-linolenic acid (ALA) but 
poor in longer-chain PUFAs such as EPA and DHA, the 
enhanced elongation capacity provided by additional 
Elovl genes enables the efficient conversion of dietary 
short-chain PUFAs into biologically critical long-chain 
PUFAs (LC-PUFAs). The functional implications of this 
genetic expansion are profound [59]. LC-PUFAs serve as 
essential components of phospholipids in cellular mem-
branes, particularly in gonadal and neural tissues, where 
they maintain membrane fluidity and facilitate signal 
transduction [60]. Moreover, they act as precursors for 
signaling molecules such as eicosanoids, which regulate 
reproduction and immune responses [61]. The observed 
gene family expansion likely enhances the organism’s 
ability to accumulate lipids in gonads, thereby improv-
ing gamete quality and larval viability [62]. This genetic 
adaptation not only underscores the evolutionary strat-
egy of S. intermedius to thrive in its environment but also 
provides a molecular foundation for its high nutritional 
value. Consequently, these findings offer critical insights 
into the genetic mechanisms underlying PUFA biosyn-
thesis in marine invertebrates and highlight potential 
targets for selective breeding aimed at enhancing lipid 
profiles in aquaculture species.

In addition, we identified a contraction of the GST gene 
family in sea urchins, which may reflect reduced chemi-
cal or oxidative stress in their specific ecological environ-
ment. This contraction may be associated with reduced 
detoxification capacity, which could affect survival and 
reproductive success. It also suggests that GST gene fam-
ily evolution in S. intermedius may be linked to ecological 
adaptation.

Dynamic changes of fatty acid biosynthesis and 
metabolism during gonadal development of S. intermedius
The processes of gonad growth and development are 
intricate biochemical pathways that involve multiple gene 
expression networks, accompanied by fatty acid biosyn-
thesis and metabolism during the gonad development. In 
this study, we focused on the primary four developmental 
stages of sea urchin gonads, which are the active periods 
of nutrient enrichment as well as fatty acid biosynthesis 
and metabolism, and explored the differences in fatty 
acid synthesis and metabolism between male and female 
sea urchin gonads.

Patterns of fatty acid biosynthesis and metabolism during 
gonad development
Our results showed that fatty acid metabolism and the 
biosynthesis of unsaturated fatty acids remained active 
throughout gonadal maturation in S. intermedius. This 
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indicates active lipid metabolism during reproductive 
development, supported by both algal dietary input and 
intrinsic physiological demands [5]. According to our 
previous study, the concentration of PUFAs—particu-
larly EPA and ARA—was significantly higher than that 
of SFAs and MUFAs at stage 2 in both sexes [8]. Com-
bined with the transcriptomic evidence presented here, 
these findings suggest that long-chain PUFAs are con-
tinuously involved in gonadal development rather than 
being transiently accumulated at specific stages. As major 
components of membrane phospholipids, PUFAs con-
tribute to membrane fluidity, permeability, and protein 
activity, which may be particularly important for gam-
ete development and fertilization [63]. In addition, ARA 
and EPA can serve as precursors for bioactive molecules 
involved in reproduction, immunity, and inflammation, 
thereby supporting gonadal development and physi-
ological homeostasis [64, 65]. The high levels of EPA and 
ARA during gonadal development are therefore linked to 
energy demand, gametogenesis, and signaling molecule 
synthesis. Gonadal development requires substantial 
energy, and fatty acids serve as crucial energy reserves 
supporting cell division and growth [66, 67].

Notably, ARA metabolism remained highly active 
across gonadal development, especially during most 
ovarian stages and in mature testes, highlighting its 
potential importance in reproductive regulation. Sea 
urchin gonads are notably rich in ARA [4, 53, 68, 69], 
which has been shown to improve oocyte development 
and maturation, as demonstrated in swamp eel [70]. In 
our previous dietary study, higher ARA levels (1% dry 
diet) promoted growth, gonad development, antioxi-
dant enzyme activity, and nutritional quality in adult sea 
urchins [71]. Taken together, these observations indi-
cate that ARA serves as a stored lipid component and a 
metabolically active molecule that contributes to gonadal 
maturation and function. In particular, ARA is associ-
ated with oocyte maturation, fertilization, and embryonic 
development in sea urchins and other invertebrates [62, 
72]. Additionally, in cold-water species such as S. inter-
medius, high PUFA levels help maintain membrane flu-
idity at low temperatures, preventing rigidification and 
supporting environmental adaptation [73]. Thus, contin-
uous fatty acid biosynthesis and metabolism are essential 
for sea urchin reproduction and development, providing 
both flexible energy reserves and structural and signal-
ing molecules necessary for successful maturation and 
breeding.

Gender differences in unsaturated fatty acid biosynthesis
From the first stage of gonadal development, when pri-
mary spermatocytes and oocytes are just differentiated, 
the fatty acid biosynthesis pathways become active in sea 
urchin gonads, preparing for gamete formation. From an 

evolutionary perspective, testes develop earlier than ova-
ries, which is primarily related to reproductive strategies 
and energy allocation. Our previous study found that tes-
tis development progresses 1–2 months faster than ovary 
development [5]. When gonad development is at the 
same stage, there are also differences in fatty acid biosyn-
thesis and metabolism between testis and ovary. During 
testis development, fatty acid synthesis and metabolism 
are most active at stage 1, especially the biosynthesis of 
unsaturated fatty acids (10/39). In the ovary, fatty acid 
synthesis and metabolism are relatively active during 
the throughout gonad development. In males, fatty acid 
biosynthesis activity is concentrated in stage 1 to pre-
pare for rapid sperm production (spermiation occurs 
earlier than ovulation). In females, increased energy and 
fatty acids are required for oocyte production and early 
embryonic development. Accordingly, fatty acid synthe-
sis and metabolism remain active throughout gonadal 
development, becoming more pronounced from stage 
2, as reflected by the peak expression of the ACOT4-1 
gene observed at this stage in the present study. Early-
maturing male sea urchins can participate in mating ear-
lier during the breeding season, increasing their chances 
of encountering females and thereby improving repro-
ductive success [74, 75]. Moreover, male sea urchins 
produce a relatively large quantity of sperm, which they 
can release to ensure successful fertilization. In con-
trast, female sea urchins need more energy for egg pro-
duction and subsequent reproductive behaviors. Thus, 
early maturation in males allows them to better adapt to 
environmental changes and competition, enhancing the 
reproductive efficiency of the population [76].

The molecular mechanisms of fatty acid synthesis and 
metabolism during the embryonic and larval development 
ofS. intermedius.
Gradual decrease of endogenous nutrients during S. 
intermedius individual development
Early studies reported a decline in total lipid content 
from the swimming blastula to pluteus stage in sea 
urchins, primarily due to triglyceride consumption 
[6, 77]. This indicates a shift from maternal lipid uti-
lization to exogenous energy acquisition during early 
development [77]. Consistent with these physiological 
observations, our transcriptomic data revealed a progres-
sive downregulation of key genes involved in fatty acid 
biosynthesis and elongation, including Elovl4, Elovl5, and 
FASN, from embryonic to larval stages. These expres-
sion patterns indicate that the capacity for de novo fatty 
acid synthesis gradually declines during development, 
suggesting that early larvae primarily rely on maternally 
deposited lipid reserves to support growth and morpho-
genesis [54]. Compared with previous studies focusing 
mainly on lipid consumption at the biochemical level, the 
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present results provide transcriptomic evidence linking 
endogenous lipid utilization with the coordinated expres-
sion of fatty acid metabolic genes in S. intermedius. Dur-
ing early larval stages, such as the echinopluteus stage, 
these stored lipids are progressively mobilized to support 
larval development, further emphasizing the important 
role of maternal lipid reserves in early developmental 
stages. Such transcriptional suppression likely promotes 
the utilization of stored lipids to support development 
until exogenous feeding begins.

The developmental transition toward nutritional inde-
pendence is accompanied by metabolic reprogramming. 
During the echinopluteus stage, larvae show enrichment 
of pathways for energy production [78], synthesizing 
lipids primarily from dietary sources rather than endog-
enous pathways [79]. This strategy optimizes energy 
allocation, reserving maternal reserves for critical devel-
opmental processes.

Time-series developmental transcriptome studies in 
other sea urchins have shown that development proceeds 
through relatively stable gene-expression states punctu-
ated by discrete transitions, reflecting broad transcrip-
tional reprogramming coupled to major physiological 
and metabolic shifts [80, 81]. In this context, our study 
observed the gradual downregulation of fatty acid syn-
thesis and elongation genes, which reflects a transcrip-
tional signature of metabolic reprogramming during 
development. Combined with the developmental shift 
from maternal provisioning toward nutritional indepen-
dence, these expression patterns support a parsimonious 
metabolic interpretation: early embryos/larvae increas-
ingly depend on maternally supplied lipid reserves, 
whereas later stages reduce endogenous synthesis and 
become more reliant on exogenous nutrient inputs. This 
change in lipid metabolism regulation in S. intermedius, 
particularly the downregulation of fatty acid synthesis, 
may not simply be a passive consequence of nutrient 
depletion, but rather a tightly regulated developmental 
process. These findings highlight the regulation of lipid 
metabolism during the early development of S. interme-
dius, offering a new perspective on the metabolic transi-
tions that occur during sea urchin development.

Preliminary exploration of the molecular mechanism of 
dietary shift during S. intermedius metamorphosis
Changes in life history and diet play a key role in physi-
ological adaptation, as evidenced by the regulation of 
multiple signalling pathways and metabolic processes. 
The transition of sea urchins from planktonic to benthic 
larvae is a complex biological process involving the regu-
lation of multiple signalling pathways and metabolic pro-
cesses, which is specific to indirect-developing urchins 
[82, 83]. In this context, the differential gene expression 
patterns suggest that metamorphosis in S. intermedius 

is not only a morphological transition, but also a coor-
dinated metabolic transition associated with dietary 
shift. During the planktonic larval stage, their primary 
food source is unicellular planktonic algae, whereas after 
metamorphosis and settlement, their diet primarily con-
sists of benthic diatoms and other marine plants. Benthic 
diatoms are rich in extracellular polysaccharides, amino 
acids, and unsaturated fatty acids [84]. These unsaturated 
fatty acids provide essential lipids for membrane biogen-
esis and energy metabolism. As their diet changes, sea 
urchins gradually reduce endogenous fatty acid synthesis 
and instead prioritize the utilization of exogenous fatty 
acids. In our study, during the juvenile stage, the expres-
sion of genes related to fatty acid synthesis significantly 
decreased, such as Elovls genes, Fasn, and Acsls, with 
some genes showing extremely low expression levels. 
This pattern suggests that, during the transition to a ben-
thic lifestyle, sea urchins reduce endogenous fatty acid 
synthesis and increasingly depend on exogenous nutrient 
sources, reflecting a metabolic shift at the transcriptomic 
level. These results suggest that the dietary transition 
during sea urchin metamorphosis is accompanied by 
coordinated adjustment of lipid utilization. Such regula-
tion may help juveniles better exploit nutrient resources 
in the benthic habitat to support subsequent growth and 
development [85, 86].

Transcriptome analysis revealed that DEGs of the met-
amorphic attachment stage were significantly enriched 
in ECM-receptor interaction, Hox, and Wnt pathways. 
These pathways are closely associated with attachment, 
body-plan remodeling, and benthic adaptation, sug-
gesting that the larval-to-benthic transition involves 
broader developmental reprogramming rather than an 
isolated nutritional change. Combined with the concur-
rent changes in fatty acid metabolism-related genes, our 
results may indicate coordinated structural and meta-
bolic adjustments during S. intermedius metamorphosis, 
potentially contributing to ecological adaptation in the 
benthic environment [87–89].

Conclusions
We assembled a chromosome-level genome of S. inter-
medius with a total size of 704.9 Mb and a scaffold N50 of 
30 Mb. Comparative genomic analysis showed an expan-
sion of the Elovl gene family, suggesting an enhanced 
capacity for fatty acid synthesis in this species.

In terms of gonadal development, unsaturated fatty 
acid biosynthesis remains consistently active at all stages, 
with the arachidonic acid (ARA) metabolism pathway 
showing height active during ovarian development (stage 
1–4) and mature testis stages (stage 4). Notable gender 
differences are observed in unsaturated fatty acid biosyn-
thesis: females exhibit sustained active of biosynthesis, 
especially during ovary maturity to prepare for embryo 
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development, while males primarily focus on biosyn-
thesis during the immature testis stage to ensure rapid 
sperm production ahead of ovulation. These reproduc-
tive strategies enhance the propagation and survival of 
sea urchin populations.

During the embryonic and larval development of 
S. intermedius, the expression of Elovl genes gradu-
ally decreases, reaching nearly undetectable levels by 
the four-armed larval stage. This suggests that endog-
enous lipid reserves are gradually consumed during 
development.

In summary, we obtained a chromosome-level genome 
of sea urchin S. intermedius, elucidated its evolutionary 
relationships, demonstrated the endogenous synthesis of 
fatty acids, and provided valuable insights into the regu-
lation of fatty acid synthesis and metabolism.
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