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OPEN: Chromosome-level genome
patapescripTor  assembly and annotation of the
tropical sea cucumber Holothuria
fuscocinerea

© XuanWang"*’, Qianying Huang®’, Zhou Qin?, Dingding Fan(®?, Chunhua Ren?,

. Wenjie Pan'?, Jiasheng Huang?, Zepeng Zhang*, Hua Ge3, Jingxuan Liang"?, Jianfeng Xu-?,
© YiZhang®, Peng Luo(®?, Xiao Jiang?, Lina Sun®, Hongyan Sun*, Chaoqun Hu?, Aifen Yan3™

. &Ting Chen®1

. By the integration of MGl short-read sequencing, PacBio HiFi long-read sequencing, and Hi-C

. techniques, we constructed a chromosome-scale genome assembly for Holothuria fuscocinerea, a

. highly abundant and widely distributed sea cucumber species in the family Holothuriidae. The assembly

. was anchored into 23 pseudochromosomes with a total size of 1.556 Gb after redundancy removal,

. demonstrating contig and scaffold N50 values of 5.18 Mb and 63.82 Mb, respectively, indicative of
high contiguity. Genome quality assessment using Merqury and BUSCO analyses yielded a QV score
of 60.4087 and a BUSCO completeness rate of 97.8%, confirming high assembly quality with minimal
gaps. Among the 29,878 protein coding genes, 95 percent obtained functional annotations from at least
one database. This high-resolution genome resource is expected to advance research on H. fuscocinerea
and the Holothuroidea class, providing insights for population management, evolutionary studies, and
genetics research.

Background & Summary
: The class Holothuroidea, or sea cucumbers, as both diverse and abundant member of the phylum
. Echinodermata, are globally distributed across marine benthic habitats!. Among the 1,693 currently accepted
: extant species, around 800 species inhabit the shallow regions of the Indo-West-Pacific Ocean, where the highest

species diversity occurs®. Commercially valuable species predominantly belong to the families Holothuriidae
- and Stichopodidae, whose dried body walls are consumed for either food or traditional medicine®. Sea cucum-
. bers enhance coastal ecosystem health (e.g., coral reefs) through ecological functions including sediment
. bioturbation, nitrogen cycling, seawater alkalinity regulation, ocean acidification buffering, symbiont biodi-
© versity maintenance, and trophic energy transfer®. However, despite intensive exploitation and slow population
. recovery rates under escalating demand, critical knowledge gaps persist regarding commercial species’ popu-
© lation structures, community composition, and substrate-food interactions, causing difficulties in formulating
© conservation strategies’. In overharvested regions, population restoration through release of artificially cultured
© juveniles has become essential®’. Despite ongoing translocation of hatchery and wild individuals across regions,
. the extent of genomic alterations or admixture introduced by these practices hasn’t yet been evaluated.
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Holothuria fuscocinerea
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Fig. 1 Basic attributes of the H. fuscocinerea genome assembly. (a) Illustration of H. fuscocinerea with its natural
range of distribution; (b) Histogram of 21-mer count distribution of the H. fuscocinerea genome; (c) Hi-C
interaction map of the H. fuscocinerea genome, visualized using Juicebox”’.

Holothuria fuscocinerea, a commercially harvested species in the family Holothuriidae, is distributed across
tropical and subtropical reef habitats in the Pacific and Indian Oceans, ranging from the Red Sea and East
African coasts eastward to China, southern Japan, northern Australia, and central Pacific islands (Fig. 1a)%°.
This species reaches an average mature length of 50 cm, exhibiting an oval-cylindrical morphology with a flat-
tened bottom and rounded tip'®. The upper surface displays a rough, brown-grey texture frequently coated
with sand grains, potentially serving as an adaptation for sediment camouflage!’. Like many other species in
family Holothuriidae, H. fuscocinerea possesses Cuvierian tubules—defensive organs that are expelled when
threatened®!. Having sequenced the mitochondrial genome, phylogenetic analyses of H. fuscocinerea indicate
its closest relatives are either Holothuria leucospilota or Holothuria polii, though this phylogenetic relationship
requires verification through sequencing of more species'®!*. Although possessing limited commercial value,
H. fuscocinerea is projected to become a target fishery species following depletion of higher-value commercial
species®’. This transition may occur imminently, given that overexploitation has caused population declines in
three-quarters of global commercial sea cucumber species, largely reducing potential profits generated from
them!s. Besides, three new triterpene glycosides with demonstrated cytotoxicity, antimicrobial activity, and
immunomodulatory potential have been isolated from H. fuscocinerea, establishing their pharmacological rel-
evance!®18, Knowledge for this species at the organismal level remains limited, with research focused primarily
on regional abundance'>?, molecular identification?!, polysaccharide composition®?, predator-prey interac-
tion?, feeding mode®>** and bioactive compounds'®-'#2>2¢, The lack of whole genome assembly and tissue tran-
scriptome of H. fuscocinerea hinders the implementation of mechanical studies of development, genetics and
behaviours, leaving its phylogeny uncertain as inferred only from the mitochondrial genomic data'>!.

By integrating the clean data obtained from MGI short-read (100.3 x ), PacBio HiFi long-read (30.54 x )
and Hi-C (89 ) sequencing, our study generated a chromosome-scale genome assembly for H. fuscocinerea,
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Insert size Clean bases | Read Length
Libraries (bp) Clean reads (Gb) (bp) Coverage | Q20 Q30
MGI 350 519,887,557 155.97 150 100.3 98.84%: 97.86% | 96.49%: 93.64%
Pacbio HiFI | 20,000 2,633,444 47.5 N50: 18,099 30.54 — —
Hi-C 350 923,272,938 138.4 150 89 96.75%: 95.95% | 92.03%: 90.94%
RNA Seq — 1,209,843,921 362.95 150 — — —

Table 1. The sequencing reads and their characteristics obtained from each sequencing. For each Q20/Q30
metric, the value on the left corresponds to the percentage of raw reads bases and the value on the right
corresponds to the percentage of clean reads bases after filtering.

organized into 23 pseudochromosomes. The final assembly spans 1.556 Gb with a scaffold N50 value of
63.82 Mb, respectively. Analysis of telomeric and centromeric repeats further supported the high structural
completeness of the assembly. BUSCO analysis validated 96.1% complete BUSCOs, including 90.8% single-copy
and 5.3% duplicated orthologs, with 1.7% fragmented and 2.2% missing BUSCOs through conserved ortholog
alignment. We annotated 29,878 protein coding genes, with 28,110 (95%) receiving functional assignments from
at least one database. In addition to the nuclear genome, we also recovered the complete mitochondrial genome
using PacBio HiFi reads, providing a complementary mitogenome reference for taxonomic authentication and
comparative analyses. Our study provides the genomic resource required for population monitoring, genetic
diversity investigation, and broodstock management of H. fuscocinerea. By comparing with an increasing num-
ber of available holothurian genomes?’-*!, this genome may elucidate common gene patterns underlying critical
holothurian specializations such as mutable connective tissues and oral tentacles, which shape their ecological
niche through evolution. It may also help clarify the ancestral genome arrangement of the genus Holothuria,
thus revealing the driving forces of diversification within this ancient and complex lineage®.

Methods

Sample collection and nucleic acid extraction. A female H. fuscocinerea specimen was collected at
Tanmen Port (19.33°N, 110.49°E), Qionghai City, Hainan Province, China and dissected to obtain sequencing
samples. The gonads were rinsed with phosphate-buffered saline (PBS) and frozen in liquid nitrogen immediately.
Genomic DNA was extracted using the QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) for both long-read
and short-read whole-genome sequencing. Ten tissues, namely, the skin, intestine, Polian vesicle, muscle, oral
tentacle, Cuvierian organ, rete mirabile, body wall, gonad, and respiratory tree were excised with scissors and
forceps, rinsed with PBS, and snap frozen with liquid nitrogen. Total RNA was extracted from these tissues using
the RNAprep Pure Plant Plus Kit (Tiangen Biotech Co. Ltd., Beijing, China) for transcriptomic sequencing.

Library preparation and sequencing. Short-read sequencing was performed using the MGI DNBSEQ-T7
platform (MGI Tech Co., Shenzhen, China) with a PE150 read configuration. After the high-quality DNA passed
purity, concentration and integrity examinations, enzymatic fragmentation and sequencing adapter ligation were
conducted with the MGIEasy FS DNA Library Prep Set (MGI, Shenzhen, China) to construct a pair-end library of
350 bp insert size. Enzymatic fragmentation was performed using the Fragmentation Enzyme Mix supplied with
the MGIEasy FS DNA Library Prep Set. Three MGI short-read libraries were prepared, but only one high-quality
library was used and pooled with unrelated libraries during sequencing. DNA nanoballs (DNBs) were generated
through rolling circle replication for subsequent sequencing. The obtained raw data was assessed with FastQC
(v0.12.1)* and filtered with SOAPnuke (v2.1.4)*. A total of 155.97 Gb (100.3 x) clean reads were kept for down-
stream analysis (Table 1; for genome size estimation, see below).

Long-read sequencing was conducted using the PacBio Revio platform (Pacific Biosciences, Menlo Park,
USA). High-quality DNA was sheared to approximately 20 kb using the Covaris ultrasonic disruptor (Woburn,
MA, USA), then A-tailing and adapter ligation were performed with the SMRTbell Prep Kit 3.0 (PacBio, Menlo
Park, CA, USA). After size selection with BluePippin for approximately 20 kb fragments, polymerase binding
to the constructed library was performed using the Sequel Binding Kit 3.2 (PacBio, Menlo Park, CA, USA). The
library was loaded onto SMRT Cell 8 M and sequenced with a 15-hour movie time. Raw data were converted to
Circular Consensus Sequencing (CCS) reads with SMRT Link v13.1 (Pacific Biosciences) and filtered at QV 20%.
A total of 47.5 Gb (30.54 x) clean reads were retained for further analysis (Table 1).

Hi-C sequencing was conducted using the MGI DNBSEQ-T7 platform with PE150 configuration. The gonad
sample was fixed with formaldehyde and digested with DpnII enzyme (NEB, Ipswich, MA, USA). DNA was
extracted and fragmented to approximately 350 bp fragments after biotin-based end polishing and ligation of
spatially adjacent chromatin fragments. These fragments were captured using streptavidin magnetic beads for
library construction. The library was sequenced, and raw data were assessed with FastQC (v0.12.1). A total of
138.4 Gb (89 %) clean reads were retained (Table 1).

Transcriptomic sequencing was likewise conducted using the MGI DNBSEQ-T7 platform. Total RNA was
fragmented, reverse-transcribed, and ligated to adapters using the MGIEasy RNA Library Prep Set (MGI,
Shenzhen, China). The constructed libraries were pooled after indexing with sample-specific barcoded primers
and sequenced to obtain raw reads from 10 tissues. Clean reads of 362.95 Gb in total were acquired.

Genome assessment and assembly. To assess genome size, heterozygosity, and repeat content, k-mer
analysis was performed. K-mers were counted from raw reads using Jellyfish (v2.3.0)* with 10 threads and both
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K-merlength | K-mer number K-mer depth | Genomesize | Heterozygous ratio (%) | Repeat (%)
21 54,250,555,200 43.5 1,247,369,200 2.99124 34.1

Table 2. H. fuscocinerea genomic statistics obtained from K-mer and GenomeScope analyses.

strands considered, while k-mer and hash sizes were set to 21 and 100 million, respectively (Fig. 1b; Table 2). The
resulting k-mer histogram (k =21) was processed with GenomeScope v2.0.0%, under the assumption of a diploid
genome. After removing erroneous-frequency k-mers, 54,250,555,200 k-mers exhibiting a main peak at depth
43.5 were retained (Table 2). GenomeScope analysis estimated a H. fuscocinerea genome size of ~1.247 Gb, with a
heterozygosity of 2.99% and repetitive sequence component of 34.09%.

Using Hifiasm (v0.19.8-r603)*, PacBio long-read data was assembled into a draft genome based on overlap-
ping reads after all-versus-all reads comparison and self-correction. MGI short-read data was used to correct
residual errors using Bwa (v0.7.17-r1188)*° and Pilon (v1.23)*, followed by Purge_dups (v1.2.5)*! for haplotig
reduction and heterozygosity resolution. The resulting 541 contigs were assigned and oriented with Hi-C reads
using the software ALLHIC (v1.1)*, producing a chromosome-level assembly with 23 pseudochromosomes at
94.82% anchoring rate (Fig. 1c). We created a plot displaying chromosomal structure with Circos (v0.69-8)*,
which facilitated the interpretation of various genomic features and their distribution along the chromosomes
(Fig. 2; Table 3). This visualization included the following tracks from inner to outer circles: genic regions, repeat
sequences, SNP percentage, NGS sequencing depth, and chromosomes. At a 500-kb window scale, genic regions
(exons + introns) covered on average 60% of each window, while repeat sequences occupied about 20%. The
SNP percentage equals to the fraction of heterozygous SNPs per window derived from MGI short-read map-
ping and variant calling, with a genome-wide mean of 0.019%. The NGS sequencing depth equals to the local
coverage of the MGI short reads, with an average depth of 173 x in each window. The final assembly comprises
64 scaffolds (1.556 Gb total) of 23 anchored pseudochromosomes and 41 unanchored scaffolds,with 63.82 Mb
scaffold N50 (Table 4).

The mitochondrial genome was not recovered from the initial nuclear genome assembly. Following the
reviewer’s suggestion, we assembled the mitochondrial genome using mitoHiFi (v3.2.3)*, which reconstructs
circular mitochondrial genomes directly from PacBio HiFi reads. The mitochondrial genome of Holothuria
spinifera strain S-4 (GenBank accession: NC_046508) was used as the reference sequence. The resulting mitog-
enome was validated by BLAST searches against the NCBI nucleotide (nt) database, which confirmed that it
belongs to Holothuria fuscocinerea.

Repetitive element annotation. Transposable element annotations were achieved employing
RepeatMasker (v4.09, plus RepBase 20181026) and EDTA*, a whole-genome de-novo TE annotation pipeline.
LTR retrotransposons were identified with LTRharvest (LTR_FINDER alternative)* and filtered with LTR_
retriever*®, while other TEs were detected by TIR-Learner*, HelitronScanner*®, and GRF*’, which were further
supplemented with RepeatModeler™. Prior to removing redundant results from the three methods, a nucleotide
coding sequence (CDS) reference database was applied to minimize erroneous gene fragment annotations in
the TE library. It is determined that the genome contains 49.59% repetitive elements, with DNA transposons
(19.72%) constituting the major component, alongside simple repeats (2.20%), LINEs (4.52%), and LTRs (0.67%)
(Fig. 3a; Table 5).

Noncoding RNA annotation. Under default configurations, Barrnap (v0.9)°! was used to scan ribosomal
RNAs (rRNAs) and tRNAscan-SE (v2.0.11)%? was applied to find transfer RNAs (tRNAs). The Rfam database
(v14.8)>* was employed to detect microRNAs (miRNAs) and small nuclear RNAs (snRNAs) based on sequence
similarity, while subsequent identification was performed with Infernal (v1.1.4)% through alignment based on
covariance models. In summary, the genome contained 586 rRNAs, 31,158 tRNAs, 70 miRNAs and 919 snRNAs
(Fig. 3b; Table 6).

Gene prediction and functional annotation. The RNAseq data was applied to enhance the predic-
tion of exon-intron boundaries and start codons, and MAKER3 (v3.01.03)°° was used to combine annotations
from different modes. Specifically, HISAT2 (v2.2.1)¢, a splice-aware aligner optimized for fast and accurate
mapping of transcriptomic data, was used to map 362.95 Gb of clean reads obtained from 28 samples onto the
reference genome, followed by assembly of transcripts with StringTie (v2.1.7) (Table 7)*’. Annotation of the
genome by homology was then performed by matching the H. fuscocinerea reference genome with sequences
from 9 high-quality protein datasets, namely the Lytechinus pictus (GCF_015342785.2)¢, Patiria miniata
(GCF_015706575.1)%, Anneissia japonica (GCF_011630105.1)%, Asterias rubens (GCF_902459465.1)",
Acanthaster planci (GCF_001949145.1)%, Lytechinus variegatus (GCF_018143015.1)°!, Strongylocentrotus
purpuratus (GCF_000002235.5)%2, Holothuria leucospilota (GCA_029531755.1)*® and Apostichopus japonicus
(GCA_002754855.1).

Gene prediction and annotation were performed using the BRAKER3 pipeline (v3.0.3)%, which integrates
GeneMark-ETP+ and AUGUSTUS® to predict gene models in an unsupervised, evidence-guided manner. This
approach ensures the annotation of both well-supported coding regions and novel gene models by leveraging
RNA-seq expression profiles and protein orthologs simultaneously. The results were merged into a final gene
collection consisting of 29,878 genes, and 57.3% of the genes were approved by both evidence with >50% cov-
erage of coding region (Fig. 4a). Gene sets of three other members of Holothuroidea, namely H. leucospilota®,
A. japonicus®, and Stichopus monotuberculatus®, were compared with the predicted H. fuscocinerea collection
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Fig. 2 Circos plot depicting the genomic features of H. fuscocinerea. The outermost circle exhibits the
pseudochromosomes with marked x-axis showing their length. The inner circles from inner to outer are genic
regions, repeat sequences, SNP percentage, and NGS sequencing depth. For each track, the y-axis from 0 to the
maximum indicates respective observed ranges. Average values for these features are 60%, 20%, 0.019%, and
173x, respectively. Each feature employed a window size of 500kb.

in terms of gene amount and detailed attributes (Table 8). The average transcript length of H. fuscocinerea was
shown to be notably longer due to the addition of UTR regions to its transcripts by the prediction method.
BUSCO analysis was then used to assess the quality of the predicted gene collection. The result showed that our
collection contained homologs corresponding to 97.8% of the 954 metazoan conserved genes from 65 genomes
(Table 9), while fragmented BUSCOs only made up 1.7%. Thus, the 96.1% complete BUSCO results confirm the
general completeness of protein-coding genes uncovered in the H. fuscocinerea genome.

The functions and pathways of coding genes from the collection were further annotated using BLAST
(v2.12.0+, e-value le~A-5)%, by aligning their protein sequences with data retrieved from UniProtKB/
Swiss-Prot®, UniProt®” and KEGG®. InterProScan (v5.56)® was also applied to assign GO terms”’, in addition
to the prediction of gene families, domains and active sites. Among these genes, 95% received annotation from
at least one database (Fig. 4b; Table 10).

Telomere and centromere identification. To evaluate the structural completeness of the assembled
genome and to identify putative telomeric and centromeric regions, we analyzed all 23 pseudochromosomes
using tidk (v0.2.31)"! and quarTeT (v1.2.5r4)"2. Telomeric repeat identification was performed with tidk, which
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Chromosome ID | scaffolded contigs | Length (bp) GC Content | MGI Base Coverage | HIFI Base Coverage
Chrl 61 102,481,944 0.3925 82.5487 26.75
Chr2 10 87,536,712 0.3899 100.5617 30.21
Chr3 26 79,194,133 0.3905 100.6603 30.25
Chr4 12 72,173,421 0.3939 100.4911 30.41
Chr5 25 69,305,304 0.3916 96.2229 29.09
Chr6 20 68,610,530 0.3965 99.5423 28.75
Chr7 13 66,539,636 0.3935 97.1762 30.20
Chr8 46 65,158,882 0.3902 92.7341 27.96
Chr9 15 65,049,147 0.3908 100.9037 29.83
Chrl0 19 64,527,398 0.3908 97.8433 30.26
Chrll 11 63,820,209 0.3918 102.0026 29.97
Chrl2 59 63,236,084 0.3915 87.6946 26.43
Chrl3 21 61,883,644 0.3914 92.0205 28.67
Chr14 9 61,823,350 0.3917 100.9595 30.34
Chrl5 12 61,340,513 0.3950 100.5393 29.60
Chrl6 28 59,983,962 0.3918 84.7402 28.18
Chrl7 19 58,442,115 0.3900 101.0145 29.82
Chr18 19 57,425,682 0.3928 95.2754 28.05
Chr19 14 54,745,315 0.3928 99.0963 29.71
Chr20 30 53,662,173 0.3912 98.7249 29.62
Chr21 11 49,797,694 0.3927 99.4928 29.58
Chr22 9 45,330,500 0.3915 101.6151 30.24
Chr23 11 43,245,116 0.3910 100.5426 28.97
unanchored 41 80,589,354 — — —
Total 541 1555902818 — — —

Table 3. Details of the 23 Hi-C sequencing based chromosomal-level assemblies.

Scaffold Contig

Length(bp) Length(bp)
Max length 102481944 20657421
N10 87536712 13128536
N20 72173421 9421218
N30 68610530 8130017
N40 65049147 6436443
N50 63820209 5179660
N60 61823350 4362018
N70 59983962 3216522
N80 54745315 2409083
N90 45330500 1522653
Total length 1555902818 1555855118

Scaffold Contig

Number Number
Max length
L10 2 10
L20 4 24
L30 6 42
L40 9 64
L50 11 90
L60 14 123
L70 16 164
L80 19 221
L90 22 300
Number > =100bp 64 541
Number > =2000 bp 64 541

Table 4. Summary of the assembled H. fuscocinerea genome after the removal of redundant sequences.
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Fig. 3 Results of non-coding elements and RNA prediction. (a) Classification of annotated repetitive elements
with Kimura substitution levels displayed. The x-axis shows Kimura divergence levels, which reflects the
approximate period of TE insertions. Lower divergence hints recent insertions, while higher divergence
indicates paleo insertions. The y-axis gives the genome proportion from each TE family at every divergence
level. This plot implies the expansions of LINEs, LTR elements, RCs, and DNA transposons throughout time in
the H. fuscocinerea genome; (b) Classification of annotated noncoding RNAs.

EDTA + Repeat Masker EDTA Repeat Masker
TE subtype Length (bp) | length/genome | Length (bp) | length/genome | Length (bp) | length/genome
DNA 245,040,454 19.72 244,704,019 | 19.69 388,040 0.03
LINE 56,184,204 4.52 54,141,428 4.36 4,301,695 0.35
LTR 8,333,561 0.67 8,174,474 0.66 288,544 0.02
Low_complexity 3,055,729 0.25 0 0.00 3,055,729 0.25
SINE 1,083,380 0.09 0 0.00 1,083,380 0.09
Simple_repeat 27,290,623 2.20 0 0.00 27,290,623 2.20
Unknown 294,364,283 | 23.69 294,360,033 | 23.69 5,456 0.00
Total 616,319,292 | 49.59 596,560,351 | 48.00 36,481,589 2.94

Table 5. List of repetitive elements obtained through repeat annotation.

Type Copy number | Total length (bp) | Percentage (%)
miRNA 70 7,738 0.0006%
tRNA 31,158 2,318,302 0.1865%
rRNA 586 127,476 0.0103%
18S 10 13,413 0.0011%
rRNA 288 28 54,755 0.0044%
5.8S 6 940 0.0001%
5S 542 58,368 0.0047%
snRNA 919 146,406 0.0118%
snoRNA; CD-box 22 2,379 0.0002%
SRNA snoRNA; HACA-box 7 1,340 0.0001%
snoRNA; scaRNA 1 133 0.0000%
snRNA; splicing 889 142554 0.0115%
IncRNA 2 254 0.0000%
ribozyme 3 849 0.0001%

Table 6. List of non-coding RNAs obtained through annotation.

detected the canonical echinoderm telomeric motif “AACCCT” across the genome. Among the 23 pseudochro-
mosomes, 17 contained telomeric sequences, and 10 pseudochromosomes exhibited telomeric repeats at both
ends, suggesting a high degree of assembly continuity approaching near telomere-to-telomere (T2T) quality
(Fig. 5; Fig. 6).

Putative centromeric regions were identified using the CentroMiner module of quarTeT. The analysis
detected centromeric signatures on nine pseudochromosomes: chr4, chr6, chr7, chr10, chr12, chr14, chrl5,
chrl6, and chr19.
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Sample | Tissue Clean reads Clean bases Q20 bases Q30 bases
BW-8-1 | Body Wall 34,384,163 10,315,248,900 98.90%: 98.33% | 96.59%: 95.87%
BW-8-2 | Body Wall 33,385,016 10,015,504,800 99.10%: 98.59% | 97.07%: 96.33%
CT-1-2 Cuvierian Organ 38,317,795 11,495,338,500 99.22%: 99.66% | 97.10%: 98.69%
CT-3-1 Cuvierian Organ 39,124,760 11,737,428,000 99.29%: 99.66% | 97.35%: 98.66%
CT-4-1 Cuvierian Organ 35,769,453 10,730,835,900 99.28%: 99.67% | 97.27%: 98.72%
IN-2-1 Intestine 49,969,090 14,990,727,000 99.31%: 99.64% | 97.40%: 98.59%
IN-3-1 Intestine 49,133,968 14,740,190,400 99.24%: 99.59% | 97.12%: 98.34%
IN-4-1 Intestine 50,653,582 15,196,074,600 99.35%:99.61% | 97.53%: 98.45%
MS-3-1 | Muscle 53,913,944 16,174,183,200 | 99.03%: 99.56% | 96.37%: 98.18%
MS-8-1 Muscle 45,990,549 13,797,164,700 99.35%: 99.55% | 97.52%: 98.18%
OA-2-1 Ovary 32,522,315 9,756,694,500 99.28%: 99.68% | 97.28%: 98.74%
0A-3-3 Ovary 39,012,042 11,703,612,600 99.35%: 99.73% | 97.54%: 98.93%
OT-1-1 Oral Tentacles 49,141,990 14,742,597,000 99.39%: 99.58% | 97.69%: 98.32%
OT-2-1 Oral Tentacles 40,831,306 12,249,391,800 98.79%: 98.47% | 96.24%: 96.18%
OT-3-1 Oral Tentacles 42,400,416 12,720,124,800 99.23%:99.61% | 97.12%: 98.44%
PV-3-1 Polian Vesicles 32,994,916 9,898,474,800 99.29%: 99.68% | 97.34%: 98.76%
PV-6-1 Polian Vesicles 37,316,538 11,194,961,400 99.34%: 99.60% | 97.52%: 98.43%
PV-8-1 Polian Vesicles 41,250,982 12,375,294,600 | 99.30%: 99.59% | 97.34%: 98.41%
RM-1-1 | Rete Mirabile 42,809,469 12,842,840,700 98.91%:98.11% | 96.59%: 95.35%
RM-3-1 | Rete Mirabile 38,074,253 11,422,275,900 98.97%: 98.52% | 96.80%: 96.34%
RM-4-1 | Rete Mirabile 39,517,117 11,855,135,100 98.81%: 98.30% | 96.28%: 95.77%
RT-1-1 Respiratory Tree 48,709,434 14,612,830,200 98.83%: 97.93% | 96.37%: 94.99%
RT-4-1 Respiratory Tree 44,316,868 13,295,060,400 98.71%: 97.83% | 96.02%: 94.72%
RT-6-1 Respiratory Tree 55,761,211 16,728,363,300 98.91%: 98.03% | 96.58%: 95.18%
SK-4-1 Skin 40,520,645 12,156,193,500 99.40%: 99.67% | 97.75%: 98.71%
SK-4-2 Skin 37,532,130 11,259,639,000 99.27%: 99.64% | 97.30%: 98.61%
SK-7-1 Skin 44,086,827 13,226,048,100 | 99.33%: 99.64% | 97.48%: 98.60%
TS-4-1 Testis 72,403,142 21,720,942,600 98.93%: 97.94% | 96.60%: 94.88%
Total 1209843921 362953176300 — —

Table 7. Data generated from the transcriptomic sequencing of tissue samples. For each Q20/Q30 metric, the
value on the left corresponds to the percentage of raw reads bases and the value on the right corresponds to the
percentage of clean reads bases after filtering.

Swiss-Prot
(19121)
RNAseq Homology
(23691) (24832) Uniprot KEGG
(28047) (20884)
47

GO
(18644)

Fig. 4 Results of gene prediction and various annotations. (a) Venn Diagram of genes predicted by RNAseq
data and homology. (b) Venn Diagram of genes annotated with Swiss-Prot, Uniprot, KEGG, GO and
InterProScan.

Data Records

The following sites store all the data generated in this study available for downloading. The BioProject
PRJNA12502497° of NCBI has been created to store raw data acquired in various sequencings and the final H.
fuscocinerea genome assembled into 23 chromosomes. A complete one-to-one correspondence between each
sequencing library and its SRA run accession is provided as follows. The PacBio HiFi long-read library is available
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Number of | Single Average transcript | Average CDS | Average exons | Average exon | Average intron
Species genes exon gene | length (bp) length (bp) per gene length (bp) length (bp)
Holothuria fuscocinerea 29,878 13.87% 50,219 1,764 8 219 3,309
Holothuria leucospilota 37,209 25.02% 18,434 1,350 6 240 2,960
Apostichopus japonicus 19,828 11.60% 14,590 1,573 8 195 1,845
Stichopus monotuberculatus | 29,596 11.67% 16,701 1,384 7 201 2,251

Table 8. The Holothuria fuscocinerea assembly in comparison with three other available Holothuroidea
genomes in terms of genes and gene elements.

H. fuscocinerea
Feature Orthologs Percent (%)
Complete BUSCOs (C) 917 96.1
Complete and single-copy BUSCOs (S) | 866 90.8
Complete and duplicated BUSCOs (D) | 51 53
Fragmented BUSCOs (F) 16 1.7
Missing BUSCOs (M) 21 22
Total BUSCO groups searched 954 100.0

Table 9. Detailed results obtained from the BUSCO analysis of the annotated genes.

Feature Functionally annotated genes | Percent of all genes (%)
UniProt 28,047 93%
UniProtKB/Swiss-Prot 19,121 63%
KEGG 20,884 69%
InterProscan 23,060 77%
GeneOntology 18,644 62%
Total 28,110 95%

Table 10. Number of coding genes identified by each method of functional annotation.

under accession SRR33220574 (SRX28467615), the MGI short-read whole-genome sequencing (WGS) library is
deposited under SRR33220573 (SRX28467616), and the Hi-C library used for chromosome-level scaffolding is
archived under SRR33220562 (SRX28467627). A total of 28 RNA-seq libraries derived from ten tissues were rep-
resented by their unique SRA run accessions. RNA-seq libraries for intestines are SRR33220544 (SRX28467645),
SRR33220545 (SRX28467644) and SRR33220572 (SRX28467617). RNA-seq libraries for Cuvierian organs
are SRR33220546 (SRX28467643), SRR33220547 (SRX28467642) and SRR33220548 (SRX28467641).
RNA-seq libraries for body walls are SRR33220549 (SRX28467640) and SRR33220551 (SRX28467638). The
RNA-seq library for the testis is SRR33220550 (SRX28467639). RNA-seq libraries for skins are SRR33220552
(SRX28467637), SRR33220553 (SRX28467636) and SRR33220554 (SRX28467635). RNA-seq libraries
for respiratory trees are SRR33220555 (SRX28467634), SRR33220556 (SRX28467633) and SRR33220557
(SRX28467632). RNA-seq libraries for rete mirabilia are SRR33220558 (SRX28467631), SRR33220559
(SRX28467630) and SRR33220560 (SRX28467629). RNA-seq libraries for polian vesicles are SRR33220563
(SRX28467626), SRR33220564 (SRX28467625) and SRR33220561 (SRX28467628). RNA-seq libraries for ova-
ries are SRR33220569 (SRX28467620) and SRR33220568 (SRX28467621). RNA-seq libraries for oral tentacles
are SRR33220567 (SRX28467622), SRR33220566 (SRX28467623) and SRR33220565 (SRX28467624). RNA-seq
libraries for muscles are SRR33220571 (SRX28467618), SRR33220570 (SRX28467619) and SRR33220552
(SRX28467637). Additionally, the accession number JBNFMV0000000007* of DDBJ/ENA/GenBank store the
genome assembly. The mitochondrial genome generated in this study has also been deposited in GenBank. The
Figshare database’ hosts all data generated from genome assembly, gene annotation and functional annotations
at the link: https://figshare.com/s/6c5acac389a19d8c8386.

Technical Validation

Qualification of Nucleicacid.  Agarose gel electrophoresis (0.75%) was performed to determine the degra-
dation level of DNA and RNA samples, followed by purity measurement with NanoDrop One spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and concentration assessment with Qubit 3.0 Fluorometer (Life
Technologies, Carlsbad, CA, USA). DNA samples and RNA samples with concentrations above 10 ng/p.L were
allowed to proceed to library preparation.

Qualification of Genome assembly and Annotation. The k-mer coverage and QV of the final genome
assembly was assessed using Merqury’®. By running the script “best_k.sh”, the best-fit length of k-mer was deter-
mined to be 19. The k-mer amount of the short-read sequencing data was then estimated with Meryl using default
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Fig. 5 Telomeric repeat motif AACCCT distribution discovered with Tidk.

parameters, which together with k-mer amount of the assembly was processed using Merqury for QV value. This
calculation determined the k-mer completeness to be 72.0596% and QV to be 60.4087.

BUSCO analysis, employing 65 genomes consisting of 954 conserved genes from the data collection meta-
zoa_odb10, was also applied to estimate genomic coverage (Table 11). A total of 97.8% BUSCOs were found in
the genome, of which only 3.1% were fragmented. This high complete BUSCOs rate of 94.7% implied that the
genome was well-assembled with minimal gaps. It’s slightly lower than the 96.1% complete BUSCOs rate of
the annotated gene set, since BUSCO analysis of the genome is based on de novo prediction of genes that may
involve skipping of weakly predicted loci, while BUSCO analysis of the gene set directly evaluates already pre-
dicted gene models. Thus, the evidence confirms a structurally reliable genome suitable for future studies on H.
fuscocinerea population genetics, resource management, and artificial breeding.
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Fig. 6 Telomeric repeat chromosomal distribution identified with QuarTeT.

H. fuscocinerea
Feature Orthologs Percent (%)
Complete BUSCOs (C) 903 94.7
Complete and single-copy BUSCOs (S) | 862 90.4
Complete and duplicated BUSCOs (D) | 41 4.3
Fragmented BUSCOs (F) 30 3.1
Missing BUSCOs (M) 21 2.2
Total BUSCO groups searched 954 100.0

Table 11. Detailed results obtained from the BUSCO analysis of the assembled genome.

Data availability

The following sites store all the data generated in this study available for downloading. The BioProject
PRJNA12502497 of NCBI has been created to store raw data acquired in various sequencings and the final H.
fuscocinerea genome assembled into 23 chromosomes. Additionally, the accession number JBNFM V00000000074
of DDBJ/ENA/GenBank store the genome assembly. The Figshare database’ hosts all data generated from genome
assembly, gene annotation and functional annotations at the link: https://figshare.com/s/6c5acac389a19d8c8386.
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Code availability

The following packages, under their established procedures and guidelines, were applied to compute and analyze
the data in this study. The workflows and scripts were not altered unless otherwise specified. No custom code
was used in this study for data processing, curation, or validation. All analyses were performed using publicly
available tools as described in the Methods section. The detailed list of parameters of each software is as follows:

SOAPnuke (v2.1.4): Applied to remove low-quality reads from MGI sequencing raw reads using built-in
configurations.

SMRT Link (v13.1): Applied to transform and filter PacBio sequencing raw data using built-in configurations.
Jellyfish (v2.3.0): Applied to count K-mers for assessment of genome size and heterozygosity with a K-mer size
of 21.

GenomeScope (v2.0.0): Applied to process the K-mer histogram for the assessment of genome size, heterozygo-
sity and repetitive component using built-in configurations.

Hifiasm (v0.19.8-r603): Applied to assemble the PacBio HiFi data after reads comparison and self-correct using
built-in configurations.

Bwa (v0.7.17-r1188): Applied to map the MGI short read data onto the draft assembly using built-in
configurations.

Pilon (v1.23): Applied to correct residual errors with Bwa alignment result using built-in configurations.
Purge_dups (v1.2.5): Applied to reduce redundant haplotigs and determine heterozygosity for the draft genome
under a configuration of -j 80 -s 80.

ALLHIC (v1.1): Applied to assign and orient scaffolds using Hi-C reads into chromosome-level assemblies.
Merqury (v1.3): Applied to assess k-mer coverage and QV value for the qualification of the assembled genome
using best-fit K-mer = 19.

BUSCO (v5.7.1): Applied to estimate genomic coverage using the metazoa_odb10 data collection.

Circos (v0.69): Applied to display chromosomal structure and visualize the distribution of gene regions, repeat
sequences, SNP percentage and NGS sequencing depth.

RepeatMasker (v4.09): Applied to annotate transposable elements using built-in configurations.

EDTA: Applied to annotate de-novo transposable elements using built-in configurations.

Barrnap (v0.9): Applied to identify ribosomal RNAs (rRNAs) using built-in configurations.

tRNAscan-SE (v2.0.11): Applied to search for transfer RNAs (tRNAs) sing built-in configurations.

Infernal (v1.1.4): Applied to identify microRNAs (miRNAs) and small nuclear RNAs (snRNAs) using built-in
configurations.

Braker (v3.0.8): Applied to integrate gene prediction results with 9 selected proteomes and RNAseq reads from
tissues with parameters set to gff3, threads 48, prot_seq = pep.fasta, bam =bams and UTR =on.

HISAT?2 (v2.2.1): Applied to map transcriptomic data for genome annotation using built-in configurations.
StringTie (v2.1.7): Applied to assemble the transcripts for the prediction of gene structures using built-in
configurations.

MAKERS3 (v3.01.03): Applied to combine outputs from various prediction modes into the final gene collection
using built-in configurations.

BLAST (v2.11.0+): Applied for synteny analysis and functional annotation of predicted genes with blastp module
set to e-value = le/-5.
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