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Abstract

Molpadida is one of eight orders in the class Holothuroidea whose phylogenetic positioning has been
debated. The absence of a high-quality Molpadida genome has hindered a thorough understanding of
their taxonomy and evolution. In this study, we reported the chromosome-level genome assembly of
Molpadia sp. C3 from South China Sea, representing the first Molpadida species whose chromosome-
level genome assembly became available. The Molpadia sp. C3 genome assembly has a total length
of 2.53 Gb with a contig N50 length of 2.8 Mb and a scaffold N50 length of 107.8 Mb, encompassing
23 chromosomes, highlighting high genome continuity. Benchmarking Universal Single-Copy
Orthologs (BUSCO) assessment yielded a completeness estimate of 87.4% for this assembly. We
predicted a total of 38,311 protein-coding genes (PCGs), with 32,584 functionally annotated. The
availability of this high-quality chromosome-level genome of Molpadia sp. C3 contributes to our
understanding of the origin and evolution of holothuroids.

Background & Summary

Molpadida Haeckel, 1896 is an order of the class Holothuroidea, which includes eight orders'. Species
in Molpadida, which have been found both in shallow waters and in deep sea?3, have some special
morphological characters, distinct from other sea cucumbers. The body shape of Molpadida species
is fusiform, and their hind body is narrowed to form a distinct tail. Although they possess tentacles
around the mouths derived from the water vascular systems, they have no true tube feet. Since
holothuroids have a suite of homoplastic traits including ossicles, tentacles, and tube feet, and the
current study demonstrates that some of these traits have limited utility in systematics, the taxonomic
status of Molpadida thus remains unresolved and requires further investigation. Based on the digitiform



to digitate tentacles and plated (imbricate) body walls, Pawson and Fell identified that Molpadida were
more related with Apodida, as a subclass Apodacea*. Miller et al adopted a broad-scale molecular
phylogenetic analysis of sequences from mitochondrial (CO/, 16S rDNA,12S rDNA) and nuclear (H3,
18S rDNA, 28S rDNA) sources, and revealed that Molpadida was clustered with Persiculida and
Synallactida, but the support for the clade of Molpadida + Synallactida + Persiculida was low®. Based
on the phylogenetic analysis of nucleotide sequences of 13 protein coding genes (PCGs) in
mitochondrial genomes of sea cucumbers from 6 orders, it was discovered that the order Apodida was
placed in a well-supported basal branch, and Molpadida was not recovered as a sister group to
Synallactida, instead appeared as a poorly supported subgroup within Synallactida®. In addition,
bioluminescence is common seen in deep-sea sea cucumbers and other benthic animals’. Luminous
holothuroids have been found only in the subclass Actinopodae distributed among 5 orders, including
Molpadida®'3. Ancestral state reconstruction analysis suggested six evolutionary origins in the five
orders, however, the polyphyletic relation of Molpadia species in the order Molpadida makes it difficult
for an accurate estimation of the evolution of bioluminescence'®. Meanwhile, research progress in
development, nutritional biology, and biological composition of Molpadida species have also been
made''7. According to the structural elucidation of chilensosides A-D—the glycosides from
Paracaudina chilensis (Caudinidae, Molpadida), it was demonstrated that their structural similarity to
the glycosides isolated from different representatives of the order Dendrochirotida, indicating the
closeness of Molpadida to Dendrochirotida3. It is expected that genome analysis may provide better
resolution for resolving the taxonomic status of Molpadida.

By now, chromosome-level genomes have been constructed from species of five orders
(Dendrochirotida, Synallactida, Holothuriida, Persiculida, and Apodida) in the class Holothuroidea'®-25,
Molpadida is one of the three orders whose genomes have not been constructed. In this study, the
chromosome-level genome of Molpadia sp. C3, which is a species of the family Molpadiidae of
Molpadida, was constructed using combined PacBio long-read sequencing technology and Hi-C
sequencing data-based genome assembly technology. The genome size of Molpadia sp. C3 was 2.53
Gb with high continuity, distributed in 23 chromosomes. This availability of this genome of the first
species of the order Molpadida will facilitate understanding the taxonomic status of Molpadida, and
discovering the details of evolution characters of holothuroids.

Method

Sample collection

The sample Molpadia sp. C3 used in this study was collected from the South China Sea (117°49'48"E,
11°58'05”N, 3066 m deep) using the bottom trawling during the cruise by KK2101 cruise (R/V Jiageng)
on May 13, 2021 (Fig. 1). Once the sample was brought to the upper deck, it was immediately frozen
with liquid nitrogen and then stored at -80°C until for further genomic studies.
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Fig. 1 lllustration of the sampling site and morphology of Molpadia sp. C3.

Nucleic acid extraction, library preparation, and sequencing

The animal sample was dissected in liquid nitrogen, and a portion of the muscle was used for DNA
and RNA extraction. High-quality genomic DNA was extracted using a modified CTAB method?®. To
construct DNA short-read library, we used Covaris S220 to shear extracted DNA (1 ug) to 200 bp as
the input material for the library construction. The sequencing library was generated using the VAHTS
Universal DNA Library Prep Kit for MGl (Vazyme, Nanjing, China) following the manufacturer's
instruction. The library was quantified using Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA,
USA) and sequenced on DNBSEQ-T7 platform (BGI, China)?’, generating 100.62 Gb (39.77x) of 150
bp paired-end reads (Table 1). To construct the SMRTbell library, we used the SMRTbell Express
Template Prep kit 2.0 (Pacific Biosciences). The library was loaded at an on-plate concentration of 120
pM using diffusion loading. SMRT sequencing was performed using a single 8M SMRT Cell on the
Sequel Il System with Sequel Il Sequencing Kit, generating 91.46 Gb of PacBio CCS reads with a
coverage depth of 36.15 x (Table 1). A Hi-C library was constructed according to previous studies?®,
and sequenced on DNBSEQ-T7 platform (BGI, China). The 205.85 Gb raw sequence data were
filtered to obtain 192.82 Gb clean data, with Q20=98.47%, which were used for chromosomal level
genome assembly (Table 1).

For RNA-seq, the total RNA of muscle tissue was extracted using Trizol reagent (Invitrogen, CA,
USA). To construct the library for RNA-seq, we used Covaris S220 to shear extracted RNA (1 ug per
sample) to 200 bp. The mRNA was purified from the total RNA using poly(T) oligo attached magnetic
beads. Sequencing libraries were generated using the Hieff NGS® Ultima Dual-mode mRNA Library
Prep Kit (Yeasen, Shanghai, China) following the manufacturer's recommendations and index codes
were added to attribute sequences to the sample. The library quantification was measured using Qubit
3.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). Subsequently, sequencing was performed
on the MGI-2000 platform (BGI, China).

Genome size estimation



The short-reads from DNBSEQ-T7 platform were quality filtered by SOAPnuke v2.1.0%°. The quality
filtered reads were used for genome size estimation. we generated the 19-mer occurrence distribution
of sequencing reads from the DNA short-read library using the k-mer method. The occurrences of k-
mers were counted by jellyfish 2.1.430, The characteristics of the genome were estimated using
GenomeScope 2.0%'%2. The genome size, heterozygosity rate and repeat content of Molpadia sp. C3
were 2.29 Gb, 2.45%, and 76.45%, respectively (Fig. 2).
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Fig. 2 The k-mer (19-mer) distribution curves for estimation of the genome size, heterozygosity rate,
and repeat content.

Genome assembly

For preliminary assembly, SMRTbell libraries were sequenced on a PacBio Sequel Il system and
consensus reads (HiFi reads) were generated using ccs v4.0.0
(https://github.com/pacificbiosciences/unanimity) with the parameter ‘-minPasses 3'. To further
validate and improve the assemblies, we generated 91.46 Gb (36.15x) PacBio HiFi reads (Table 1).
These long (~15 kb) and highly accurate (>99%) HiFi reads were assembled using hifiasm v0.16.1
with the parameter ‘-I 3'33. For anchored contigs, the clean reads generated from the Hi-C library and
were mapped to the Molpadia sp. C3 preliminary assembly using Juicer v1.5.6 and 3D-DNA v180922.
The Hi-C heatmap was visualized using Juicebox 1.11.08%. The genome landscape illustrating the



length, repeat element density, gene density and GC content was created by circos-0.69-9%. The
assembled genome of Molpadia sp. C3 consisted of 23 chromosomes (Fig. 3; Table 2), with a contig
anchoring rate of 93.69%. The assembled Molpadia sp. C3 genome has a total length of 2.53 Gb with
a contig N50 length of 2.78 Mb and a scaffold N50 length of 107.84 Mb (Table 3).
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Fig. 3 Hi-C analysis of Molpadia sp. C3 genome contigs. Chromosomes are arranged in the size order
from left to right and from bottom to top. The color bar illuminates the logarithm of the contact density
from red (16) to white (0) in the plot.

Table 1. Summary of sequencing data for Molpadia sp. C3 assembly.

Technology Total data (Gb) Reads number Depth (%)
PacBio HiFi 91.46 6,225,556 36.15
DNBSEQ-T7 100.62 670,769,794 39.77
Hi-C 192.82 1,285,478,358 76.21
RNA-seq 7.22 24,078,529 2.85

Table 2. The length and contig number of chromosomes in Molpadia sp. C3 genome.

Chromosome Length (bp)

MspOL1 188,645,477
Msp02 157,228,960
Msp03 138,887,095
Msp04 130,120,612

Msp05 128,696,844



Msp06 126,228,028

MspO07 118,587,980
Msp08 116,917,259
Msp09 110,371,485
Msp10 107,839,791
Mspll 107,284,356
Mspl2 105,757,129
Msp13 101,784,798
Msp1l4 92,716,339
Msp15 91,523,847
Msp16 82,940,393
Msp1l7 74,118,355
Msp18 70,476,329
Msp19 69,615,592
Msp20 67,966,936
Msp21 61,192,432
Msp22 61,052,007
Msp23 58,344,515

Table 3. Assembly statistics of Molpadia sp. C3 genome assembly

Sample ID Contig length  Scaffold length Contig number Scaffold number
Total length (bp) 2,526,520,357 2,527,727,857 2,477 32
Max length (bp) 15,788,927 188,645,477 - -
Number>=10000 bp 2,443 32
Number>=20000 bp - - 2,377 32
N50 2,778,330 107,839,791 287 10
N60 2,232,148 105,757,129 388 12
N70 1,784,782 91,523,847 515 15
N80 1,290,398 72,759,105 681 18
N90 744,559 61,192,432 931 22
GC content (%) 39.55 39.53 - -
Anchored rate (%) 93.69%

Genome annotation
Repeats annotation

Repeat sequences of the Molpadia sp. C3 genome were identified by homology alignment and de
novo prediction. For homology-based analysis, known transposable elements (TEs) within the
Molpadia sp. C3 genome were identified according to the Repbase TE library®¢3” employing
RepeatMasker (v4.0.7)%* and RepeatProteinMask (v4.0.7). For de novo prediction, we constructed a
de novo repetitive elements library of the Molpadia sp. C3 genome using RepeatModeler (v2.0.2) and



LTR_FINDER?®®, and then the library was supplied to RepeatMasker to identify the repeat contents?8.
We also identified tandem repeats using the Tandem Repeat Finder (TRF, v4.10.0) package“’. The
majority (63.70%) of the Molpadia sp. C3 genome was estimated to be repetitive elements (Table 4).
The top 3 most frequent categories of repetitive elements in the Molpadia sp. C3 genome were Class
I/ILTR (27.29%), Class I/LINE (21.24%) and Class I/SINE (9.02%). The distribution of repetitive
elements was highly uneven, with regional content of the repetitive elements in the Molpadia sp. C3
genome, with peaks occurring at regions with low gene density (Fig. 4). In addition, the LINE
transposons were more abundant in the chromosomes Msp02 and Msp03 (Fig. 4).

Table 4. Summary statistics of repetitive sequences in Molpadia sp. C3 genome.

Type Length(bp) Percentage (%)
Class I/LTR/Copia 11,895,229 0.47
Class I/LTR/Gypsy 126,383,004 5.00
Class I/LTR/Other 551,636,756 21.82
Class I/SINE 227,911,161 9.02
Class I/LINE 536,948,286 21.24
Class I/Other 4,764 0.00
Class II/EnSpm 36,717,150 1.45
Class ll/Harbinger 8,547,275 0.34
Class II/hAT 93,016,623 3.68
Class ll/Helitron 21,949,446 0.87
Class ll/Mariner 126,614 0.01
Class II/MuDR 10,049,580 0.40
Class II/P 4,939,648 0.20
Class Il/Other 94,505,917 3.74
Other 181,137,886 7.17
Unknown 3,886,113 0.15

Total 1,610,027,158 63.70
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Fig. 4 The genomic landscape of Molpadia sp. C3 (from outer to inner circles): a. the 23 chromosomes;
b. gene density; c. DNA transposon density; d. LINE transposon density; e. LTR transposon density;
f. GC density; and g. a colinear relationship across the genome, drawn in 1 Mb non-overlapping

windows.

Protein coding gene annotation
Protein coding gene (PCG) structures were predicted using three basic strategies: de novo,

homology-based, and transcriptome sequencing-based prediction. For homology-based gene
prediction, gene sets from five echinoderms Acanthaster planci*', Apostichopus japonicus'®, Chiridota
heheva??, Hansenothuria sp. M1226 (unpublished), and Strongylocentrotus purpuratus*? were used.
GeMoMa (v1.8) and Genewise (v2.4.1) were used to align the protein sequences of Molpadia sp. C3
to the five other species for homology-based gene prediction. For RNA-seg-aided gene prediction, we
first mapped short RNA reads to the reference genome using HISAT2 (v2.2.1), and then assembled
transcripts using StringTie (v2.2.1) with the default parameters. The transcripts were used to predict



Open Reading Frames (ORFs) using TransDecoder (v5.5.0). Based on the genome sequence, we
used Augustus (v3.4.0)%34% to perform de novo gene prediction. Finally, EvidenceModeler (EVM,
v1.1.1) was applied for combining predicted results from three strategies above. A total number of
38,311 PCGs were annotated in the Molpadia sp. C3 genome (Table 5). The average gene length,
average coding sequence (CDS) length, average exon length, and average intron length were 26,693
bp, 1,667 bp, 317 bp, and 5,879 bp, respectively.

Table 5. Statistics of PCG structure prediction in Molpadia sp. C3 genome.

Average Average Average Average Average
Type Gene Set Number transcript CDS exons per  exon intron
length(bp) length(bp) gene length(bp) length(bp)
De novo Augustus 43,961 21,451.83 1,736.78 5.22 333.06 4,677.85
Acanthaster planci 8,458 75,217.38 1,698.90 9.85 172.41 8,303.43
Apostichopus
23,712 33,860.95 1,258.81 5.00 251.88 8,155.26
japonicus
Chiridota heheva 11,827 18,341.00 1,121.18 3.80 294.80 6,143.00
Homolog
Hansenothuria sp.
13,111 22,600.84 2,056.35 8.48 242.41 2,745.53
M1226
Strongylocentrotus
10,776 48,641.56 1,670.86 8.26 202.23 6,467.87
purpuratus
RNAsed  granscripts 19,173 32,485.11 925.69 4.91 531.73 7,641.78
Final - 38,311 26,693.41 1,666.66 5.26 317.22 5,879.68

Gene functions were assigned according to the best match by aligning the protein sequences to the
Swiss-Prot*6 using Blastp (v2.2.26, with a threshold of E-value < 1e5). The motifs and domains were
annotated using InterProScan (v5.59-91.0)*" by searching against publicly available databases Pfam?*8,
The Gene Ontology (GO) IDs for each gene were assigned according to the corresponding InterPro
entry. We predicted the proteins function by transferring annotations from the closest BLAST hit (E-
value <10%) in the Swiss-Prot*¢ database and DIAMOND (v2.1.9) hit (E-value<10-)/ BLAST hit (E-
value<10®) in the National Center for Biotechnology Information (NCBI) Non-Redundant (NR). We
also mapped gene set to a KEGG pathway and identified the best match for each gene. Of these
PCGs, 32,584 (85.05%) had functional annotations assigned using comparisons to public databases,
including NCBIs nr, Swiss-Prot*6, KEGG*?, KOG, TrEMBL*“, InterPro and Gene Ontology®° (Table 6),
supporting the high quality of the genome.

Non coding RNA gene annotation

We used tRNAscan-SE (v1.3.1) algorithms®' with default parameters to identify the genes associated
with tRNA. For rRNA identification, we selected the invertebrate rRNA database from BLASTN as
references, and used Blast (v2.2.26) to search for rRNA. MiRNAs and snRNAs were identified by



cmsearch (v1.1.4) against the Rfam (v14.1) database*® with default parameters. All the ncRNA
annotation were summarized in Table 7.

Table 6. Statistics of gene function annotation.

Type Number Percentage (%)
Total 38,311 100.00
NR 30,832 80.48
Swissport 17,586 45.90
KEGG 20,525 53.57
KOG 16,870 44.03
TrEMBL 30,533 79.70
InterPro 25,751 67.22
GO 15,685 40.94
Annotated 32,584 85.05
Unannotated 5,727 14.95

Table 7. Statistics of ncRNA annotation in Molpadia sp. C3 genome

Average-length % of
Type Co Total-length(b
yp py (bp) gth(bp) genome
miRNA MiRNA 14 81.71428571 1144 0.000045
tRNA tRNA 4827 73.81499896 356305 0.014096
rRNA rRNA 1137 108.826737 123736 0.004895
18S 135 248.6222222 33564 0.001328
28S 25 53.28 1332 0.000053
5.8S 0 0 0 0
5S 977 90.93142272 88840 0.003515
SnRNA SnRNA 2091 138.278814 289141 0.011439
CD-box 31 123.0967742 3816 0.000151
HACA-box 2 265 530 0.000021
splicing 2058 138.3843537 284795 0.011267

Genome quality assessment
To examine the assembly integrity, the assembled genome and predicted PCGs were subjected to
BUSCO (v5.1.2)%2 using the metazoan_db10 database to evaluate the completeness of the genome,



respectively. We found that 87.4%-87.6% of the core genes used by BUSCO were identified as full
length in the Molpadia sp. C3 genome assembly (Table 8). We further tested the completeness of the
predicted PCGs using BUSCO, which identified 85.12% of the core genes as full length.

Table 8. Completeness assessment of Molpadia sp. C3 by BUSCO

Contig Scaffold Gene set
Type Number Number Number
Percentage Percentage Percentage
of genes of genes of genes
Complete 836 87.6% 834 87.4% 812 85.12%
BUSCOs (C)
Completeand 734 76.9% 809 84.8% 748 78.41%
single-copy
BUSCOs (S)
Complete and 102 10.7% 25 2.6% 64 6.71%
duplicated
BUSCOs (D)
Fragmented 36 3.8% 32 3.4% 81 8.49%
BUSCOs (F)
Missing 82 8.6% 88 9.2% 61 6.39%
BUSCOs (M)
Total BUSCO 954 954 954
groups

Gene family and phylogenomic analyses

Gene family analysis was conducted using OrthoFinder (v2.5.5)% to examine the orthologous genes
shared by Molpadia sp. C3 and other related species including A. japonicus'®, Stichopus
monotuberculatu?®®, C. heheva??, Holothuria scabra®, S. purpuratus*®, Amphiura filiformis®*, Asterias
amurensis®®, Glyptometra sp. CNS01629%, and Branchiostoma floridae® . Based on these 10 species,
a total number of 1,338 single-copy orthologous genes were obtained for phylogenetic analysis. First,
multiple alignments of protein sequences were conducted by MUSCLE (version 3.8.31)%; then, the
CDS alignment was constructed based on the protein alignments. The nucleotides at position 2 (phase
1) of each codon were extracted to construct the phylogenetic tree using RAXML (version 8.2.13)%°
with the model “GTRGAMMA.”, with B. floridae as the outgroup. The divergence times were estimated
MCMCTree in PAML (v4.9j)° and we calibrated the model using the divergence times between B.
floridae — A. japonicus (590 Ma—896 Ma), A. filiformis — S. purpuratus (461 Ma—600 Ma), S. purpuratus



— H. scabra (371 Ma—464 Ma), and H. scabra-A. japonicus (158 Ma-308 Ma) obtained from the
TimeTree Website. According to the phylogenetic tree, Molpadia sp. C3 and the other sea cucumbers
clustered in a single clade, and Molpadia sp. C3 diverged from A. japonicus and S. monotuberculatu
approximately 139 million years ago (mya) (Fig. 5).

Amphiura filiformis
445.25

Asterias amurensis

501.83 Strongylocentrotus purpuratus

Holothuria scabra

44218 174.65

Molpadia sp. C3

139.26 .
594.25 —— Stichopus monotuberculatus
30459 91.04

Apostichopus japonicus

——712.09 Chiridota heheva
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Branchiostoma floridae
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Fig. 5 Phylogenetic analysis between Molpadia sp. C3 and other related species.

Data Records

The data that support the findings of this study are openly available in public repositories National
Genomics Data Center (NGDC)8', NCBI and figshare. All raw sequencing data of the short-read,
PacBio, Hi-C, and RNA-seq sequencing data for Molpadia sp. C3 were deposited at NGDC under the
BioProject accession number PRJCA051471. The raw short-reads, PacBio, Hi-C, and RNA-seq
sequencing data are available in the Genome Sequence Archive (GSA)?2 with the accession numbers
CRR2351251%3, CRR2351252-CRR23512556467, CRR2351256-CRR235125968 71, and
CRR23512607?, respectively. The final genome assembly data and annotation files of repeats
annotation and PCG annotation are available in NCBI”3 and figshare™, respectively.

Technical Validation

To evaluate the assembly completeness and integrity, we implemented two complementary validation
approaches. First, the completeness of Molpadia sp. C3 genome assembly was evaluated using the
BUSCO?%2 (in the metazoa_odb10 database), and the completeness was 87.4% (84.8% single-copied
genes and 2.6% duplicated genes) (Table 8). The Hi-C heatmap revealed a well-structured interaction
pattern in and around the chromosome inversion regions (Fig. 3).

Data Availability
The data that support the findings of this study are openly available in public repositories NGDC, NCBI
and figshare. All raw sequencing data of the short-read, PacBio, Hi-C, and RNA-seq sequencing data



for Molpadia sp. C3 were deposited at NGDC under the BioProject accession number PRICA051471.
The raw short-reads, PacBio, Hi-C, and RNA-seq sequencing data are available in the Genome
Sequence Archive (GSA)®? with the accession numbers CRR2351251%%, CRR2351252-
CRR2351255%4-67, CRR2351256-CRR23512596871, and CRR23512607?
(https://ngdc.cncb.ac.cn/gsa/browse/CRA033897), respectively. The final genome assembly data and
annotation files of repeats annotation and PCG annotation are available in NCBI
(https://identifiers.org/ncbi/insdc:JCADBF000000000.1) and figshare
(https://doi.org/10.6084/m9.figshare.30899549), respectively.

Code Availability

No custom scripts were used in this study. All software and pipelines were executed in accordance
with the manuals and programs of the published bioinformatic tools. All programs used in this study
are publicly available, with version and parameters explicitly described in the Methods section.
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