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Abstract

:

The sea star Patiria pectinifera (Asteroidea; Asterinidae; homotypic synonym: Asterina pectinifera; Muller & Troschel, 1842) is widely distributed in the coastal regions of the Seas of East Asia and the northern Pacific Ocean. Here, a de novo genome sequence of P. pectinifera as a reference for fundamental and applied research was constructed by employing a combination of long-read Oxford Nanopore Technology (ONT) PromethION, short-read Illumina platforms, and 10 × Genomics. The draft genome of P. pectinifera, containing 13,848,344 and 156,878,348 contigs from ONT and Illumina platforms, respectively, was obtained. Assembly with CANU resulted in 2262 contigs with an N50 length of 367 kb. Finally, ARCS + LINKS assembly combined these contigs into 328 scaffolds, totaling 499 Mb with an N50 length of 2 Mbp. The estimated genome size by GenomeScope analysis was 461 Mb. BUSCO analysis indicated that 930 (97.5%) of the expected genes were found in the assembly, with 889 (93.2%) being single-copy and 41 (4.3%) duplicated after searching against the metazoan database. Annotation, utilizing sequences obtained from Illumina RNA-Seq and Pacific Biosciences Iso-Seq, led to the identification of 22,367 protein-coding genes. When examining the orthologous relationship of P. pectinifera against the scaffolds of the common sea star Patiria miniata, high contiguity was observed. Annotation of repeat elements highlighted an enrichment of 1,121,079 transposable elements, constituting 47% of the genome, suggesting their potential role in shaping the genome structure of P. pectinifera. This de novo genome assembly is expected to be a valuable resource for future studies, providing insight into the developmental, environmental, and ecological aspects of P. pectinifera biology.
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1. Introduction


The Asteroidea, commonly known as sea stars or starfishes, constitutes one of the largest and most distinctive classes in the phylum Echinodermata, which has four additional other well-defined clades: Crinoidea (sea lilies and feather stars), Echinoidea (sea urchins, sand dollars, and sea biscuits), Holothuroidea (sea cucumbers), and Ophiuroidea (basket stars and brittle stars) [1,2]. Sea stars are widely distributed throughout the oceans, occupying various depths, and play a crucial role as highly predatory scavengers of benthic macrofauna, engaging in grazing activities. They exhibit remarkable diversity in terms of phenotypes, displaying extraordinary coloration, varying sizes, and responses to environmental conditions. The life cycle of sea stars involves a unique metamorphosis during growth, transitioning from a bilateral symmetric planktonic larval stage to settling as radial symmetric adults. Noteworthy for their longevity, ubiquity, prolificacy, prevalence, dominancy, possession of calcified skin for protection, and phenotypic plasticity, changes in the population dynamics of sea stars can significantly impact marine communities. Sea stars often function as keystone species, influencing the balance of ecosystems, and occasionally, their population fluctuations can have detrimental effects on commercially valuable marine resources [3,4,5]. As a result, sea stars are acknowledged as one of the most successful life forms within the animal kingdom.



Sea stars have been extensively employed in various realms of biological and ecological research. Beyond their distinct phenotypes, sea stars have long been renowned for their remarkable ability to regenerate not only their limbs but also their central bodies and, in some instances, their entire bodies [6,7]. They have been instrumental in embryonic developmental research [8,9]. The ecological and environmental significance of sea stars has been consistently emphasized due to their wide geographic habitats and their adaptive capacity to environmental fluctuations. Endowed with unique evolutionary characteristics, such as being one of three deuterostome phyla (along with Chordata and Hemichordata), the genomic information of echinoderms, such as the sea stars studied here, holds the potential to provide insights into the evolutionary transition to vertebrates. In the class Asteroidea, the genome of the crown-of-thorns sea star, Acanthaster planci, was the first to be sequenced and assembled, shedding light on its chemical signaling method for colonizing from signal individuals to large numbers [10]. This discovery suggests the potential for controlling outbreaks and preventing the substantial loss of coral reefs [10]. However, large-scale genome analysis has not been extensively characterized in other sea stars, although genome assemblies of Asterias rubens, Patiria miniata, Patiriella regularis, and Pisaster ochraceus are registered in the NCBI genome database. To date, several studies have aimed at annotating potentially functional transcripts [11,12,13] and profiling the transcriptome in tissues [14,15,16,17,18,19] and developmental stages [20,21]. To fully leverage the sea star model system and comprehend the intricate mechanisms behind regeneration, unique metamorphosis, and molecular evolution with chordates, improving the quality of nucleotide sequences and employing advanced bioinformatics for orthology assignment and enhancing annotations are imperative on the genome resource.



The sea star Patiria pectinifera (Asteroidea; Asterinidae), formerly known as Asterina pectinifera, is widely distributed in the Yellow Sea, the East Sea of Korea, and coastal regions of Japan and the Russian Federation, serving as a keystone species in the northern Pacific and Atlantic Oceans. Three species, P. pectinifera, P. miniata (North America), and P. chilensis (South America), are registered in the genus Patiria. They occasionally form dense aggregations, leading to detrimental consequences for mussel beds. Although the high quality of genome assembly has been reported for the genus Patiria, fundamentally, interspecific variations such as nucleotide polymorphism, sequence inversions, and/or chromosomal inversions are observable in different species, even within the same genus. These variations have the potential to influence distinct population structures and geographical distributions due to varying susceptibility to environmental factors and adaptive capacities. Conducting a comparative genome analysis across multiple species can yield crucial insights into speciation, adaptability to environmental changes, ecological and evolutionary patterns, genetic diversity, and the future organization of populations. The diploid chromosome number of P. pectinifera was determined to be 44 [22], but genome size estimation has not been conducted yet. In this study, we established a reference genome for P. pectinifera using long-read Oxford Nanopore Technology (ONT) PromethION. The genome of P. pectinifera was statistically compared to the available sea star genomes to understand Asteroidea-specific genomic structures. This genomic assembly will be an essential resource for genetic and genomic studies, as well as research on the ecological and evolutionary aspects of P. pectinifera.




2. Materials and Methods


2.1. Sample Collection and DNA Extraction


Individuals of P. pectinifera were collected from Banam-ri, Goseong-gun and Gangwon-do, South Korea (38°25′37.1″ N 128°27′38.0″ E). A single specimen was used for DNA extraction and total RNA preparation [23]. For DNA isolation, fresh gonad tissue from one specimen was used, employing the classical extraction method with saturated phenol (25:24:1) and chloroform–octanol (24:1). The quantity and quality of the isolated DNA were measured using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and the integrity of the DNA was confirmed through electrophoresis on 1% agarose gel. Total RNA was also extracted from the same tissues using TRI Reagent® (Sigma–Aldrich, Inc., St. Louis, MO, USA) following the manufacturer’s instructions. The integrity, purity, and concentration of total RNA were measured using a NanoDrop® 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA), with absorbance values recorded at 230, 260, and 280 nm (A230/260, A260/280).




2.2. Oxford Nanopore Technology (ONT) PromethION Sequencing


For ONT sequencing, 1.5 μg of genomic DNA underwent a 40 kb size selection and shearing process using the BluePippin system (Sage Science, Beverly, MA, USA). Libraries were constructed using a Ligation Sequencing Kit (SQK–LSK109; Oxford Nanopore Technologies, Oxford, UK), following the manufacturer’s instructions. The libraries were sequenced with the PromethION Flow Cell Priming kit (EXP–FLP001.PRO.6) on the Flowcell (FLO–PRO002) with pore ver. R9.4. All sequencing runs were performed on the PromethION instrument (Oxford Nanopore Technologies).




2.3. 10 × Chromium Genome Library Sequencing


Genomic DNA was prepared for 10 × Genomics (Pleasanton, CA, USA) Chromium sequencing (Chromium Genome Library & Gel Bead Kit v2, PN–120 258; Chromium i7 Multiplex Kit, PN–120 262). The quality of the DNA samples was verified by pulsed-field gel electrophoresis and a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). Gel beads-in-emulsion (GEMs) were generated by combining a library of genome gel beads with 1.5 ng of genomic DNA in a master mix and partitioning oil. This process was performed using a 10 × Genomics Chromium Controller instrument along with a microfluidic Genome chip (PN-120257). BluePippin sample size selection was conducted to remove fragments shorter than 40 kb. The Chromium Controller was used, and GEM preparation was performed as instructed by the manufacturer. Barcoded DNA fragments were extracted and subjected to Illumina library construction following the Chromium Genome Reagent Kits Version 2 User Guide (PN-120258). The library yield was measured with a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), and library fragment size and distribution were determined using an Agilent 2100 Bioanalyzer High Sensitivity DNA chip (Santa Clara, CA, USA). The library was constructed by end repairing, A-tailing, adapter ligation, and PCR amplification, and sequenced with paired-end 150 bp runs on the Illumina Novaseq 6000 platform (Illumina Inc., San Diego, CA, USA).




2.4. Illumina Sequencing


The genomic DNA library was prepared following the protocol of the Illumina TruSeq Nano DNA Library preparation kit (Illumina Inc.). For sample library preparation, 0.1 μg of high molecular weight genomic DNA with an insert size of 550 bp was randomly sheared to yield DNA fragments using the Covaris S2 instrument (Covaris Inc., Woburn, MA, USA). The fragmented DNA samples were blunt-ended and phosphorylated, and a single ‘A’ nucleotide was added to the 3′ ends of the fragments in preparation for ligation to an adapter that has a single-base ‘T’ overhang. Adapter ligation at both ends of the genomic DNA fragment conferred different sequences at the 5′ and 3′ ends of each strand in the genomic fragment. Ligated DNA was amplified with PCR to enrich fragments that have adapters on both ends. The quality of the amplified libraries was verified by capillary electrophoresis (Bioanalyzer, Agilent Technologies, Waldbronn, Germany). After quantitative PCR using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), we combined libraries that were index-tagged in equimolar amounts in the pool. High-throughput sequencing was performed using an Illumina NovaSeq 6000 platform (Illumina Inc.) following provided protocols for 2 × 150 paired-end sequencing.




2.5. Assembly


Genome size and heterozygosity were estimated using Jellyfish 2.1.4 [24] with K–values of 29. De novo assembly was conducted using CANU ver. 1.8 (RRID:SCR 015880) [25] with the ONT sequences. Error correction was performed using Pilon ver. 1.2.3 (RRID:SCR 014731) [26] with the Illumina whole genome sequences to improve the base-pair-level quality of the genome assembly. To purge duplicated haplotype contigs, the ONT sequences were screened using Purge_haplotigs ver. 1.1.1 (RRID:SCR 017616) [27] with default parameters. Finally, to obtain long continuous sequences, the ARCS ver. 1.2.4 [28] + LINKS ver. 1.8 [29] pipeline was used with the 10× Chromium barcoded paired-end reads that were created by Longranger software (version 2.2; https://support.10xgenomics.com; accessed on 16 March 2021).



We compared genome sequences between P. pectinifera scaffolds at a 25 Mb resolution and the scaffolds of P. miniata using MUMmer (version 4.02b, RRID:SCR_018171) [30]. Raw sequence hits were computed with a minimum alignment length of 300 bp. Circos (RRID:SCR_011798) [31] was employed to visualize and compare genome sequences based on the homogeneous coordinates identified using MUMmer.




2.6. Transcriptome Sequencing


Transcriptome data were obtained with Illumina paired-end sequencing (150–bp; Illumina Novaseq platform). The complementary DNA (cDNA) library was prepared using a TruSeq Sample Preparation Kit (Illumina) according to the manufacturer’s instructions. Two micrograms of total RNA were used from each sample and pooled for RNA sequencing. The pooled samples were sequenced using one SMRT cell v3 based on P6–C4 chemistry after standard full-length cDNA (1–3 kb) library preparation, and a total of two SMRT cells were sequenced on a PacBio Sequel system (Pacific Biosciences, Menlo Park, CA, USA). To obtain clean data, raw reads were filtered out by removing low-quality reads and reads containing adapters and poly–N. Demultiplexing, filtering, quality control, clustering, and polishing of the Iso-Seq sequencing data were performed using SMRT Link (ver. 6.0.0).




2.7. Completeness Assessment


To evaluate the completeness of the P. pectinifera assembly, the assembled scaffolds were subjected to Benchmarking Universal Single-Copy Orthologs (BUSCO) ver. 3.0 (RRID:SCR 015008) with default parameters, using the conservation of a core set of genes from the metazoan database (metazoa_odb10) [32].




2.8. Genome Annotation and Repeat Analysis


A de novo repeat library was constructed using RepeatModeler ver. 1.0.3 (RRID:SCR 015027) [33], which includes RECON ver. 1.08 [29] and RepeatScout ver. 1.0.5 (RRID:SCR 014653) [34], with default parameters. Tandem Repeats Finder ver. 4.09 was employed to predict consensus sequences, classification information for each repeat, and tandem repeats, including simple repeats, satellites, and low-complexity repeats [35].



Genome annotation was performed using MAKER ver. 2.31.8 (RRID:SCR 005309) [36], a portable and easily configurable genome annotation pipeline. Subsequently, the repeat-masked genomes were used for ab initio gene prediction with SNAP v2006–07–28 (RRID:SCR 002127) [37] and Augustus ver. 3.2.3 (RRID:SCR 008417) [38]. MAKER was initially run in the est2genome mode, based on Iso-Seq data full-length transcripts and transcriptome assemblies from RNA-Seq using Trinity ver. 2.5.1 (RRID:SCR_013048) [39]. Exonerate software, ver. 2.2, providing integrated information for the SNAP software program, was used to polish MAKER alignments. MAKER was used to select and revise the final gene model considering all available information. Other non-coding RNAs were identified using the Basic Rapid Ribosomal RNA Predictor ver. 0.9 (Barrnap, RRID:SCR_015995). The putative tRNA genes were identified using tRNAscan-SE ver. 2.0.5 (RRID:SCR 010835) [40].



The predicted genes were annotated by aligning them to the NCBI non-redundant protein (nr) databases [41] using BLAST ver. 2.4.0 with a maximum E-value cut-off of 1 × 10−5. To obtain protein domain information, InterProScan ver. 5.44.79 (RRID:SCR 005829) [42] was employed for a protein sequence translated from a transcript. Gene Ontology (GO) terms (RRID:SCR 002811) [43] were assigned to the genes using the BLAST2GO ver. 4.0 pipeline (RRID:SCR 005828) [44]. Pathway annotation analysis utilized the Kyoto Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation Server.



A comparative Venn diagram of the paralogous and orthologous groups among the four sea star genomes (A. planci, A. rubens, P. miniata, and P. pectinifera) was generated using OrthoFinder [45]. Orthologous gene clusters of the four genomes were classified using the OrthoMCL pipeline [46] with the Markov clustering algorithm [47] and default parameters.





3. Results and Discussion


3.1. Genome Sequencing and Assembly


Genomic information and knowledge on molecular evolution are scarce in sea stars. In this study, leveraging the advantages of long-read sequencing technology, we sequenced 60 Gb and 24 Gb of genomic data using ONT and Illumina platforms, respectively (Table S1). The average coverage of the raw sequences on the P. pectinifera genome was 120-fold and 48-fold, with N50 lengths of reads sequenced from ONT reaching 9.6 kb. The genome was assembled, yielding a reference genome size of 499 Mb with an N50 length of about 2 Mb and a longest length of 7.5 Mb (Figure 1A; Table 1). The genome size and N50 value of P. pectinifera are comparable to those of the bat star P. miniata (Asteroidea; Asterinidae; ASM1570657v1; 608 Mb; N50 2 Mb; unpublished), crown-of-thorns starfish A. planci (Asteroidea; Acanthasteridae; OKI–Apl_1.0; 384 Mb; N50 5 Kb; H; [7]) and European starfish A. rubens (Asteroidea; Asteriidae; eAstRub1.3; 418 Mb; N50 1.4 Mb; unpublished).



When the scaffolds of P. pectinifera were compared to the largest 30 pseudochromosomes of P. miniata, all the scaffolds were directly aligned (Figure 1B), suggesting that our assembly contained crucial synteny with contiguity. The completeness of the P. pectinifera genome assembly was assessed using BUSCO against the metazoan database. Of the 954 total BUSCO groups aligned, 930 and 10 BUSCO core genes were completed and fragmented, respectively (Table 2), resulting in a total of 98.5% of core metazoan genes being annotated in the P. pectinifera genome assembly. This result suggests that the assembled P. pectinifera genome is intact for completing the annotation of protein-coding sequences.




3.2. Gene Annotation and Comparison with Sea Star Genomes


A total of 17,334 P. pectinifera genes were annotated through bioinformatics, and 99.4% of these genes aligned with known proteins in public databases (Table S2). Principal BLAST hits revealed that about 15,343 P. pectinifera contigs exhibited sequence similarities to transcripts of the crown-of-thorns starfish A. planci (Figure 1C). However, the number of hits to the genes of the bat star P. miniata was very low. BLAST hit analysis was not performed on the bat star P. miniata or European starfish A. rubens due to the absence of their transcript information in the NR database. Orthologous analysis identified a core set of 10,121 genes shared among the four sea star genomes, with 135 genes being P. pectinifera-specific (Figure 1D). Approximately 12,698 and 7880 genes were functionally annotated by GO and KEGG orthology prediction, respectively.



The P. pectinifera genome contained 47.43% repetitive sequences, with 7.31%, 4.62%, 1.94%, and 1.38% of repetitive sequences attributed to DNA transposons, long terminal repeats (LTRs), long interspersed elements (LINEs), and short interspersed elements (SINEs), respectively (Table S3). The amount of transposable elements (TEs) in the genome is comparable, with 51.65%, 28.48%, and 45.87% TEs occupying the genomes of P. miniata, A. planci, and A. rubens, respectively (Table S3). Approximately 31% of TEs were specific unknown repeats, a figure comparable to the results for P. miniata (34%), A. planci (21%), and A. rubens (32%). Although only four genomes, including P. pectinifera, are available in sea stars, and thus generalization is limited, a positive correlation between TE content and genome size was observed in sea star genomes. The largest genome of P. miniata (608 Mb) had the largest TE content, while the smallest genome of A. planci (384 Mb) possessed the smallest TE content (Table S3). Overall, the composition of TEs was similar between Patiria species (P. pectinifera and P. miniata) (Figure 2), but the ratio was quite different from those of A. planci and A. rubens (Figure 3; Table S3). A relatively higher number of LTR members was observed in Patiria species than in A. planci and A. rubens.




3.3. Comparison of Transposable Elements


Approximately half of the genome in the Patiria species is comprised of transposable elements (TEs). TEs are major contributors to genome rearrangement and expansion due to their replicative nature [48]. Across vertebrates and invertebrates, the numbers and compositions of TEs vary greatly [49,50,51,52,53], indicating their crucial role in genome structure and evolution. While there is limited information on the positive correlation between TE content and genome size in invertebrates, recent studies have provided evidence for this relationship. For instance, larvaceans, with ~12-fold variation in genome size, show multiple independent genome expansions driven by TEs [54]. TEs are also recognized as important drivers of large genome sizes in the order Trichoptera, which exhibits ~14-fold variation in genome size [55]. Thus, the relatively higher composition of TEs in the genomes of Patiria species, with their larger genome sizes than those of A. planci and A. rubens, suggests potential roles of TEs in genome expansion and size variation.



Comparative analyses of Kimura substitution levels indicate that Patiria species have experienced more recent transposition bursts compared to A. planci and A. rubens, suggesting recent amplification of TEs (Figure 2). Several TEs in Patiria species exhibit unique or higher expansion in their genomes compared to A. planci and A. rubens, including Academ-1, MULE-MuDR, PIF-Harbinger, Sola-2, Zator, hAT-Ac, hAT-Blackjack, hAT-Tip100, Helitron, Gypsy, and tRNA-Deu-CR1 (Figure 3). While information on the role of each TE in invertebrates is still scarce, in the case of Oikopleura dioica, which has a very small and compact genome, many absences in elements of the most ancient families of retrotransposons were observed [56,57]. Thus, the unique composition of certain TEs in Patiria species may be genus-specific contributors responsible for the variance in genome sizes in sea stars. A critical evaluation of the relationship between TE diversity and genome structure in sea stars would require an in-depth understanding of the molecular and evolutionary functions of TEs. Nonetheless, the information presented here on the genome and TEs in P. pectinifera serves as a useful reference for understanding genomic structure and genome evolution in sea stars.



In summary, we successfully constructed the genome of the sea star P. pectinifera by integrating Oxford Nanopore Technology and Illumina platforms. The CANU assembly yielded 2262 contigs, and the incorporation of Illumina RNA-Seq and Pacific Biosciences Iso-Seq techniques identified a total of 22,367 protein-coding genes. Furthermore, an analysis of repeat elements in the genome indicated their potential role in shaping the genomic structure of P. pectinifera. The availability of the sea star P. pectinifera genome is expected to enhance genetic monitoring efforts, providing a foundation for a deeper comprehension of evolutionary mechanisms and supporting further genetic investigations into the life history and ecological traits of sea stars.
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Figure 1. (A) Results of genome size estimation of Patiria pectinifera assembly obtained by GenomeScope analysis. Diagram shortcuts are as follows: len, inferred total genome length; uniq, percent of the genome that is unique (not repetitive); het, overall rate of heterozygosity; kcov, mean k-mer coverage for heterozygous bases; err, error rate of the reads; dup, average rate of read duplications; k, k-mer size; observed, the observed k-mer profile; full model, estimated GenomeScope model; unique sequence, line representing unique sequences (k-mers below the line are treated as unique); errors, line representing sequencing errors (k-mers below the line are treated as incorrect); k-mer peaks, increased number of k-mers compared to the number of k-mers with lower and higher coverage. (B) Analysis of contiguity of Patiria pectinifera scaffolds at 25 Mb resolution against that of Patiria miniata. (C) Numbers of major BLAST hits matched to Patiria pectinifera transcripts at the species level. (D) Venn diagram of orthologous gene families. Four sea star genomes (Acanthaster planci, Asterias rubens, Patiria miniata, and Patiria pectinifera) were used to generate the Venn diagram based on the gene family cluster analysis. 
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Figure 2. Comparison of repetitive components and orthologous in sea star genomes: (A) Patiria pectinifera, (B) Patiria miniata, (C) Acanthaster planci, and (D) Asterias rubens. Kimura distance-based copy divergence analysis of transposable elements in four sea star genomes. Graphs represent genome coverage (Y-axis) for each type of TE (DNA transposons, SINE, LINE, and LTR retrotransposons) in the different genomes analyzed, clustered to their corresponding consensus sequence according to Kimura distances (X-axis, K-value from 0 to 50). 
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Figure 3. Comparison of enrichment of transposable elements in sea star genomes, Patiria pectinifera, Patiria miniata, Acanthaster planci, and Asterias rubens. The numbers of each transposable element are represented by the intensity of the boxes. 
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Table 1. Patiria pectinifera genome assembly statistics.
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	Contig

(CANU + Purge Haplotig)
	Scaffolds

(ARCS + LINKS)





	Number
	2262
	328



	Total size (bp)
	498,515,706
	498,709,106



	Longest (bp)
	1,930,555
	7,533,982



	Shortest (bp)
	15,929
	46,576



	Number of contig (scaffolds) > 1 Kb
	2262
	328



	Number of contig (scaffolds) > 10 Kb
	2262
	328



	Number of contig (scaffolds) > 100 Kb
	1369
	326



	Number of contig (scaffolds) > 1 Mb
	19
	186



	Mean contig (scaffolds) size (bp)
	220,387
	1,520,455



	Median contig (scaffolds) size (bp)
	143,266
	1,171,799



	N50 contig (scaffolds) length (bp)
	366,850
	1,995,231



	L50 contig (scaffolds) count
	436
	79










 





Table 2. Benchmarking Universal Single-Copy Orthologs (BUSCO) evaluated for the completeness of the Patiria pectinifera genome assembly.
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	Metazoa_odb10 (N: 954)
	No.
	%





	Complete BUSCOs
	930
	97.5



	Complete and single-copy BUSCOs
	889
	93.2



	Complete and duplicated BUSCOs
	41
	4.3



	Fragmented BUSCOs
	10
	1.0



	Missing BUSCOs
	14
	1.5



	Total BUSCO groups searched
	954
	100
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