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Abstract

The painted urchin Lytechinus pictus is a sea urchin in the family Toxopneustidae and one of several sea urchin species that are

routinely used as an experimental research organism. Recently, L. pictus has emerged as a tractable model system for establishing

transgenic sea urchin lines due to its amenability to long term laboratory culture. We present the first published genome of L. pictus.

This chromosomal-level assemblywasgeneratedusing Illumina sequencing inconjunctionwithOxfordNanoporeTechnologies long

read sequencing and HiC chromatin conformation capture sequencing. The 998.9-Mb assembly exhibits high contiguity and has a

scaffold length N50 of 46.0 Mb with 97% of the sequence assembled into 19 chromosomal-length scaffolds. These 19 scaffolds

exhibit a high degree of synteny compared with the 19 chromosomes of a related species Lytechinus variegatus. Ab initio and

transcriptevidencegenemodeling, combinedwithsequencehomology, identified28,631genemodels thatcapture92%ofBUSCO

orthologs. This annotation strategy was validated by manual curation of gene models for the ABC transporter superfamily, which

confirmed the completeness and accuracy of the annotations. Thus, this genome assembly, in conjunction with recent high con-

tiguity assemblies of related species, positions L. pictus as an exceptional model system for comparative functional genomics and it

will be a key resource for the developmental, toxicological, and ecological biology scientific communities.
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Introduction

For over a century, biologists have used sea urchin eggs and

embryos to make important contributions to the fields of de-

velopment, cell biology, and gene regulation (Driesch 1891;

Evans et al. 1983; Foltz and Hamdoun 2019; Hamdoun and

Foltz 2019; Oliveri et al. 2008). The attributes that make sea

urchins excellent material for developmental and cell biology

research include large quantities of sperm and oocytes, rapid

development into pelagic larva with a relatively simple and

well-defined set of cell types, and optically clear embryos

and larvae that facilitate fluorescence microscopy and

in vivo imaging (Foltz and Hamdoun 2019; Hamdoun and

Foltz 2019).

Unlike similar research carried out in other model sys-

tems, the communities using sea urchins have not con-

verged on a singular species to work with, as researchers
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typically favor working with local species. For example,

Paracentrotus lividus is used in Europe (Campos et al.

2020), Heliocidaris tuberculata is used in Australia

(Morris et al. 2019), Hemicentrotus pulcherrimus is used

in Asia (Liu et al. 2019), Arbacia spp. and Lytechinus var-

iegatus are used on the east coast of North America

(Hogan et al. 2020; Queiroz et al. 2021), and

Stronglyocentrotus purpuratus and Lytechinus pictus are

used on the west coast of North America (Nesbit and

Hamdoun 2020; Peter 2019). The investment in many

sea urchin species, instead of just one, has paid out in

numerous studies comparing sea urchin (and echinoderm)

development, gene regulatory networks, and genomes

(Cary and Hinman 2017; Erkenbrack and Thompson

2019; Wang et al. 2020).

Although most sea urchin experimental material is col-

lected from wild populations, a few sea urchin species are

regularly bred in captivity including Temnopleurus reevesii

(Yaguchi 2019; Yaguchi et al. 2020) and L. variegatus

(Heflin and Watts 2016). Long before those studies, Ralph

Hinegardner and colleagues (Cameron and Hinegardner

1974; Coffaro and Hinegardner 1977; Hinegardner 1969)

established inbred lines of L. pictus. This species is well-

suited for rearing in the lab because it is small as an adult

(2–4 cm in diameter), has a short generation time (�4–

6 months), and is resistant to infection in captivity

(Hinegardner 1975). Lytechinus pictus is used for studying

fertilization (Hussain et al. 2017), gastrulation (Aleksanyan

et al. 2016), toxicology (Li et al. 2020), and response to ocean

acidification (Smith et al. 2019), among other areas. Given the

long history of research with L. pictus, our groups previously

developed updated culturing methods, obtained develop-

mental transcriptomes, and established a detailed staging sys-

tem for this species (Nesbit et al. 2019; Nesbit and Hamdoun

2020), with the ultimate goal of establishing inbred and germ-

line transgenic lines.

A key impediment to functional and comparative genomics

in L. pictus is the availability of a high contiguity genome. To

remove this impediment, we have obtained and annotated a

high-quality whole genome sequence for L. pictus. The

L. pictus genome follows a recently published genome se-

quence in a sister species: L. variegatus (Davidson et al.

2020). The L. pictus genome is comparable to that of

L. variegatus in size (998 Mb), chromosome number (likely

19), and chromosomal organization, as we show here. The

completion of the L. pictus genome thus establishes the sea

urchin as an excellent model system for comparative genomic

studies as high contiguity assemblies are now available in sev-

eral species representing a range of taxa (Davidson et al.

2020; Kinjo et al. 2018; Sodergren et al. 2006).

Furthermore, the expanding genomics toolkit for L. pictus

will maximize its usefulness for a wide range of research fields

and support work on establishing stable transgenic sea urchin

lines.

Materials and Methods

Tissue Collection

Adult L. pictus were collected near the Scripps Institution of

Oceanography, in La Jolla, CA and held in free-flowing sea

water aquaria. Spawning was induced by injection of 0.5 M

potassium chloride. From one of the males, several hundred

microliters of sperm were “dry” collected using a pipette,

centrifuged to remove excess seawater and flash frozen in

liquid nitrogen and stored at –80 �C. DNA extraction was

carried out by Dovetail Genomics (Scott’s Valley, CA).

Dovetail Sequencing and Assembly

A Chicago library was prepared as described previously

(Putnam et al. 2016). Briefly, approximately 500 ng of HMW

gDNA (mean fragment length ¼ 75 kb) was reconstituted

into chromatin in vitro and fixed with formaldehyde. Fixed

chromatin was digested with DpnII, the 50 overhangs filled

in with biotinylated nucleotides, and free blunt ends ligated.

After ligation, crosslinks were reversed and the DNA purified

from protein. Purified DNA was treated to remove biotin that

was not internal to ligated fragments. The DNA was then

sheared to approximately 350 bp mean fragment size and

sequencing libraries were generated using NEBNext Ultra

enzymes and Illumina-compatible adapters. Biotin-

containing fragments were isolated using streptavidin beads

before PCR enrichment of each library. The libraries were se-

quenced on an Illumina HiSeq X platform to produce 387

million 2� 150 bp paired end reads, which provided

42.50� physical coverage of the genome (1–100 kb pairs).

Two Dovetail HiC libraries were prepared in a similar man-

ner as described previously (Lieberman-Aiden et al. 2009).

Briefly, for each library, chromatin was fixed in place with

formaldehyde in the nucleus and then extracted. Fixed chro-

matin was digested with DpnII, the 50 overhangs filled in with

biotinylated nucleotides, and free blunt ends ligated. After

ligation, crosslinks were reversed and the DNA purified from

protein. Purified DNA was treated to remove biotin that was

not internal to ligated fragments. The DNA was then sheared

to approximately 350 bp mean fragment size and sequencing

libraries were generated using NEBNext Ultra enzymes and

Illumina-compatible adapters. Biotin-containing fragments

were isolated using streptavidin beads before PCR enrichment

of each library. The libraries were sequenced on an Illumina

HiSeq X platform. The number and length of read pairs pro-

duced for each library was: 247 million, 2� 150 bp for library

1 and 170 million, 2� 150 bp for library 2. Together, these

Dovetail HiC library reads provided 2,771.85� physical cov-

erage of the genome (10–10,000 kb pairs, supplementary fig.

1, Supplementary Material online).

Five runs of ONT MinION sequencing generated 15 Gb of

data representing 19� coverage. The ONT data were assem-

bled with the wtdbg2 assembler, followed by consensus
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polishing with ONT reads with racon and Illumina polishing

with pilon. The input de novo assembly, ONT reads, Chicago

library reads, and Dovetail HiC library reads were used as input

data for HiRise, a software pipeline designed specifically for

using proximity ligation data to scaffold genome assemblies

(Putnam et al. 2016). An iterative analysis was conducted.

First, Shotgun and Chicago library sequences were aligned

to the draft input assembly using a modified SNAP read map-

per (https://www.microsoft.com/en-us/research/project/snap/

, last accessed March 23, 2021). The separations of Chicago

read pairs mapped within draft scaffolds were analyzed by

HiRise to produce a likelihood model for genomic distance

between read pairs, and the model was used to identify

and break putative misjoins, to score prospective joins, and

make joins above a threshold. After aligning and scaffolding

Chicago data, Dovetail HiC library sequences were aligned

and scaffolded following the same method. After scaffolding,

shotgun sequences were used to close gaps between contigs.

Synteny Analysis

The 19 largest scaffolds were repeat masked using

RepeatMasker v4.0.9 (Smit et al. 2010) and aligned to the

19 chromosomes identified in the L. variegatus genome using

D-Genies (Cabanettes and Klopp 2018) with minimap as the

aligner to identify homologous chromosomes. The L. pictus

scaffolds were renamed for the homology to L. variegatus

(e.g., “chr1”), with the remaining chromosomes enumerated

and named with the prefix “unplaced_scaffold.”

Annotation

Genome annotation was performed using the MAKER pipe-

line (Cantarel et al. 2008). A repeat library was generated with

RepeatModeler v2.01 (Smit and Hubley 2010) and repeats

were identified and masked prior to using RepeatMasker

v4.0.9 (Smit et al. 2010). MAKER was run using protein mod-

els from S. purpuratus (available on echinobase: http://legacy.

echinobase.org/Echinobase/download/downloadfile.php?

file¼SPU_peptide.fasta.zip; last accessed May 3, 2020) and

L. variegatus (available on echinobase: http://legacy.echino-

base.org/Echinobase/download/downloadfile.php?

file¼Lvar2.2-protein.fa.zip; last accessed May 3, 2020) along

with a previously assembled transcriptome from L. pictus

(Nesbit et al. 2019) for a first round of homology-based and

RNA-evidenced gene prediction. The resultant gene models

were used for two subsequent rounds of training and ab initio

gene prediction using SNAP and Augustus as part of the

MAKER pipeline. The gene models were annotated using

the notation LPI_XXXXXX and analyzed for “completeness”

with BUSCO version 4 using the metazoan gene set (Sim~ao

et al. 2015). Functional annotation was performed using

BLASTp to compare our gene models to the S. purpuratus

protein database, RefSeq database, and Uniprot (Swissprot

and Trembl) databases (hits defined as having an e value <

5e-5). The top hit to the Uniprot database was used to source

putative GO terms via programmatic retrieval from

uniprot.org.

ABC Transporter Annotation

To identify putative ABC transporters, known sequences from

human, mouse, and S. purpuratus were used as input for

BLAST searches of the L. pictus genome and transcriptome.

Redundant sequences and low-quality hits were eliminated.

To help confirm the identity of the L. pictus ABC candidates

we analyzed the amino acid sequences of the deduced pro-

tein. This included manual notation of transmembrane

domains, and the Walker A/B/C domains, which are charac-

teristic of ABCs, using Geneious (v11.1.5). Candidate L. pictus

ABC transporters that had strong support from our initial

BLAST search and contained the predicted structural motifs

were further validated with a reciprocal BLAST approach.

Each of our candidate sequences served as the query in a

BLAST search against annotated genes and proteins in the

NCBI, SwisProt, and Echinobase databases. We excluded hy-

pothetical and uncharacterized proteins. Hits were deemed

true ABC transporter orthologs if supported with a combina-

tion of high (>85%) sequence identity to known ABC trans-

porters, structural motif analysis, and reciprocal BLAST search.

To annotate beyond subfamily resolution, we focused on the

ABCC candidates from L. pictus and performed phylogenetic

analysis to verify individual genes. Sequences were aligned in

Geneious (v11.1.5) using the ClustalW program with default

settings (gap open ¼ 10.0, gap extension ¼ 0.1, word size ¼
1, window length ¼ 5, topdiag ¼ 5, pairgap ¼ 3). The resul-

tant alignment was run through ProtTest (v3.4.2) to predict

the best fit model for tree construction. A maximum likeli-

hood tree (RaxML-HPC2 on XSEDE) with 1,000 bootstraps

was then produced using the LGþG model, with yeast se-

lected as an outgroup, through the CIPRES Science Gateway

(v3.3) (Miller et al. 2011). Remaining parameters were used

on default settings. The resulting tree was exported and for-

matted using FigTree (V1.4.4).

Results and Discussion

Lytechinus pictus Genome Assembly and Synteny Analysis

The L. pictus genome assembly, which we term Lpic_2.0

(Lpic_1.0 refers to an unpublished assembly), totals

998.85 Mb of sequences (0.10% gaps) assembled into

1,307 scaffolds with half of the sequence (N50) contained

in eight scaffolds longer than 46 Mb (table 1). 97% of the

sequence is assembled into nineteen scaffolds longer than

10 Mb, corresponding to putative chromosomes. This result

is in agreement with a recent genome sequencing effort in

L. variegatus, which also identified 19 chromosome-length

scaffolds (Davidson et al. 2020). To identify homologous

Chromosomal-Level Genome Assembly of Lytechinus Pictus GBE
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chromosomes between the two assemblies, we performed a

nucleotide alignment between the 19 longest scaffolds in

both species (fig. 1). Lytechinus variegatus and L. pictus di-

verged approximately 5–10 Ma (Zigler and Lessios 2004) and

this is reflected in the genome alignment that shows a high

overall level of synteny between L. variegatus and L. pictus,

albeit with a large number of inversions and translocations,

particularly in regard to chromosomes 1 and 5 (fig. 1).

Gene Annotation

To predict protein coding genes, we used the MAKER pipeline

(Cantarel et al. 2008). We used available protein models from

S. purpuratus and L. variegatus in conjunction with a previ-

ously assembled transcriptome for homology and evidence-

based gene modeling. We then used the resultant gene mod-

els to train Augustus and Snap for two additional rounds of de

novo gene prediction. This resulted in 28,631 protein coding

gene annotations, including 17,865 with 50UTRs and 17,760

with 30UTR sequences (table 1, supplementary table 1,

Supplementary Material online). These protein coding gene

models contained 92% of the Benchmarking Universal Single-

Copy Orthologs (BUSCO) of metazoan genes (Sim~ao et al.

2015). We also functionally annotated the gene models using

protein alignments against the S. purpuratus protein, RefSeq

protein, and Uniprot (Swissprot and Trembl) databases. 91%

(26,179) of the gene models yielded a significant hit to the

RefSeq database (blastp, e value < 5e-5) and 89% (25,483)

yielded a significant hit to the S. purpuratus protein database.

Finally, we used the top hit from Uniprot to associate GO

terms to our gene models. All of the annotations can be

found in supplementary files 1 and 2, Supplementary

Material online.

Manual Curation of ABC Transporter Annotations

To further assess the completeness and quality of the L. pictus

genome, we manually examined the annotations of the ATP-

Binding Cassette (ABC) transporter superfamily. This group of

genes has a number of features which make it attractive for

assembly assessment: The ABC transporters are a large multi-

gene family (Dean and Annilo 2005), they include large genes

which can span several hundred kilobases (Luciani et al. 1994),

and they are well characterized in a related echinoderm,

S. purpuratus. The proteins are essential for ion regulation

(Bryan et al. 2007), developmental signaling (Petr�a�sek and

Friml 2009), cell migration (Kassmer et al. 2015), antigen pre-

sentation (Schumacher et al. 1994), and in humans, mutations

in these genes are associated with disease (supplementary table

2, Supplementary Material online) (Borst and Elferink 2002;

Dean 2002; Gottesman and Ambudkar 2001; Silverton et al.

2011; Tarling et al. 2013). There were 54 L. pictus ABC gene

candidates in our assembly, spanning ABCs found in sea urchins

(A–H)(Goldstone et al. 2006; Shipp and Hamdoun 2012). These

include putative orthologs of disease-relevant genes, such as

ABCA1, ABCB1, ABCC1, ABCC9, ABCD1, and ABCG5 (supple-

mentary table 2, Supplementary Material online). To assess the

quality of individual annotations we focused on the ABCC sub-

family (supplementary fig. 2, Supplementary Material online). A

feature of ABC families in the sea urchins is the relative expan-

sion of the ABCC family as compared with humans (Gokirmak

et al. 2016). Consistent with this, L. pictus have 20 putative C-

subfamily candidates compared with the 12 ABCC members in

human (supplementary file 4, Supplementary Material online).

Of these C-subfamily members in urchins, the S. purpuratus

ABCC1 contains 29 exons and spans approximately 45.5kb.

We identified a L. pictus ABCC1 candidate of 31 exons and

59.9kb, encoding a 1,471 aa open reading frame. Similarly,

the S. purpuratus ABCC4a gene is encoded by 27 exons span-

ning approximately 43.8kb in length. A corresponding annota-

tion for this isoform of ABCC4a in L. pictus is 24 exons and

approximately 31.7kb long, encoding a 1,334 aa open reading

frame. Collectively these results support the outputs of the au-

tomated pipeline annotations, and the significant hits of

L. pictus gene models against RefSeq and S. purpuratus protein

databases, supporting the “completeness” of our assembly and

annotation.

This chromosomal-level genome assembly will be a valu-

able resource for the design of transgenic lines in this genet-

ically enabled model system that is also well suited to

laboratory culture through multiple generations

(Hinegardner 1969; Nesbit et al. 2019). Our annotation iden-

tifies homologues for the large majority of developmental

regulatory genes described in the well-established sea urchin

model S. purpuratus, thus enabling evolutionary comparisons

Table 1

Lytechinus pictus Genome Assembly Statistics

Assembly

Size 998.85 Mb

Scaffolds 1,307

N50 scaffold length 46.003 Mb

Longest scaffold 91.80 Mb

Scaffolds > 10 Mb 19

Sequence in 19 largest scaffolds 97%

N50 contig length 219.60 kb

N (%) 0.10

GC (%) 36

BUSCO

Complete 251

Duplicated 13

Fragmented 14

Missing 25

Annotations

No. of protein coding genes 28,631

No. of gene models with Sp hit 25,483

No. of gene models with RefSeq hit 26,179
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between these two model systems. Furthermore, this genome

assembly, in conjunction with the recent genome assembly of

the sister species L. variegatus represent two of the most

complete assemblies in any echinoderm model system.

These chromosome-level assemblies will allow for robust syn-

teny analyses to identify conserved cis-regulatory regions be-

tween the two species. Together, these two high-contiguity

genomes firmly establish the sea urchin as an excellent model

system for comparative genomics and represent a major ad-

vancement in the field for sea urchin developmental biology.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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