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Introduction

Many animals (including human) belonged to Bilateria and their external shapes

showed left-right symmetry (Palmer, 1996), while the internal organs developed

asymmetrically during embryonic development (Levin, 2005). Previous studies have

shown that ciliary motility were critical for left-right asymmetry in embryonic

development (Tisler et al., 2016). Ciliary motility could lead to asymmetric

distribution of Hedgehog (Hh) proteins, which in turn leaded to asymmetric

expression of downstream genes resulting in embryonic left-right asymmetry (Zhu

et al., 2020). Cilia- and flagella-associated protein 53 (cfap53) played an important role

in ciliary rotation, and could regulate the left and right asymmetry of human internal

organs (Narasimhan et al., 2015; Noel et al., 2016; Gur et al., 2017). The breaking

mechanism of its left-right asymmetry had always been one of the important

fundamental issues in developmental biology research (Sutherland and Ware, 2009).

Having an asymmetrical skull with both eyes on the same side was the most typical

feature of flatfish, which was one of the most asymmetrical body shape among

vertebrates. (Schreiber, 2006; Friedman, 2008; Bao et al., 2011; Li et al., 2013;

Schreiber, 2013). The study on the mechanism of left-right asymmetry in flatfish was

helpful to deepen the understanding of the mechanism of left-right axis establishment.

For flatfish metamorphosis, Shao et al. found that thyroid hormone and retinoic acid

signal transduction, as well as the phototransduction process, played important roles in

flatfish metamorphosis (Shao et al., 2017). Meanwhile, they also found that retinoic acid
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inhibited eye migration by interfering with thyroid hormone

heterodimerization on retinoic acid receptor/thyroid hormone

receptor formation. Lü et al. through comparative genomic

analysis found that some genes of the retinoic acid and WNT

signaling pathways related to body axis development in the

flatfish genome were significant changes (Lu et al., 2021). In

vertebrates such as humans and zebrafish, mutations in these

genes often caused asymmetry in craniofacial tissue and body

development (Juriloff et al., 2006; Marini et al., 2019), which

indicated that they played crucial roles in the development of the

asymmetric body axis of the flatfish. At the same time, they

further analyzed the transcriptome data and found that some

core genes of the RA and WNT signaling pathways also

expressed asymmetrically during the metamorphosis of the

flatfish, which may be related to eye migration. To date,

flatfish had made great progress in the problem of eye

migration. However, flatfish could be divided into two types

based on eye migration: right eye migration caused both eyes on

the left side of the body (sinistral) and left eye migration caused

both eyes on the right side of the body (dextral) (Bergstrom,

2007; Munroe, 2014). The regulatory mechanism of left eye

migration or right eye migration was currently unclear. Through

breeding experiments found that the left eye migration or the

right eye migration of flatfish was controlled by genetics

(Hashimoto et al., 2002; Russo et al., 2012), but its specific

regulatory mechanism remains to further studied.

V. variegatus was a dextral flatfish, mainly distributed in the

western Pacific coast, such as northern China, South Korea and

Japan (Wada et al., 2004; Tian et al., 2008; Sekino et al., 2011).

Since records were first started in the 1980s, the V. variegatus

wild resources have decreased dramatically due to overfishing

(Wada et al., 2011). The high commercial price of V. variegatus

made it widely regarded as a promising candidate to enhance

aquaculture and fishery resources in North Asia (Xu et al., 2012).

Here, we used three generations of sequencing data to obtain

high-quality genome of V. variegatus, which will help to

promote the cultivation of its improved varieties. Then,

through comparative genomics analysis with sinistral flatfish,

we could excavate some genes related to eye migration of V.

variegatus, which provide valuable gene resources for studying

the mechanism of dextral flatfish eyes migration.
Materials and methods

DNA sampling and sequencing

A male adult V. variegate were collected and used for DNA

sequencing. The male adult weighted 427g with the full length of

33cm. DNA of V. variegate was extracted from muscle tissues.

The genomic DNA from male muscle was used to construct

Illumina and PacBio libraries, while the genomic DNA from

female muscle was used to construct Hi-C libraries.
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For PacBio sequencing, the genomic DNA was fragmented

and fragments with approximately 20kb were filtered using the

BluePippin Size Selection system (Sage Science). After DNA

damage repair and DNA ends repair, DNA fragments were

ligated to blunt hairpins. DNA polymerase was bound to the

annealed SMRTbell templates. The library was sequenced using

the PacBio SEQUEL platform.

A paired-end (PE) Illumina library with 300bp insert sizes

was produced using Nextera DNA Flex Library Prep Kit. The

library was sequenced using Illumina NovaSeq 6000 platform.

For Hi-C sequencing, approximately 2g weight of muscle

tissue was cross-linked with 37% formaldehyde in serum-free

DMEM, homogenized and incubated at room temperature for

15 min. Glycine was added to a final concentration of 0.25M to

stop the cross-linking reaction. Cells were further lysed and the

chromatin was digested, labeled and ligated with biotin

(Lieberman-Aiden et al., 2009). The cross-linked DNA was

extracted and digested with Mbol restriction enzyme. The

sticky ends of the digested products were marked with biotin

and ligated. After the removal of the protein and biotinylated

free-ends, DNA was purified and ultrasonically sheared to a size

of 350bp. The biotin-labelled DNA fragments were enriched and

prepared for the Hi-C sequencing library. The library was

sequenced using Illumina NovaSeq 6000 platform.
RNA sampling and sequencing

The V. variegate used in genome sequencing were also

dissected into a number of tissues. Kidney, brain, gonad, and

spleen from the female adult, and muscle and gonad from the

male adult were used for RNA extraction using TRIzol reagents.

The cDNA libraries were constructed according to the

manufacturer’s recommendations and paired-end sequenced

with 150 bp using the Illumina NovaSeq 6000 platform.
Estimation of genome size

The male V. variegatus PE libraries Illumina sequencing data

were used to estimate V. variegatus genome size and

heterozygosity rate. We first used jellyfish v2.3.0 (Marcais and

Kingsford, 2011) (-C -m 21 -s 1000000000) to calculate k-mer

spectrum. Then Genomescope (Vurture et al., 2017) (k = 21;

length = 100; max coverage = 1000) was used to measure the V.

variegatus genome size and heterozygosity rate using the k-

mer spectrum.
Genome assembly

We first used Canu v1.8 (Koren et al., 2017) to correct the

PacBio subreads, and then used Flye v2.6 (Kolmogorov et al.,
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2019) to assemble the genome based on the corrected PacBio

data. And redundant sequences were removed by purge_dups

v1.0.0 (Guan et al., 2020).

The purged contigs were subsequently polished using the

PacBio and Illumina sequencing data. First, we used pbmm2

(SMRT Link v8.0) with default parameters to realign the raw

PacBio data back to the assembled genome, and used gcpp

(SMRT Link v8.0) with default parameters to polish genome.

Then we used bwa v0.7.17 (Li, 2013) with default parameters to

align the Illumina data to the genome, and used pilon v1.23

(Walker et al., 2014) with default parameters to further polish

the genome. After two rounds of gcpp and pilon polishing, we

had obtained high accuracy V. variegatus contigs.

For chromosome-level scaffolds, juicer v1.6.2 (Durand et al.,

2016) with default parameters was used to align the Hi-C data to

assembled contigs, and then 3D-DNA (Dudchenko et al., 2017)

with default parameters was used to anchor the V. variegatus

contigs to chromosomes.
Genome quality evaluation

Benchmarking Universal Single-Copy Orthologs (BUSCO

v4.0.5) (Seppey et al., 2019) were used to evaluation the

completeness of the genome assembly by searching against

actinopterygii_odb10 database. And we used the following

procedure to further assess the accuracy of the V. variegatus

genome: (1) bwa v0.7.17 with default parameters was used to

map the PE libraries Illumina data to the assembled genome, and

then used the samtools flagstat function (SAMtools v1.9) (Li

et al., 2009) to count basic statistics. (2) samtools depth was used

to calculate the coverage depth of all bases. (3) Freebays v1.3.2

(Garrison and Marth, 2012) were used to call genome SNPs

using PE libraries Illumina data.
Repeat annotation

Tandem repeats and transposable elements (TEs) were

identified in the assembled genome. Tandem Repeats Finder

(Benson, 1999) was used to identify tandem repeat sequences.

For transposable elements (TEs), we identified by combination

of homology-based and de novo methods. For the homology-

based approach, at the nucleotide level, we used RepeatMasker

v4.0.9 with the parameters “-a -nolow -no_is -norna -s” to

identify known TEs using the Repbase TE library. At the

protein level, we used RepeatProteinMask with the parameters

“-noLowSimple -pvalue 0.0001 -engine wublast” to search the

TE protein database. To further identify the TEs in the

assembled genome, RepeatModeler v2.0 (Flynn et al., 2020)

was used to construct a specific V. variegatus TE library,

consisting of the following steps, (1) We used RepeatModeler

to de novo predict TEs in the V. variegatus genome. (2) We used
Frontiers in Marine Science 03
blastx to map the TEs collected by RepeatModeler to the

vertebrate protein database (ftp://ftp.uniprot.org/pub/

databases/uniprot/current_release/knowledgebase/taxonomic_

divisions/uniprot_sprot_vertebrates.dat.gz). (3) We used

protExcluder with default parameters to exclude TE come

from gene fragments. After excluding putative gene fragments,

we got the final de novo identification TE library, RepeatMasker

used this TE library to further identify V. variegatus TEs.
Gene structure and functional
annotation

We used de novo, homology-based, and RNA-seq based

methods to annotate genes in the V. variegatus genome. For

RNA-seq data, we first used HISAT v2.1.0 (Kim et al., 2015) with

default parameters to align RNA-seq data to V. variegatus

genome and then used StringTie v2.0 (Pertea et al., 2015) with

default parameters to reconstruct transcripts. After using

RepeatMasker to mask TEs of the assembled genome, five de

novo gene predictors, including Augustus (Stanke et al., 2008),

GlimmerHMM (Majoros and Salzberg, 2004), SNAP (Korf,

2004), Geneid (Alioto et al., 2018) and Genscan (Burge and

Karlin, 1998), were used for gene prediction. For the homology-

based prediction, proteins sequences of Homo sapiens, Danio

rerio, Oryzias latipes, Takifugu rubripes, Cynoglossus semilaevis,

Scophthalmus maximus and Gasterosteus aculeatus were

downloaded from Ensembl (release 98), Paralichthys olivaceus

proteins were downloaded from NCBI, then we used Exonerate

v2.2 (Slater and Birney, 2005) (identity>80%) to map the

proteins sequences to V. variegatus genome for conduct

homology-based gene prediction. Finally, all the identifiable

gene Structures from homology-based, de novo methods and

RNA-seq data were combined into consensus gene models by

EVidenceModeler (EVM) (Haas et al., 2008a) and PASA (Haas

et al., 2008a).

Gene functions were assigned based on the best match

obtained by aligning the protein-coding sequence to the

National Center for Biotechnology Information nonredundant

protein (NR) and SwissProt databases using BLASTP (-e 1e-5).

InterProScan v5 (Jones et al., 2014) was also used to identify

gene function, motifs and domains it contained. KEGG

Automatic Annotation Server (KAAS) with bi-directional best

hit (BBH) method was used to assign KEGG orthologs.
Gene family construction and
comparative genomic analysis

In order to construct gene family among 12 teleost fish, the

longest protein sequence of Homo sapiens, Danio rerio, Oryzias

latipes, Takifugu rubripes, Cynoglossus semilaevis, Scophthalmus

maximus and Gasterosteus aculeatus, Oreochromis niloticus, Lates
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calcarifer, and Lepisosteus oculatus were used to build gene family

by OrthoFinder v2.3.8 (Emms and Kelly, 2019). Proteins sequences

of D. rerio, O. latipes, T. rubripes, C. semilaevis, S. maximus, G.

aculeatus, O. niloticus, L. calcarifer, H. comes and L. oculatus were

downloaded from Ensembl (release 98) (Cunningham et al., 2019).

P. olivaceus proteins were downloaded from NCBI.

For positive selection gene identification, we used

GUIDANCE2 (–msaProgram PRANK) to perform multiple

sequence alignment of single-copy gene families, then

CODEML from the PAML V4.9j (Yang, 2007) with branch-

site model was used to detect positive selection genes. TBtools

(Chen et al., 2020) was used to perform GO and KEGG

enrichment analysis.
Phylogenetic analysis and species
divergence time estimation

For phylogenetic analysis, we extracted single copy gene

families from OrthoFinder results. For each single-copy gene

family, we used mafft v7.429 (Katoh and Standley, 2016) for

multiple sequence alignment, and GUIDANCE V2.02 (Sela

et al., 2015) used multiple sequence alignment information to

construct supperMSA. Then we used IQ-TREE v2.0-rc1 (Minh

et al., 2020) to build the evolution tree. Finally, we used

MCMCTree from the PAML v4.9j (Yang, 2007) to estimate

the divergence time between 12 lineages, three calibration points

(Benton and Donoghue, 2007) based on fossil records were used

to calibrate the substitution rate, including Gasterosteus

aculeatus (97.8-150.9Mya), Oryzias latipes (97.8-150.9Mya),

Danio rerio (149.85-165.2Mya).
Results and discussion

Genome assembly

For genome assembly, we sequenced the male V. variegatus

with long and short-reads sequencing technology, respectively.

We used PacBio Sequel platform to generate 56.60 Gb male V.

variegatus PacBio sequencing data. At the same time, we used

the Illumina Novaseq platform to generate 25.15 Gb male PE

library data and 76.69 Gb Hi-C sequencing data (Table 1).

Before genome assembly, GenomeScope was used to

estimate genome size and heterozygosity rate. We used male
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Illumina sequencing data to estimate the genome size was

526.05Mb and the heterozygosity rate was 0.3%, which means

that the V. variegatus genome has a low complexity (Figure 1A).

Then PacBio subreads were used to assemble V. variegatus

genome sequence according to the assembly pipeline of

Figure 1B. We first used Canu to correct the PacBio subreads

and then used Flye to assemble the genome. Then we used

purge_dups to remove redundant sequences based on sequence

similarity and reads depth information. After polishing the

assembled genome using PacBio and Illumina sequencing data,

we obtained 545.21Mb male contigs, with a contig N50 of 14.45

Mb (Table 2).

Several approaches were used to validate the completeness

and accuracy of the assembled male genome: (1) 97.6% (3554)

complete Actinopterygii BUSCOs were presented in the

assembled genome, including 96.5% (3514) single-copy

Act inopterygi i BUSCOs and 1.1% (40) dupl icated

Actinopterygii BUSCOs, which indicating that the assembly of

the V. variegatus genome was highly complete (Figure 1D,

Supporting information Table S2). (2) 99.54% of the PE

library Illumina sequencing reads could be mapped to the

assembled genome and 98.49% of the reads were properly

aligned to the genome with their pairs (Supporting

information, Table S3, Figure S1). (3) With the exception for

the gap areas, over 99.92% of the genomic regions have a

coverage depth greater than 5. (5) 2217 homozygous SNVs

were found in the assembled genome, the genome accuracy at

the base level could reach 99.99996%. In conclusion, these results

supported the conclusion that we had obtained a high-quality V.

variegatus genome.

In order to generate chromosome-scale scaffolds, 76.69 Gb

Hi-C sequencing dada were obtained and used to anchor male

contigs to chromosomes. 99.91% of the male genome sequences

were anchored to 23 pseudo-chromosomes (Figure 1C,

Supporting information Table S1).
Genome annotation

Approximately 105.72 Mb (~19.85%) of the V. variegatus

genome was composed of TEs (Table 3, Figure 2), which was

much higher than the content of TEs in other published flatfish

genomes (87.8Mb in S. maximus, 56.2Mb in P. olivaceus and 20.3

Mb in C. semilaevis). Maybe it was the advantage of PacBio

subreads length that allowed us to successfully assemble more TEs
TABLE 1 Summary of sequencing data for Verasper variegatus genome assembly.

Insert size(bp) Raw Data (Gb) Mean read length (bp) Coverage (X)

PacBio 20,000 56.60 9,878 107.59

Illumina 300 25.15 150 48.47

Hi-C 300 76.69 150 145.79
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in the V. variegatus genome (Lee et al., 2016). Among these, the

top three categories of repetitive elements were DNA transposons

(10.70%), long terminal repeats (LTRs, 3.06%) and long

interspersed nuclear elements (LINEs, 3.93%) (Figure 3A).

By using the EVidenceModeler (EVM) genome annotation

pipeline combined with ab initio prediction, homology-based

approaches and RNA-Seq transcripts, a total of 23,227 high-

confidence protein-coding gene sets of the V. variegatus genome

had been identified (Figure 3B). The average length of V. variegatus
Frontiers in Marine Science 05
transcript was 11,322.31 bp, the exon average length was 168.17 bp

and the average number of exons per gene was 9.23 (Table 4). Then

we used several approaches to functionally annotate the predicted

genes in the V. variegatus genome Overall, 99.6% of the V. variegatus

genes were function annotated based on known proteins in public

databases, including SwissProt, NR, KEGG, InterPro databases, etc.

Of these annotated genes, 21,444 (92.3%) genes had GO annotations

and 19174 (82.6%) genes could be assigned to KEGG pathways

(Figure 3C, Supporting information Table S4).
Gene family identifications and
comparative genomic analysis

A total of 9745 core gene families and 796 species-specific gene

families were identified in 12 fish genomes by OrthoFinder2. For V.

variegatus, 21069 (90.7%) genes could be assigned to corresponding

gene families, including 107 genes belonging to 48 V. variegatus-

specific gene families. And there were 2158 genes cannot be

assigned to any gene family (Figure S2).
A B

D

C

FIGURE 1

Genome assembly information. (A) Schematic illustration of the Verasper variegatus genome assembly pipeline (B) 21-mer estimates of genome
size. The x-axis is the depth (X) and the y-axis is the representative the kmer frequency. The estimated size of the genome is 526.05Mb, and the
heterozygosity is 0.3%; (C) Verasper variegatus genome contig contact Heatmap using Hi‐C data. LG 01-23 representing the 23 pseudo-
chromosomes. The color bar illuminates the contact density from red (high) to white (low); (D) BUSCO evaluation results, 3554 (97.6%)
complete and 26 (0.7%) fragmented BUSCOs were present in Verasper variegatus genome. 60 BUSCOs were not found in Verasper variegatus
genome.
TABLE 2 Verasper variegatus genome assembly statistics.

Genome assembly Flye + polished Hi-C

Number of contigs/scaffolds 318 57

Contig N50/scaffold N50 (Mb) 14.45 24.76

Contig/scaffold L50 15 11

Contig/scaffold N90 (Mb) 1.85 19.75

Counts/scaffold L90 56 20

Length of genome (Mb) 545.21 545.34
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Changes in the size of gene families may be the basis for

many important morphological, physiological and behavioral

differences between species (Demuth and Hahn, 2009). We used

cafe4 (Han et al., 2013) to screen 69 expansion gene families and

33 contraction gene families in the V. variegatus genome

(Figure 4A). KEGG enrichment analysis of the V. variegatus

expanded gene families demonstrated that they were mainly

assigned in “Hippo signaling pathway”, “Calcium signaling

pathway”, “Axon guidance” pathways, which related to organ

development and nervous system (Figure 4B). Some extended

gene families may played important roles in flatfish

metamorphosis. The homeodomain‐interacting protein kinase

(HIPK) family played an important role in eye development, and

could affect eye development through multiple signaling

pathways such as TGF-beta, BMP, Notch and Wnt signaling

pathways (Hofmann et al., 2003; Jia et al., 2007; Lee et al., 2009a;

Lee et al., 2009b; Inoue et al., 2010). For the dynein heavy chain
Frontiers in Marine Science 06
family, mutations on DNAH5 could cause randomization of left

and right asymmetry (Olbrich et al., 2002), which may be related

to eye migration of V. variegatus.

To further explore the evolutionary genetic resources, we used

PAML to identify 311 positively selected genes (PSGs) in the V.

variegatus genome. Some V. variegatus PSGs associated with skin

development and pigmentation (vps18, ippk, dhcr24, ngfr, acp1,

myb, Ino80, ebna1, bp2, ctr9, acp1), thyroid hormone receptor

(nr1h4 and prox1), mlanosomal transporters (slc45a1), retinoic

acid metabolism (cyp26a1), otolith and pineal (otomp), retinal

contrast adaptation and visual function in the retinal circuit (irx5,

gja10). The V. variegatus PSGs and expanded gene families

provide valuable genetic resources for the study of various

physiological and morphological changes associated with flatfish

metamorphosis and adaptation.

To further explore the difference of Darwinian selection

between sinistral flatfish and dextral flatfish, we used PAML to
TABLE 3 Summary statistics of the identified repeat sequences.

Type Denovo + Repbase TE proteins Combined TEs

Length(bp) Percent(%) Length(bp) Percent(%) Length(bp) Percent(%)

DNA 57,454,115 10.52 2,576,715 0.47 58,414,939 10.70

LINE 19,124,031 3.50 6,364,742 1.17 21,458,133 3.93

SINE 3,172,504 0.58 0 0 3,172,504 0.58

LTR 16,098,120 2.95 2,150,525 0.39 16,706,227 3.06

Other 85 0.00 0 0 85 0.00

Unknown 12,530,905 2.29 0 0 12,530,905 2.29

Total 105,715,279 19.36 11,066,328 2.03 108377152 19.85
f

FIGURE 2

Circos plot basic characteristics of the reference genome of Verasper variegatus, from outside to inside circles indicate: the gene density, repeat
content, GC content.
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A

B C

FIGURE 3

Genome annotation information (A) TE divergence distribution, the x-axis is the degree of divergence between the annotated TE sequence in
the genome and the corresponding sequence in Repbase. The y-axis is the percentage of TE sequence in the genome. (B) Statistics supported
by evidence for protein-coding gene sets. (C) Statistical results of gene function annotation.
TABLE 4 Summary statistics of the identified protein-coding genes.

Gene set Number Average transcript
length(bp)

Average CDS
length(bp)

Average
exonsper gene

Average exon
length(bp)

Average intron
length(bp)

De novo Augustus 25,037 8,549.43 1,389.51 8.15 170.50 1,001.42

GlimmerHMM 72,145 6,653.67 685.53 4.38 156.48 1,765.30

SNAP 36,605 21,721.95 1,200.45 8.41 142.74 2,769.53

Geneid 31,914 12,152.86 1,255.40 6.35 197.78 2,037.86

Genscan 28,224 14,462.58 1,595.29 9.16 174.18 1,577.06

Homolog C. semilaevis 20,653 9,450.26 1,536.82 8.55 179.84 1,048.77

D. rerio 20,134 9,023.88 1,489.64 8.33 178.78 1,027.56

G. aculeatus 22,498 8,137.32 1,355.96 7.93 171.00 978.63

H. sapiens 16,637 9,656.34 1,500.42 8.68 172.86 1,062.00

O. latipes 20,371 9,537.36 1,557.34 8.55 182.13 1,056.83

P. olivaceus 22,383 9,489.28 1,558.85 8.85 176.12 1,010.09

S. maximus 21,081 9,730.50 1,570.09 8.83 177.89 1,042.70

T. rubripes 21,099 8,792.95 1,444.92 8.07 179.05 1,039.31

RNAseq PASA 82,091 8,779.47 1,249.80 7.69 162.45 1,124.96

Stringtie 60,852 16,086.63 3,770.61 10.59 356.11 1,284.49

EVM 24,530 10,519.53 1,475.52 8.76 168.45 1,165.59

Pasa-update 23,917 11,207.04 1,540.46 9.11 169.02 1,191.32

Final set 23,227 11,322.31 1,552.01 9.23 168.17 1,187.36
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detect parallel selection genes in dextral flatfish, with dextral

flatfish as foreground branch and sinistral flatfish as background

branch. 193 positive selection genes were identified in dextral

flatfish. Among them, some genes related to cell proliferation,

apoptosis and cilia formations received different selections in

sinistral flatfish and dextral flatfish. Such as WD repeat-

containing protein 11 (wdr11) of dextral flatfish contained two

positive selection sites: Gln450!THr, Cys1120!Ile. Wdr11 was

essential for normal cilia formation and is involved in a variety of

life processes through the Hedgehog (Hh) signalling pathway

(Kim et al., 2018). Another ciliary movement related parallel

selection gene was cfap53, which played an important role in the

establishment of organ laterality during embryogenesis. Some

genes (xkr8, tctp) related to cell proliferation and apoptosis were

also subjected to parallel selection in dextral flatfish. Cell

proliferation and apoptosis play important roles in flounder

eye migration and frontal bone deformation (Sun et al., 2015).

The V. variegatus parallel selection genes provide valuable

genetic resources for the study of flatfish left eye migration.
Phylogenetic analysis

For phylogenetic analysis, a total of 4704 single-copy gene

families were obtained from OrthoFinder2 results and used as

input to GUIDANCE2. GUIDANCE2 used MAFFT V7.429 to

align each gene family and generate SuperMSA separately.

Subsequently, IQ-TREE was used to reconstruct the
Frontiers in Marine Science 08
phylogenetic tree using SuperMSA. Then MCMCTree from

the PAML software package was used to estimate the

divergence time of the V. variegate, three calibration points

based on fossil records obtained from the TimeTree database

were used to calibrate the substitution rate, including

Gasterosteus aculeatus (97.8-150.9Mya), Oryzias latipes (97.8-

150.9Mya), Danio rerio (149.85-165.2Mya).

Our analysis suggests that V. variegate, C. semilaevis, S.

maximus, P. olivaceus and L. calcarifer were in a clade. V.

variegate and P. olivaceus had a closer evolutionary

relationship and likely shared a common ancestor around

20.4-50.4 million years ago (Figure 5).
Conclusion

In present study, we successfully assembled a high-quality V

variegatus genome using long and short sequencing data. The

545.34Mb V variegatus genome assembly consists of 315 contigs

with contig N50 length of 15.16 Mb, and 99.91% of contigs could

be mounted on chromosomes. Then we performed comparative

genomic analysis and found that some genes related to cell

proliferation, apoptosis and cilia formation were under parallel

selection in dextral flatfish, which may be related to the

migration of the left eye of V. variegatus. The high quality

chromosome-level V. variegatus genomes will provide valuable

resources for studying the molecular mechanism of

metamorphosis of flatfish.
A B

FIGURE 4

Gene family comparison. (A) Gene family size change analysis, including the number of expanded gene families (+) and contracted gene families
(-). (B) KEGG enrichment analysis of expanded gene families.
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FIGURE 5

The phylogenetic relationship of Verasper variegatus with other 12 fish species. The divergence time was estimated using three fossil calibration
points (red circles). The lower coordinate shows the estimated divergence time (Mya).
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