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Chromosome-level genome
assembly of the yellow boxfish
(Ostracion cubicus) provides
insights into the evolution
of bone plates and
ostracitoxin secretion
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Zhiwei Zhang1, Weijian Guo1, Zhaojie Peng1

and Fuwen Wei1,2,3,4

1Center for Evolution and Conservation Biology, Southern Marine Science and Engineering
Guangdong Laboratory (Guangzhou), Guangzhou, China, 2CAS Key Laboratory of Animal Ecology and
Conservation Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing, China, 3University
of Chinese Academy of Sciences, Beijing, China, 4Center for Excellence in Animal Evolution and
Genetics, Chinese Academy of Sciences, Kunming, China
The Ostracion cubicus, commonly known as the yellow boxfish, is a remarkable

species with a body encased in a bone plate and the ability to produce an

ostracitoxin from their skin when under stress. However, the genetic basis of

those effective defense traits is still largely unknown due to the lack of genomic

resources. Here, we assembled the first chromosome-level genome of O.

cubicus with 867.50 Mb in genome size and 34.86 Mb N50 scaffold length by

HiFi and Hi-C sequencing. Twenty-five pseudo-chromosomes, numbered

according to size, covered 94.13% of the total assembled sequences. A total of

23,224 protein-coding genes were predicted, with a BUSCO completeness of

98.6%. Positive selection or rapid evolution was observed in genes related to

scale and bone development (acsl4a, casr, keap1a, tbx1), and up-regulation of

transcription was found in the skin of boxfish (bmp1, bmp2k, bmp4, bmp7,

smad5, suco, prelp, mitf), likely associated with the bone plates evolution in the

yellow boxfish. An expansion of the solute carrier family 22, a cluster of genes in

solute carrier (SLCs) family, transmembrane protein family (TMEMs), vesicle

trafficking (SECs), ATP-binding cassette (ABCs) and apolipoproteins (APOs)

were identified under positive selection, rapid evolution, or up-regulated in the

skin of boxfish, likely associated with the ostracitoxin secretion in the yellow

boxfish. Our study not only presents a high-quality boxfish genome but also

provides insights into bone plates evolution and ostracitoxin secretion

of O. cubicus.
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Introduction

Tetraodontiformes, a group of approximately 430 extant fishes,

can be divided into 10 families, including boxfish (Ostraciidae),

pufferfish (Tetraodontidae), porcupinefish (Diodontidae),

triggerfish (Balistidae), trunkfish (Ostraciidae), and ocean sunfish

(Molidae) (Tyler and Santini, 2002; Santini and Tyler, 2003). These

fishes are mainly found in shallow tropical or warm-temperate

water coral reefs and exhibit a remarkable diversity in defense

strategies, body size, and ecology (Alfaro et al., 2007). Pufferfish and

boxfish species are known for adopting toxin-defense strategies to

avoid predation by accumulating lethal amounts of tetrodotoxin

and boxfish toxin (Thomson, 1964; Noguchi et al., 2006).

Porcupinefish are covered with long, hard spines, and when

attacked, their stomachs puff up into prickly balls (Wainwright

and Turingan, 1997). The triggerfish species are aggressive, while

the ocean sunfish are sluggish due to their large size and defunct tail

fins (Dornburg et al., 2011). All these special behaviors and

characteristics make tetraodontiformes an ideal group for

examining the genomic basis the evolution of complex traits in

marine teleost.

Boxfishes of the family Ostraciidae are characterized by having

a body encased in bone plates, which covers most of the head and

body, with gaps only for the mouth, nostrils, gill opening, anus,

caudal peduncle, and fins (Yang et al., 2015). The formation of

closed bone plates is one of the most important defense strategies of

boxfishes. Although the boxy shape and bone plates considerably

restrict the movement of boxfish, it eventually provides effective

protection against predators (Gordon et al., 2000). Thus, it is clear

that the evolution of the bone plates of boxfish is an adaptation to

predatory pressures and should be under natural selection, which

may leaving its marks on the genomic level as well. Because that

these bone plates are mainly composed of dermal scutes and derived

from the skin’s dermis with a highly mineralized surface plate and a

compliant collagen base (Yang et al., 2015). This suggests that

genomic changes may have occurred in gene regions associated with

bone formation and scales keratinization during the evolution of

boxfish bone plates.

Another key defense strategy of boxfish is that it quickly secretes

a toxin called ostracitoxin (also known as pahutoxin) through club

cells in the epidermis in response to external stress, such as preying

(Thomson, 1964). Ostracitoxin has a wide variety of effects on

biological systems, the most notable being its high toxicity to

marine fishes and its hemolytic-agglutinating action on fish

erythrocytes (Thomson, 1964; Thomson, 1969). When caught or

touched, boxfish often release this toxic substance, which can kill

other fish that swimming together (Thomson, 1964; Thomson,

1969). However, it is still unclear how boxfish form boxfish toxins

and how they are secreted quickly in response to danger.

A high-quality genome is the key to understanding the

molecular mechanisms of species adaptation (Hu et al., 2017; Fan

et al., 2019; Hu et al., 2023). Due to the lack of genetic information,

the genetic basis underlying the two remarkable anti-predator

adaptation characteristic traits of the boxfish remains unknown.

Herein, the yellow boxfish (Ostracion cubicus Linnaeus, 1758),
Frontiers in Marine Science 02
belonging to the family Ostraciidae with widely distributed across

the Indo-Pacific region (Froese and Pauly, 2023), was chosen as a

model species to investigate the genetic basis of boxfishes’ two

characteristic traits, bone plates and ostracitoxin secretion. First, we

used long high-fidelity (HiFi) sequencing data and high‐throughput

chromosome conformation capture (Hi-C) technique to obtain a

chromosome-level assembly genome of O. cubicus. And then, we

conducted comparative genomic and transcriptomic analyses to

identify the genes that associated with the bone plates evolution and

ostracitoxin secretion. Our results provide potential clues to

interpret the genetic basis of the bone plates and ostracitoxin

secretion in the yellow boxfish, and the availability of genomic

and transcriptomic resources will be valuable for elucidating the

complex traits evolution and ecology of tetraodontiformes.
Materials and methods

Sampling and sequencing

One adult male yellow boxfish was sampled in December 2021

from offshore Sanya, China with a body weight of 186.1 g and a

body length of 16.6 cm. Genome DNA from the fresh muscle was

extracted and used to construct PacBio, paired-end (PE) MGI and

Hi-C libraries. Additionally, the skin from five adult boxfishes (two

yellow boxfish and three longhorn cowfish (Lactoria cornuta)) and

the skin tissues from three adult fugu (Takifugu rubripes) were

collected from offshore Sanya, China, and extracted for RNA

sequencing. Furthermore, the RNA sequencing data of the skin

tissue of two adult T. flavidus individuals from NCBI (SRR

accession numbers: SRR18358223 and SRR18358224) were

downloaded. All sampled tissues were stored frozen at -80°C.

Genomic DNA was extracted using the DNeasy Blood and

Tissue Kit (Qiagen, Valencia, CA, USA), according to the standard

operating procedure provided by the manufacturer. DNA

degradation and contamination was checked on 1% agarose gels

with lambda DNA standard. DNA purity was then assessed using

NanoDrop™ One UV-Vis spectrophotometer (Thermo Fisher

Scientific, USA), of which OD260/280 ranging from 1.8 to 2.0

and OD 260/230 is between 2.0-2.2. DNA concentration was further

measured by Qubit® 4.0 Fluorometer (Invitrogen, USA). Then, A

total amount of 15 mg DNA was fragmented into approximately 15-

kb fragments for PacBio sequencing according to PacBio’s standard

protocol (Pacific Biosciences, CA, USA). Single-strand overhangs

were then removed, followed by damage repair, end-repair and A-

tailing. DNA fragments were ligated to blunt hairpins and DNA

polymerase was bound to the annealed SMRTbell templates.

Sequencing was performed on a PacBio Sequel II instrument with

Sequencing Primer V2 and Sequel II Binding Kit 2.0 in Grandomics.

A PE library with 300-bp insert sizes was prepared with the

MGIEasy FS DNA library preparation set (MGI Tech) for the whole

genome resequencing. The library was sequenced using a DNBSEQ-

T7 platform (MGI Tech, China).

The fresh muscle was cut into 2-cm pieces and vacuum

infiltrated in nuclei isolation buffer supplemented with 2%
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formaldehyde for Hi-C sequencing. Glycine was added to stop the

crosslinking reaction. The crosslinked DNA was extracted and

digested with 100 units of Dpnll restriction enzyme. The sticky

ends of the digested products were marked with biotin and ligated.

After the removal of the biotin from non-ligated DNA ends owing

to the exonuclease activity of T4 DNA polymerase, the ligated DNA

was sheared into 300-600 bp fragments. The Hi-C libraries were

quantified and sequenced using the MGI DNBSEQ.

The four tissues were used for RNA extraction using TRIzol

reagents for the RNA sequencing. The cDNA libraries were

constructed by following the manufacturer’s recommendations

and paired-end sequenced with 150 bp using the MGI DNBSEQ-

T7 sequencing platform.
Genome assembly

The PE libraries sequencing data was used to estimate the

yellow boxfish genome size and heterozygosity rate. The k-mer

spectrum was calculated using Jellyfish v2.3.0 (Marçais and

Kingsford, 2011). And then, the genome size and heterozygosity

rate were measured using 21 k-mer spectrum by Genome

Characteristics Estimation (GCE) v1.0.2 (Liu et al., 2013).

We first produced a high-quality contig genome assembly using

Hifiasm v0.16.1 (Cheng et al., 2021) to assemble the yellow boxfish’s

contig-level genome. And then, the redundant sequences in the

assembled genome were removed by Purge_dups v1.2.5 (Guan

et al., 2020). The purged contigs were subsequently polished by

the PE libraries sequencing data. Briefly, the PE libraries sequencing

data were firstly aligned to the genome using BWA v0.7.17 (Li,

2013), and polished with default parameters using Pilon v1.23

(Walker et al., 2014). After that, high-accuracy yellow boxfish

contigs had been obtained.

The assembled contigs were aligned to the Hi-C sequencing

data with default parameters using Juicer v1.6 (Durand et al., 2016)

to improve the level of genome from the contig to the chromosome.

After that, the chromosome-level genome assembly was performed

with default parameters using the 3D-DNA pipeline (Dudchenko

et al., 2017). Whole-genome sequence collinearity alignments were

performed between O. cubicus and T. rubripes using LastZ v1.03.54

(Harris, 2007). The syntenic relationships among chromosomes

were visualized using Circos v0.69 (Krzywinski et al., 2009).

Genome completeness was evaluated by searching against the

actinopterygii_odb10 database using the BUSCO v4.1.4 (Seppey

et al., 2019). The accuracy of the genome was further assessed by

mapping the PE libraries sequencing data to the assembled

chromosome-level genome using BWA v0.7.17 (Li, 2013), and

counting the mapping rate and depth using SAMtools v1.12

(Danecek et al., 2011).
Genome annotation

We initially employed RepeatModeler v2.0 (Flynn et al., 2020)

to classify repeats for the genome. Next, to find known and novel
Frontiers in Marine Science 03
transposable elements (TEs), we used RepeatMasker v4.1.1 (Chen,

2004) to map the yellow boxfish genome sequences against the de

novo repeat library and Repbase TE library v16.02 (Bao et al., 2015).

Subsequently, to find TE-relevant proteins, we applied the

RepeatProteinMask v.4.0.6 (Chen, 2004). In addition, to find

tandem repeats, we initially employed Tandem Repeats Finder

(TRF) v.4.07 (Benson, 1999).

We also used three methods to annotate genes in the genome,

including the de novo prediction, homology-based prediction, and

transcriptome-based predict ion were combined using

EvidenceModeler (EVM) v1.1.1 (Haas et al., 2008) and PASA

v2.4.0 (Haas et al., 2008). For de novo gene predictions, we used

Augustus v3.4.0 (Stanke et al., 2008), Genscan v3.1 (Burge and

Karlin, 1998), and GlimmerHMM v3.0.1 (Majoros and Salzberg,

2004) to analyze the repeat-masked genome. For homology-based

predictions, the protein sequences of Cynoglossus semilaevis, Danio

rerio, Gasterosteus aculeatus, Gadus morhua, Larimichthys crocea,

Oryzias latipes, Oreochromis niloticus, T. rubripes, T. bimaculatus

and Tetraodon nigroviridis obtained from NCBI were aligned to the

yellow boxfish genome by following the pipeline of Chen et al.

(Chen et al., 2019). For transcriptome-based prediction, RNA-seq

data were aligned to the genome with default parameters by Hisat

v2.1.0 (Kim et al., 2015). And then, transcripts were reconstructed

with default parameters using StringTie v2.0 (Pertea et al., 2015).

We aligned the protein or nucleotide format gene sequences to

the National Center for Biotechnology Information nonredundant

protein (NR), the National Center for Biotechnology Information

nonredundant nucleotide sequence (NT) and SwissProt (Bairoch

and Apweiler, 2000) databases using Blastp and Blastn (-e 1e-5) to

annotate the genes’ function. Gene ontology (GO) terms were

retrieved and assigned to the yellow boxfish query sequences, and

enzyme codes (EC) corresponding to GO were retrieved and

mapped to KEGG pathway annotations.
Comparative genomics and
phylogenetic reconstruction

The annotated protein-coding sequences of the 12 related

Clupeocephala fishes (C. semilaevis, D. rerio, G. aculeatus, G.

morhua, L. crocea, Mola Leptocephali, O. latipes, O. niloticus, T.

rubripes, T. bimaculatus, T. nigroviridis and T. palembangensis)

were downloaded from NCBI to cluster gene family. We filtered the

genes either with frameshifts, less than 50 amino acids, or

redundant copies, and only keep the longest transcripts to ensure

the accuracy of downstream comparative genomics analysis. We

aligned the protein sequences of the yellow fish with the 12

Clupeocephala fishes based on sequence identity to call

orthologous by the OrthoFinder v2.3.8 (Emms and Kelly, 2019).

Protein-coding gene sequences of single-copy orthogroups

genes shared by the 13 Clupeocephala fishes were aligned by

Macse v2.06 (Ranwez et al., 2011) at the codon level. Gaps and

nonhomologous fragments were filtered out using Gblocks v0.91b

(Castresana, 2000) with strict parameters (“-t = c, -b5 = n”). After

excluding the datasets with less than 150-bp nucleotide sites, high-
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quality multiple sequence alignments (MSAs) were obtained for

subsequent analysis. The alignments were then concatenated into a

super-gene alignment by in-house Perl script. This super-gene was

used to construct a maximum-likelihood phylogeny tree by RAxML

(Stamatakis, 2006) with 1000 bootstrap replicates. GTR + G models

for each amino acid and nucleotide partition were set as substitution

models. The divergence times between fishes were estimated by the

MCMCtree program in Paml v4.9j (Yang, 2007), using a Bayesian

relaxed-molecular clock model calibrated with three calibrated

nodes by fossil records (ancestral node of fugu and Tetraodon:

32.2-56.0 Mya (million years ago); ancestral node of gasterosteiform

and tetraodontiform: 96.9-150.9 Mya; ancestral node of zebrafish

and medaka: 149.9-165.2 Mya) (Benton and Donoghue, 2007).

We used Cafe v3.1 (De Bie et al., 2006) to explore the gene

family evolution by construct the gene families that underwent

expansion or contraction across the 13 fish’s phylogeny. The

significantly expanded gene families were classified through R

package clusterProfiler v3.14.2 (Yu et al., 2012) based on the gene

annotation database.

We used the branch model of CodeML in Paml by setting

yellow boxfish as the foreground branch to identify potential rapidly

evolving genes (REGs). The null hypothesis assumes that the omega

(w) value of each branch was equal, the alternative hypothesis

assumes that the omega value of the foreground branch was not

equal to those of the background branches. A likelihood ratio test

was performed after correcting P values using the FDR test with

Bonferroni correction. Genes were identified to REGs when the w
value on the foreground branch was larger than those on the

background branches and had a corrected P < 0.05.

We employed the branch-site model of CodeML in PAML with

yellow boxfish as the foreground branch to identify potential

positively selected genes (PSGs). The null hypothesis was that the

w value of each site on the foreground branch was ≤ 1, and the

alternative hypothesis was that w values were > 1. A likelihood ratio

test was performed, with the null distribution set to a 50:50 mixture

of c2 distributions with 1 degree of freedom and a point mass of

zero. To account for multiple testing, FDR testing with Bonferroni

correction was performed.
Gene transcription quantification

We investigated the differences in gene transcription profiles

between the skin of boxfish and fugu by align RNA-seq clean reads

from the respective tissues of five boxfishes (two yellow boxfish and
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three longhorn cowfish) to the yellow boxfish genome and five fugu

(three T. rubripes and two T. flavidus) to T. rubripes reference

genome (fTakRub1.2) using Hisat2 v2.2.1 (Kim et al., 2019). Read

counts were calculated with Stringtie v2.2.1 (Pertea et al., 2015), and

gene transcription was quantified as fragments per kilobase of gene

per million mapped reads (FPKM) using prepDE.py in Stringtie.

Differentially expressed genes (DEGs) were identified using edgeR

v3.40.1 (Robinson et al., 2010), and adjusted P values were

calculated by Benjamini-Hochberg false discovery correction.

Genes with adjusted P values less than 0.05 were considered

as DEGs.
Results

Genome sequencing and assembly

A total of 18.5 Gb HiFi, 112.1 Gb Hi-C and 27.0 Gb PE library

sequencing data were generated from PacBio SequelII, DNBSEQ-T7

and DNBSEQ-T7 platform, respectively (Table 1). We estimated

the genome size and heterozygosity of the preliminary assembly

using GCE software, which yielded 881.46 Mb and 0.48%,

respectively, indicating a relatively low complexity. Subsequently,

we used PacBio subreads to generate a contig-level assembly of

867.42 Mb, with an N50 contig length of 1.61 Mb (Table 2). Further,

a scaffolded genome was constructed using Hi-C sequencing, with

an 867.50 Mb assembly size and an N50 scaffold length of 34.86

Mb (Table 2).

Twenty-five pseudo-chromosomes numbered according to size

and covered 94.13% of the 867.50 Mb assembly (Figure 1A,

Table 3). Twenty-five pseudo-chromosomes, numbered according

to size and covering 94.13% of the 867.50 Mb assembly, were

generated (Figure 1A, Table 3). The 25 pseudo-chromosomes were

directly aligned to the 22 chromosomes of the fugu (T. rubripes)

genome (Figures 1B, S1), indicating a highly contiguous assembly

compared to other pufferfish genomes.
Completeness of the assembled genome

To assess the completeness and accuracy of the assembly, we

employed three approaches. First, BUSCO analysis revealed

97.8% complete actinopterygii BUSCOs, including 96.7%

classified as “complete and single-copy”, 1.1% as “complete and
TABLE 1 Statistics of the sequencing data generated for O. cubicus genome assembly.

Library type Platform Library size (bp) Data size (Gb) Coverage (×) Application

HiFi PacBio Sequel II 15,000 18.5 21.9 Genome assembly

Hi-C DNBSEQ-T7 350 112.1 132.8 Chromosome construction

RNA-seq DNBSEQ-T7 5,000 93.6 – Annotation

Whole genome resequencing DNBSEQ-T7 150 27.0 38.0 Demographic history
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duplicated”, 0.4% as “fragmented”, and 1.8% as “missing”

(Figure 2B; Table S1). Second, 99.9% of the PE short-read

sequences could be aligned to the genome sequences. Third,

over 99.85% of the genomic regions had a coverage depth

larger than 5. Collectively, these results suggest that we

obtained a high-quality yellow boxfish genome resource.
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Repeat annotation and gene
structure annotation

For repeat annotation, we found that 14.87% (128.92 Mb) of the

yellow boxfish genome was composed of TEs (Figures 1A, 2A). The

top three categories of repetitive elements were DNA transposons

(6.16%), long interspersed nuclear elements (LINEs, 5.74%), and

long terminal repeats (LTRs, 1.73%).

For the gene structure annotation, we employed a combination

of de novo prediction, homology-based prediction, and transcript

evidence, resulting in a total of 23,224 predicted protein-coding

genes (Figure 2C; Table S2). The BUSCO analysis showed that

yellow boxfish gene predictions recovered 98.6% of the highly

conserved orthologues (97.3% classified as “complete and single-

copy”, 1.3% as “complete and duplicated” and 0.2% as

“fragmented”), while 1.2% of the conserved orthologs were

missing from the gene prediction (Table S1). Of the 23,224

predicted genes, 88.5% (20,543), 88.8% (20,622) and 77.8%

(18,058) could be functionally annotated using the NR, NT and

Swissprot databases, respectively (Table S3). In total, 96.11% were

successfully annotated with putative functions. Of these annotated

genes, 90.1% had GO annotations and 78.3% could be assigned to

KEGG pathways.
Genome expansion and contraction

Analysis of the 13 Clupeocephala fishes’ genomes revealed

22,269 orthogroups, 296,436 genes, 1,548 species-specific

orthogroups, 3,150 single-copy orthogroups and 3704 single-copy
TABLE 2 Statistics of the O. cubicus genome assembly.

Statistic Total number

Scaffolds number 545

Contigs number 1,370

Longest length 48,691,000

Shortest length 447

Scaffolds size 867,501,040

Contig size 867,418,540

The rate of N 9.51E-05

The rate of GC 0.417176459

Scaffold N50 34,856,200

Contig N50 1,611,336

Scaffold N90 22,796,447

Contig N90 377,086

The number of sequences >= 1kb 543

The number of sequences >= 2kb 531

The number of sequences >= 3kb 527
A B

FIGURE 1

Circos plot basic characteristics of O. cubicus and T. rubripes genomes. (A) Circos view of the genome assembly of O. cubicus. (A) Tracks depict a
circular representation of haplotype chromosomes in megabases (Mb). (B) GC content, (C) protein-coding genes density, (D–H) repeat sequence
density (DNA, LINE, LTR, SINE and TRF, respectively); all statistics use the 100-kb window. (B) Collinear gene blocks between 25 pseudo-
chromosomes O. cubicus and 22 chromosomes of T. rubripes.
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orthogroups genes. Using the 3704 single-copy orthogroups genes

shared by the 13 Clupeocephala fishes, a maximum-likelihood tree

was constructed using RaxML. As shown in the phylogenetic tree,

boxfish and sunfish had a closer evolutionary relationship and

shared a common ancestor at 83.29 Mya (confidence interval:

65.58-100.24 Mya) (Figure 3A).

A total of 398 significantly expanded and 72 significantly

contracted gene families were identified and annotated in the

yellow boxfish (Figure 3A). Gene Ontology (GO) enrichment

analysis of the expanded gene families showed significant

enrichment in the oxidation-reduction process and other

processes related to aromatic and amine compound secretion,

including the “aromatic compound catabolic process”, “cellular

biogenic amine metabolic process”, “cellular amine metabolic

process”, “amine metabolic process”, “amine catabolic process”

and “cellular biogenic amine catabolic process” (Figure 3C; Table
Frontiers in Marine Science 06
S4). KEGG enrichment analysis of the expanded gene families

demonstrated that they were mainly assigned to the “Tyrosine

secretion”, “Various types of N-glycan biosynthesis”, “N-Glycan

biosynthesis” and “Purine secretion” pathways, which are related to

secretion (Figure 3D; Table S5).
Evolution of the bone plates

For gene evolution analysis, we identified a set of 79 genes that

are evolving significantly faster in the yellow boxfish lineage

compared with other branches (Table S6). One of these is the

extracellular calcium-sensing receptor (casr), which activates the

BMP/Smad signaling pathway by increasing transcription of bmp2

and plays an essential role in fish bone development (Herberger and

Loretz, 2013). In addition, using the branch-site model, we found 49

genes that contain positively selected sites specifically in the yellow

boxfish (Table S7). Three of the genes identified (acsl4a, casr, tbx1)

play a role in activating the BMP/Smad signaling pathway, which is

crucial for regulating osteogenesis and promoting new bone

formation. Additionally, one of the genes (keap1a) triggers the

KEAP1/NRF2 signaling pathway, which primarily mediates

keratinization. (Figure 4) (Ishitsuka et al., 2020).

We analyzed differentially expressed genes (DEGs) between the

skin of five boxfishes and five fugu. A total of 1608 DEGs were

identified, 883 of which were up-regulated and the remaining 725

were down-regulated in the boxfish group (Figure 5A; Table S8).

Gene Ontology (GO) enrichment analysis of the up-regulated genes

revealed enrichment in biological processes potentially related to

bone plates evolution, such as “embryonic organ morphogenesis”,

“skeletal system development”, “embryonic cranial skeleton

morphogenesis”, “skeletal myofibril assembly”, “embryonic

skeletal system morphogenesis” (Figure 5B; Table S9). No

enriched categories were identified in the KEGG enrichment

analysis of the up-regulated genes. Notably, several genes involved

in bone development were up-regulated in the skin in boxfish,

including genes (bmp1, bmp2k, bmp4, bmp7, smad5), bone

differentiation (suco), SLRP gene family (prelp) and transcription

factors (mitf) (Figures 4, 5A; Table S8).
Ostracitoxin secretion and
genome characteristics

Gene family evolution analysis revealed a large expansion of the

solute carrier family 22 (slc22) in the boxfish and fugu genomes,

with 39 and 41 genes, respectively, compared to 25 in sunfish, 24 in

medaka, and 24 in zebrafish (Figures 3B, 4). Gene Ontology (GO)

enrichment analysis of the up-regulated genes revealed enrichment

in biological processes potentially related to ostracitoxin secretion,

such as “cytosolic transport”, “regulation of cellular amide

metabolic process”, “regulation of translation”, “membrane lipid

biosynthetic process” (Figure 5B; Table S9). In addition, several

genes associated with membrane transporters were found to be

under rapid evolution (slc7a2, slc12a1, slc17a5, tmem175,

tmem260), positive selection (tmem134) and up-regulated in the
TABLE 3 Summary of assembled 25 chromosomes of O. cubicus.

Chromosomes Length (bp)

Chr1 48,691,000

Chr2 41,926,239

Chr3 41,031,500

Chr4 40,732,047

Chr5 40,626,500

Chr6 39,204,447

Chr7 38,915,300

Chr8 37,646,936

Chr9 36,408,400

Chr10 36,303,753

Chr11 34,856,200

Chr12 34,700,300

Chr13 34,257,700

Chr14 33,480,177

Chr15 33,347,300

Chr16 33,061,717

Chr17 30,545,500

Chr18 29,465,536

Chr19 28,740,925

Chr20 27,670,558

Chr21 25,303,897

Chr22 23,564,179

Chr23 22,796,447

Chr24 12,383,392

Chr25 10,890,261

Total sequence clustered 816,550,211

Clustered percentage 94.13%
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skin in boxfish (abca1, abcbb, abcd1, abcd3, abce1) (Figure 4; Tables

S6–S8). Furthermore, one of the vesicle trafficking genes (sec22a)

was found to be under rapid evolution and positive selection

(Figure 4; Tables S6, S7). Two apolipoprotein (APO) genes, which

are involved in lipid transport, were identified as up-regulated genes

(Figures 4, 5A; Table S8).
Discussion

In this study, we successfully assembled a chromosome-level

yellow boxfish genome using HiFi and Hi-C sequencing data. The

assembly size (867.50 Mb) corresponded well with the genome size

estimation based on the analysis of k-mer distribution of MGI short

reads (881.46 Mb). Twenty-five pseudo-chromosomes were easily

distinguished and corresponded to the karyotype of this species

(Arai, 1983). We observed that 98.6% of complete actinopterygii

BUSCOs were present in the assembled genome and 99.9% of the

MGI short reads could be aligned to the genome sequences,

indicating that our genome assembly was of high completeness

and accuracy. The assembled genome contained only 545 scaffolds,

with a scaffold N50 of 34.86 Mb, which will be one of the most

contiguous fishes’ genome assemblies with a high scaffold N50.

Among the genome sequenced tetraodontiform fishes, due to the

expansion of TEs the genome size of the yellow boxfish was the

largest, when compared to Takifugu , Tetraodon , filefish
Frontiers in Marine Science 07
(Thamnaconus septentrionalis) and sunfish (M. mola) (Aparicio

et al., 2002; Jaillon et al., 2004; Gao et al., 2014; Pan et al., 2016; Bian

et al., 2020). This result provided further evidence that DNA

transposons and LINEs have been active and strongly contributed

to the evolution of tetraodontiform’ genomes (Brainerd et al., 2001;

Kang et al., 2020). In addition, we obtained a total of 23,224 protein-

coding genes, which was comparable to the average number of

genes (23,475) analyzed in 22 fish species (Lehmann et al., 2019).

The yellow boxfish gene predictions recovered 98.6% of the highly

conserved orthologues, suggesting the gene annotations of yellow

boxfish were of high quality.

The dermal scutes of boxfishes are composed of a highly

mineralized surface plate and a compliant collagen base (Yang

et al., 2015), which should be due to the evolution of genes

associated with bone formation or scale keratinization in teleost.

In this study, we identified several genes that exhibited signatures of

positive selection (acsl4a, casr, keap1a, tbx1) and rapid evolution

(casr), which play a key role in the bone formation or scale

keratinization of fish. Acsl4a, an LC-PUFA activating enzyme, is

thought to modulate Bmp-Smad signaling by influencing the

activity of Smad transcription factors (Miyares et al., 2013). Loss

of acsl4a results in dorsalized embryos due to attenuated bone

morphogenetic protein signaling (Miyares et al., 2013). We

speculated that the positive selection of acsl4a might enhance

skeletal formation through increasing the ability to inhibit critical

inhibitors of Smad activity, such as p38 mitogen-activated protein
A B

C

FIGURE 2

Genome assembly and annotation information. (A) Kimura distance-based copy divergence analysis of transposable elements in O. cubicus genome.
Graphs represent genome coverage (Y-axis) for each type of TE (SINE, LINE, LTR retrotransposons and DNA transposons) in the genome analyzed,
clustered to its corresponding consensus sequence according to Kimura distances (X-axis, K-value from 0 to 50). (B) BUSCO evaluation results,
97.3% classified as “complete and single-copy”, 1.3% as “complete and duplicated” and 0.2% as “fragmented” BUSCOs were present in the O. cubicus
assembly genome. (C) Summary statistics of the identified protein-coding genes by using different strategies, including de novo prediction,
homology-based prediction, and transcriptome-based prediction.
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kinase and the Akt-mediated inhibition of glycogen synthase kinase

3. Casr transcription causes increase transcription of bmp2 and

further activation of BMP/Smad signaling pathway, and play an

essential role in bone development in fish (Herberger and Loretz,

2013). Keap1a induced the KEAP1/NRF2 signaling pathway, which

regulates primarily mediates keratinization (Ishitsuka et al., 2020).

Tbx1 encodes a T-box transcription factor, modulated negatively

Smad1-dependent transactivation by interfering with Smad1-

Smad4 interaction, and regulates scale and bone development in

zebrafish (Zhang et al., 2022b). Here, we speculated that the

positively selection on the tbx1 may reduce binding with smad1,

thus increasing the activity of BMP/Smad signaling pathway and

facilitating bone plate formation in the yellow boxfish. The evidence
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of five BMP pathway genes (bmp1, bmp2k, bmp4, bmp7, smad5)

with high transcription pattern in the skin in boxfish support

this claim.

Our results showed that changes in gene transcription patterns

also contributed to the evolution of bone plates in boxfish. Gene

Ontology enrichment analysis of the up-regulated genes revealed

several enrichments in biological processes potentially related to

bone plates evolution. In addition, five BMP pathway genes and

three bone formation related genes (suco, prelp, and mitf) were

identified as up-regulated DEGs. Mutagenesis of suco has been

shown to lead to failure of osteoblast maturation by decreasing the

synthesis of type I collagen, and eventually catastrophic defects in

skeletal development (Sohaskey et al., 2010). Prelp, a leucine-rich
A B

DC

FIGURE 3

Gene family evolution and thesolute carrier family 22 gene clusters comparison. (A) Phylogenetic analysis of O. cubicus within the Clupeocephala
lineage and gene family gain-and-loss analysis, including the number of gained gene families (+) and lost gene families (-). Abbreviations
corresponding to the Latin name of species were listed in the bottom left corner. (B) The phylogeny of the solute carrier family 22 in ray finned
fishes. Drer, Ocub, Trub, Olat and Mmol are presented in the zebrafish, yellow boxfish, fugu, medaka and sunfish, respectively. (C) GO enrichment
analysis of expanded gene families. (D) KEGG enrichment analysis of expanded gene families.
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FIGURE 4

Genes involved in the evolution of bone plates and ostracitoxin secretion in the yellow boxfish. Genes are labeled with different colors to indicate
expansion gene family, positively selected genes (PSGs), rapidly evolving genes and up-regulated genes in the skin in boxfish.
A B

FIGURE 5

Differently expressed genes (DEGs) analysis between the skin of boxfish and fugu. (A) Volcano map of DEGs showing the threshold line of the
screening criteria. Several up-regulated genes related to bone plates (left with red color) and ostracitoxin secretion (right with blue color) are shown
on the map. (B) GO enrichment analysis of up-regulated genes.
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repeat protein present in connective tissue extracellular matrix, has

been shown to reduce ALP activity, mineralization and

transcription of osteogenic marker gene runx2 upon down-

regulation (Li et al., 2016). Mitf, a transcription factor, has been

shown to regulate hematopoietic stem cell differentiation into

osteoclasts precursors (Amarasekara et al., 2018). These genes

may have been rewired and regulated for the formation of bone

plates of boxfish, suggesting a hypothesis that can be tested

experimentally in the future.

In our study, comparative genomics analysis identified a set of

genes belonging to two major groups of membrane transporters

(the solute carriers (SLCs) and transmembrane protein family

(TMEMs)), and vesicle trafficking (SECs), which may be involved

in the enhanced secretion of ostracitoxin observed in boxfish

compared to the outgroup. In detail, we revealed an expansion of

the SLC22 gene family in the boxfish (with ostracitoxin secretion)

and fugu (with TTX secretion) genomes, with three solute carrier

(SLCs) family genes (slc7a2, slc12a1 and slc17a5) under positive

selection or rapid evolution in the yellow boxfish genome. These

genes encode transmembrane transporters for moving small

molecule endogenous metabolites, drugs, and toxins (exogenous

and endogenous) between tissues and interfacing body fluids in

fishes (Saito, 2010), and play critical roles in TTX accumulation and

translocation in T. rubripes (Zhang et al., 2022a). Furthermore,

TMEMs is constituted by a large number of proteins that span the

lipid bilayer, which are wildly expressed in various types of tissues

and are supposed to act as channels to transport different substances

(Beasley et al., 2021). Sec22a complex with SNARE and is thought to

play a role in the ER-Golgi protein trafficking (Adnan et al., 2019),

and may play a key role in the secretion of macromolecular

materials in ostracitoxin secretion. We hypothesize that these

genes have evolved to encode proteins or regulate the function of

down-stream genes, leading to enhanced skin secretion in boxfish.

In addition, our transcriptome analysis showed that gene

transcription pattern changes may also contribute to the

ostracitoxin secretion. Five ATP-binding cassettes (ABCs) genes

(abca1, abcbb, abcd1, abcd3, abce1) and two apolipoprotein (APOs)

genes (apoeb, apof) were upregulated in the skin in the yellow

boxfish. These transporters are involved in substrate translocation

across biological membranes and have been previously reported to

be upregulated in the blood and liver of T. rubripes, which are

involved in tetrodotoxin (TTX) accumulation and translocation

(Matsumoto et al., 2011; Luckenbach et al., 2014; Zhang

et al., 2022a).
Conclusion

In the present study, we released a high-quality chromosome-

level genome assembly of the yellow boxfish (O. cubicus). The final

size of the genome assembly was 867.50 Mb, with an N50 scaffold

length of 34.86 Mb. The assembled sequences were clustered into 25

pseudo-chromosomes by using Hi-C data and covered 94.13% of

the total assembled sequences. A total of 23,224 protein-coding
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genes were predicted, with a BUSCO completeness of 98.6%,

suggesting a high-quality genome annotation. This high-quality

assembled genome and annotation information provides important

information for exploring the evolution of complex traits such as

bone plate formation and toxin secretion in boxfish. Positively

selection or rapidly evolution was observed in genes related to scale

and bone development (acsl4a, casr, keap1a, tbx1), and up-

regulation of transcription was found in the skin of boxfish

(bmp1, bmp2k, bmp4, bmp7, smad5, suco, prelp, mitf), likely

associated with the evolution of bone plates. An expansion of the

solute carrier family 22, three solute carrier family genes (slc7a2,

slc12a1, slc17a5), two transmembrane protein family genes

(tmem134, tmem175, tmem260) and one vesicle trafficking gene

(sec22a) were also found to be under positive selection or rapid

evolution. Five ATP-binding cassettes genes (abca1, abcbb, abcd1,

abcd3, abce1) and two apolipoprotein genes (apoeb, apof) were up-

regulated in the skin of boxfish, which may have contributed to

ostracitoxin secretion in the yellow boxfish.
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Glossary

Categories
Gene
symbol Description

Related to bone plates
evolution acsl4a

acyl-CoA synthetase long chain family
member 4a

casr calcium-sensing receptor

tbx1 T-box transcription factor 1

smad5 SMAD family member 5

bmp1 bone morphogenetic protein 1

bmp2k BMP2 inducible kinase

bmp4 bone morphogenetic protein 4

bmp7 bone morphogenetic protein 7

keap1a kelch-like ECH-associated protein 1a

prelp
proline/arginine-rich end leucine-rich

repeat protein

suco
SUN domain containing ossification

factor

mitf
melanocyte inducing transcription

factor

Related to ostracitoxin
secretion slc22 solute carrier family 22

slc7a2 solute carrier family 7 member 2

slc12a1 solute carrier family 12 member 1

slc17a5 solute carrier family 17 member 5

tmem134 transmembrane protein 134

tmem175 transmembrane protein 175

tmem260 transmembrane protein 260

abca1
ATP binding cassette subfamily A

member 1

abcbb ATP-binding cassette subfamily B

abcd1
ATP-binding cassette, sub-family D

(ALD), member 1

abcd3
ATP-binding cassette, sub-family D

(ALD), member 3

abce1
ATP-binding cassette, sub-family E

(OABP), member 1

sec22a
SEC22 homolog A, vesicle trafficking

protein

apoeb apolipoprotein Eb

apof apolipoprotein F
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