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ABSTRACT

The vyellow boxfish (Ostracion cubicus) exhibits a
combination of derived morphological traits specialized for
coral reef environments and ancestral characteristics,
including a fused dermal plate. Contradictory evolutionary
evidence hinders true classification of O. cubicus. To
clarify its evolutionary position within Tetraodontiformes, a
chromosome-level genome assembly was generated,
representing the most contiguous and complete genome to
date for this lineage. Notably, O. cubicus possessed the
largest genome within the order Tetraodontiformes,
primarily due to extensive transposable element
expansion. Phylogenetic analysis based on 19 whole
genomes and 131 mitochondrial genomes resolved
Tetraodontiformes into three major sister groups
(Ostraciidae-Molidae, Tetraodontidae, and Balistidae-
Monacanthidae). Comparative genomic evidence indicated
that O. cubicus diverged early from the common ancestor
of modern Tetraodontiformes and retained the highest
number of HOX genes among surveyed taxa. Although
overall genomic architecture was largely conserved,
certain genetic and environmental changes may have
contributed to its phenotypic adaptations, including climate
cooling during the Miocene-Pliocene Transition, recent
DNA and long interspersed nuclear element (LINE)
transposon bursts, lineage-specific ~ chromosomal
rearrangements, and gene family expansion. Many
positively selected genes and rapidly evolving genes were
associated with skeletal development, including bmp?7,
egf7, and bmpr2. Transcriptomic comparisons between
carapace and tail skin revealed various candidate genes
and pathways related to carapace formation, such as
postn, scpp1, and components of the TGF-B signaling
pathway. A derived amino acid substitution in eda, coupled
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with protein structural modeling, suggested potential
molecular convergence in dermal plate formation among
teleosts. These findings provide novel insights into the
genomic and developmental basis of carapace evolution
and coral reef-adaptation in O. cubicus, offering a strong
case for evolutionary balance between genomic
conservation with regulatory innovation to achieve coral
reef specialization.
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INTRODUCTION

The order Tetraodontiformes exhibits remarkable phenotypic
diversification driven by adaptive radiation, with distinct
defense strategies evolving across its major lineages. These
include dermal armor (Ostracioidei), hypertrophied spines
(Diodontidae), potent chemical defenses (Ostracioidei and
Tetraodontoidei), body inflation (Tetraodontoidei), and
extreme body enlargement (Moloidei) (Tyler & Santini, 2002).
Ostraciidae, a lineage encompassing Ostraciidae and
Aracanidae, is one of the most morphologically specialized
clades. Commonly referred to as boxfish or trunkfish,
members of Ostraciidae are characterized by a rigid, full-
length bony carapace, square or triangular body shape, and
the production of pahutoxin, a potent ichthyotoxin (Hove et al.,
2001). The family includes approximately 30 extant species
inhabiting tropical coral reef systems (Holcroft, 2005).
Ostracion cubicus, the yellow boxfish, is a representative
species of the Ostraciidae family, known for its unique cubic
body form and vivid coloration. Paleontological data suggest
deep evolutionary origins of these traits. The extinct
Plectocretacicus clarae, the oldest known Tetraodontiformes
species from the Tethys region, has been shown to share a
similar body shape and armor with boxfish (Arcila et al., 2015).
Dermal armor represents a conserved defense strategy
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observed across both fossil and extant lineages, including
jawless fish, sea horses, sea robins, and seamoths (Janvier,
2008; Yang etal.,, 2015). While rigid armor may constrain
swimming speed and reduce agility, its protective benefits
favor survival in structurally complex habitats such as benthic
sediment and coral reefs, where concealment is important. In
addition to their robust carapace, boxfish also display a
complex array of specialized coral reef adaptations, including
box-like body shape, exceptional maneuverability, juvenile
aposematism, and rapid toxin synthesis (Gordon et al., 2000;
Kalmanzon & Zlotkin, 2000; Marshall etal., 2019; Van
Wassenbergh etal.,, 2015). These novel phenotypes
contribute to their ecological success and limit natural
predation within reef ecosystems. However, the genomic
mechanisms underlying the evolution of these phenotypic
adaptations in O. cubicus remain unclear.

Phylogenetic relationships within Tetraodontiformes, the
order to which O. cubicus belongs, remain contentious
(Holcroft, 2005; Matsuura, 2015; Santini etal., 2013;
Yamanoue et al., 2008). This controversy largely stems from
two factors: (i) extensive morphological diversity and character
convergence across Tetraodontiformes obscure classification
boundaries based on traditional morphological methods, and
(ii) different molecular markers and analytical methods
frequently yield conflicting topologies, complicating efforts to
resolve deep evolutionary relationships. Precise inferences
about genome evolution are highly dependent on high-quality
genomic resources and a robust phylogenetic framework. The
recent release of chromosome-level genomes for important
Tetraodontiformes species, such as Takifugu rubripes
(Aparicio etal., 2002), Takifugu flavidus (Gao et al., 2014),
Takifugu bimaculatus (Zhou et al., 2019), Takifugu obscurus
(Kang et al., 2020), Mola mola (Pan et al., 2016), Tetraodon
palembangensis (Zhang etal., 2021), and Thamnaconus
modestus (Yang etal., 2019), enables genome-wide
comparisons that can resolve incongruences in phylogenetic
signal and refine the evolutionary placement of O. cubicus.
Comparing whole genomes across different species also
permits systematic investigation into whether conserved or
non-conserved genetic or environmental factors are
associated with the adaptive diversification of this
morphologically unique species.

The evolution of dermal armor in fish lineages provides a
classic example of convergent evolution (Yang et al., 2013).
Bony plates, a specialized form of mineralized scale, have
evolved independently across multiple bony fish clades,
including Acipenseriformes, Lophiiformes, Syngnathiformes,
Tetraodontiformes, Trachiniformes, Diodontiformes, and
Ostraciiformes (Lemopoulos & Montoya-Burgos, 2021).
Among these, yellow boxfish are characterized by a robust
carapace covering their entire body, making them excellent
subjects for studying the development and functional role of
dermal armor in reef-dwelling fish species. This specialized
architecture confers distinct adaptive advantages in
structurally complex reef environments, potentially enhancing
defense against predators. Evolutionary reduction of primitive
spiny scales in ancestral lineages resulted in the retention and
progressive modification of basal scale elements, which
gradually evolved into the bony plates observed in modern
boxfish (Yang etal.,, 2015). The armor consists of many
polygonal scutes, each composed of a highly mineralized
surface plate and basal collagen base (Garner et al., 2020). At
scute boundaries, mineralized plates exhibit a tooth-like suture
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morphology, while the underlying collagen layers are
interconnected by bridging collagen fibers. Biomechanical
testing has shown that the armor of boxfish can resist
penetrative and compressive forces, underscoring its
defensive efficacy within predator-rich ecosystems (Yang
etal., 2015). Although prior studies have characterized the
mechanical strength, structural stability, and chemical
composition of dermal plates (Garner et al., 2020; Porter et al.,
2017; Qiu etal., 2023), the genetic basis of their formation
remains largely unresolved.

This study investigated the genomic foundations of
phenotypic adaptability in O. cubicus, focusing on its
distinctive morphological and ecological traits. Using a newly
assembled chromosome-level genome, alongside
comparative genomic and transcriptomic analyses, the
research aimed to resolve key evolutionary questions: (i) How
are Tetraodontiformes species phylogenetically related based
on whole-genome comparisons? (ii) Which genomic features
and specific loci are associated with phenotypic adaptations in
O. cubicus? (jiii) Does the evolution of the O. cubicus carapace
provide insight into the molecular basis of bony plate
convergence across teleost lineages?

MATERIALS AND METHODS

Sourcing and sequencing

The juvenile O. cubicus specimen used in this study was
obtained from Hainan Province and reared in an artificial coral
reef system at the College of Ocean and Earth Sciences,
Xiamen University. Tissues including muscle, liver, brain,
kidney, intestine, spleen, heart, skin, and eye were collected
and immediately frozen in liquid nitrogen, then stored at
-80°C. High-quality genomic DNA was extracted from muscle
tissue using a QIAGEN DNeasy Blood & Tissue Kit (Qiagen,
China) and used for library construction. lllumina sequencing
was performed on the HiSeq X Ten platform (2x150 bp, 350
bp insert size) using a TruSeq Nano DNA Library Prep Kit
(lumina, USA), generating 66.21 Gb of data. PacBio
sequencing was conducted with high-molecular-weight gDNA
(>20 kb fragments) on a PromethlON sequencer (Oxford
Nanopore, UK), yielding 69.39 Gb of data. Hi-C libraries were
prepared using formaldehyde fixation and Dpnll digestion
(New England Biolabs, USA), generating 87.94 Gb of raw
reads on the lllumina HiSeq X Ten platform (lllumina, USA).
For RNA sequencing, tail skin and carapace samples were
dissected and collected from three O. cubicus individuals.
Total RNA was extracted using TRIzol reagent (Invitrogen,
USA) and sequenced on the lllumina HiSeq X Ten platform
(Nlumina, USA), generating 32.61 Gb of clean reads for gene
prediction and transcriptomic analysis. Data sources are listed
in Supplementary Table S1. All animal treatments and
procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of Xiamen University (Approval
No. XMULAC20240215).

Genome assembly, quality assessment, and annotation

Reads from the lllumina, PacBio, and Hi-C libraries were
integrated for genome assembly and annotation. lllumina
reads were used for initial genome survey analysis, PacBio
reads enabled contig assembly, and Hi-C reads facilitated
chromosome-level scaffolding. Genome  size and
heterozygosity were estimated from 17-mer frequency
distributions using Jellyfish (v.2.3.0) and established methods
(Margais & Kingsford, 2011) (Supplementary Figure S1).
Contigs were assembled using Canu (v.2.0) (Koren etal,
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2017), then polished sequentially with Racon (v.1.2.1) (Vaser
etal., 2017) and Pilon (v.1.22) (Walker etal., 2014).
Chromosome anchoring was performed using Hi-C reads with
Juicer (v.1.6) (Durand et al., 2016) and 3D-DNA (v.180419)
(Dudchenko etal.,, 2017), followed by manual refinement
using Juicebox Assembly Tools (https:/github.com/
theaidenlab/juicebox). The final assembly comprised 25
chromosomes. Genome accuracy and completeness were
evaluated using Compleasm (v.0.2.6) (Huang & Li, 2023) and
BUSCO (v.5.6.1) (Manni etal, 2021) with the
Actinopterygii_odb10 lineage database to assess the
presence of single-copy orthologs.

Repeat elements were annotated using both de novo and
homology-based methods. RepeatModeler (v.2.0.1) (Flynn
et al., 2020) and LTR_Finder (v.1.07) (Xu & Wang, 2007) were
employed to generate a de novo repeat library, which was
combined with Repbase and used by RepeatMasker (v.4.1.0)
(Tarailo-Graovac & Chen, 2009) for classification. Unclassified
elements were annotated with TEclass (v.2.1.3) (Abrusan

etal., 2009). Built-in RepeatMasker (v.4.1.0) scripts,
buildSummary.pl, calcDivergenceFromalign.pl, and
createRepeatLandscape.pl, were used to summarize

transposable elements (TEs), determine Kimura divergence
values of TEs, and illustrate TE landscapes, respectively. The
Kimura two-parameter method estimated TE insertion age by
comparing nucleotide distances between TE copies. Tandem
repeats were identified using Tandem Repeats Finder
(v.4.0.9) (Benson, 1999), and all repetitive regions, except for
tandem repeats, were soft-masked for protein-coding gene
annotation. Non-coding RNA (ncRNA) annotation was
conducted using tRNAScan-SE (v.1.3.1) (Lowe & Eddy, 1997)
for tRNA prediction and RNAmmer (v.1.2) (Lagesen etal.,
2007) for rRNA prediction. Other ncRNAs were predicted by
searching the Rfam database (http://eggnogdb.embl.de/).

Protein-coding genes were predicted through ab initio,
homology-based, and transcriptome-assisted methods. RNA-
seq reads were assembled using Trinity (v.2.10.0) (Rahner,
2001), and homologous coding sequences from related
species were obtained from the European Nucleotide Archive
and aligned using GenomeThreader (v.1.7.0) (Gremme et al.,
2005). Ab initio gene prediction was performed based on
transcripts assembled from RNA-seq and known genes from
related species using Braker2 (Bruna et al., 2021). RNA-seq
data were aligned to the O. cubicus genome using HISAT2
(v.2.2.1) (Kim etal., 2015) and assembled with StringTie
(v.2.2.1) (Pertea et al., 2016), followed by open reading frame
(ORF) prediction with TransDecoder (v.5.5.0, https://github.
com/TransDecoder/TransDecoder). EvidenceModeler (v.2.1.0)
was used to create a comprehensive gene set, which was
further annotated for protein-coding gene structure using
PASA (v.2.4.1) (Haas et al., 2008). Functional annotation was
performed by aligning predicted genes against Swiss-Prot,
InterPro, and NR databases using Diamond (v.2.0.6)
(Buchfink et al., 2021), with an E-value<1e-5. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway annotations were performed using
InterProScan (v.5.68) (Jones etal.,, 2014) and the KEGG
Automatic Annotation Server (KAAS, https://www.genome.
jpltools/kaas/).

Phylogenetic
construction
Single-copy orthologous genes shared between O. cubicus
and 18 other representative species were identified using

relationships and population history

OrthoFinder (v.2.5.4) (Emms & Kelly, 2019) based on gene
families constructed from the protein sequences of all species,
then aligned using MUSCLE (v.3.8.31) (Edgar, 2010). A
combined ultralong sequence was created from all translated
coding DNA alignments for maximum-likelihood (ML)
phylogenetic tree construction using RAXML-NG (Kozlov et al.,
2019) and the PROTGAMMAAUTO model with 500 rapid
bootstrap replicates. Divergence time was estimated using
MCMCTREE in the PAML package, calibrated against fossil-
based molecular clock constraints retrieved from the TimeTree
database (Alvarez-Carretero etal., 2022), using fourfold
degenerate third codon transversions (4DTV) for rate
modeling. To complement genome-based inference,
mitochondrial genomes from 131 species were aligned using
MUSCLE (v.3.8.31) (Edgar, 2010) and analyzed using
RAXML-NG (Kozlov et al., 2019) with the GTRGAMMA model
and 500 rapid bootstrap replicates. Demographic histories of
O. cubicus, T. rubripes, M. mola, and Thamnaconus modestus
were inferred using the Pairwise Sequentially Markovian
Coalescent (PSMC) method (https://github.com/Ih3/psmc) with
the parameters: N=25, =15, r=5, p=4+25*2+4+6. The neutral
mutation rate (u) was estimated using r8s. Effective population
size (Ne) dynamics were normalized by dividing Ne at each
time point by the maximum value for the same species across
the full time scale.

Comparative and evolutionary genomic analyses

To reconstruct ancestral chromosomal architecture within
Tetraodontiformes, the O. cubicus genome was used as the
reference. Lophius litulon served as the main outgroup, while
Gasterosteus aculeatus and Oryzias latipes served as
secondary outgroups. Pairwise alignments were generated
using LASTZ (v.1.04.00) (Harris, 2007) with the parameters:
T=2, C=2, H=2 000, Y=3 400, L=6 000, K=2 200. The
alignment results were then converted into UCSC “chain” and
“net” formats using UCSC pipeline tools (axtChain, chainSort,
chainPreNet, chainNet, and netSyntenic) with default
parameters. DESCHRAMBLER (Kim etal., 2017) was
employed to construct ancestral chromosomes at a resolution
of 300 kb. MCScanX (Wang et al., 2012) and JCVI (v.1.4.18)
(Tang et al., 2024) were used for detailed collinearity analysis
between O. cubicus and other species (Oryzias latipes, T.
rubripes, and Thamnaconus modestus), and visualized
through collinearity plots.

Gene families were inferred using OrthoFinder (v.2.5.4)
after filtering protein sequences shorter than 30 amino acids
(Emms & Kelly, 2019). Expansions and contractions of gene
families in O. cubicus were identified using CAFE (v.4.2.1)
(Han etal., 2013). Members of the SCPP and HOX gene
families were extracted from orthogroups for phylogenetic
reconstruction using ClustalW (Larkin etal., 2007) and
visualized with ML trees and gene structure maps using the R
package gggenome. Positively selected genes (PSGs) and
rapidly evolving genes (REGs) were identified using PRANK-
MSA (v.140110) (Loytynoja, 2014) with the parameters
gaprate=0.025 and gapext=0.75 for coding sequence
alignment of each homologous group. To estimate selective
constraints, the dN/dS ratio (w) was calculated using PAML
(v.4.4b) (Yang, 2007). REGs were identified using a branch
model that allows different rates for different branches, with
the null model assigning the same ratio to all branches. PSGs
were identified using the branch-site model, which allows sites
to be under positive selection on the foreground branch, while
the null mode restricts sites to neutral evolution or purifying
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selection.

Comparative transcriptomic analysis

Clean RNA-seq reads from O. cubicus skin and carapace
were aligned to the O. cubicus reference genome using
HISAT2 (v.2.2.1) (Kim et al., 2015). Transcript assembly and
quantification were performed with StringTie (v.2.2.1) (Pertea
et al., 2016) and gene expression levels were calculated in
fragments per kilobase of exon model per million mapped
reads (FPKM). Differentially expressed genes (DEGs) were
identified based on the following criteria: Q-value<0.05, P-
value<0.05, |log,(fold change)|>2. Functional annotation of
DEGs was performed using GO and KEGG pathway analyses
with OmicShare (www.omicshare.com/tools), with enrichment
significance set at P<0.05. DEGs were visualized using
heatmaps and volcano plots generated in R.

Alternative splicing (AS) events and corresponding genes
were identified using rMATS (v.4.2.0) (Shen etal., 2014),
which categorized AS events into five types: alternative 3’
splice site (A3SS), alternative 5’ splice site (A5SS), skipped
exon (SE), mutually exclusive exon (MXE), and retained intron
(RI). Differential AS (DAS) events between carapace and tail
skin were defined by a false discovery rate (FDR) threshold of
<0.05. Protein-protein interaction (PPI) networks for DEGs
and DAS genes were constructed using STRING (Szklarczyk
et al.,, 2021), with Danio rerio as the reference species, and
Cytoscape (v.3.10.0) (Shannon et al., 2003). The top 5% of
genes in the interaction network were considered hub genes
using the MCC algorithm in the cytohubba plugin of
Cytoscape.

Convergent evolutionary analysis of eda

Orthologous Eda protein sequences from 13 species —six
bearing dermal plates (O. cubicus, Odonus niger, G.
aculeatus, Hippocampus erectus, Hippocampus comes, and
Atractosteus spatula) and seven without bony plates (G.
aculeatus, Thamnaconus modestus, Tetraodon nigroviridis, M.
mola, Ictalurus punctatus, D. rerio, and T. rubripes) —were
aligned using MAFFT (v.7.453) (Rozewicki etal., 2019).
Convergent amino acid residues were identified and visualized
using Jalview (v.2.11.3.3) (Waterhouse et al., 2009).

The genetically mobile domains of 13 protein sequences
were predicted and visualized using SMART (http://smart.embl-
heidelberg.de/). Tertiary structures of each Eda protein were
predicted by AlphaFold-Colab with default parameters and no
templates (https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb). PyMOL
(v.3.0) (Delano, 2002) was used to visualize all protein
structures and determine root mean square deviation (RMSD)
values between predicted protein structures by pairwise
comparison, generating a 13x13 matrix for clustering and
visualization using the R package pheatmap. Protein stability
was assessed using FoldX (v.5.0) (Delgado et al., 2019); the
AG of folding was computed using the Stability module, and
mutational impacts at convergent residues were evaluated via
the BuildModel module.

Structural imaging of O. cubicus

Detailed anatomical visualization of the O. cubicus carapace
was carried out using micro-computed tomography (u-CT)
with a SkyScan 1076 p-CT scanner (Bruker, Belgium) under
the following conditions: aluminum filter: 0.5 mm,; isotropic
voxel size: 9 uym; electric potential: 70 peak kV (kVp); current:
200 pA.

664 www.zoores.ac.cn

RESULTS

Chromosome-level genome assembly and annotation of
O. cubicus

A high-quality reference genome of juvenile O. cubicus was
constructed using a combination of single-molecule real-time
sequencing (PacBio Sequel I), paired-end sequencing
(llumina HiSeq X Ten), and Hi-C sequencing (Supplementary
Figure S1 and Table S2). Initial contigs were assembled from
PacBio reads and subsequently polished with lllumina data,
yielding an 864.71 Mb genome with contig N50 of 4.45 Mb
(Supplementary Table S3). Hi-C data were then used to
anchor the contigs into chromosomes, vyielding a final
assembly of 837.34 Mb, with 96.77% of bases successfully
anchored to 25 chromosomes (2n=50) (Supplementary Figure
S1 and Table S4). Assembly quality was validated using
BUSCO, which identified 98.5% complete homologs,
demonstrating high accuracy of the genome assembly
(Supplementary Table S5). In addition, a 16.49 kb
mitochondrial genome encoding 13 protein-coding genes was
assembled (Figure 1B). Repeat annotation revealed that TEs
accounted for 43.77% of the genome, with DNA transposons
comprising the largest proportion (23.1%, 199.74 Mb)
(Supplementary Table S6). Gene prediction, combining
homology-based, de novo, and RNA-seq approaches,
identified 24 987 protein-coding genes, comparable to that in
other related species (Supplementary Figure S2 and Table
S7). Of these, 94.97% (23 731 genes) were either supported
by homologs in public databases (SwissProt, Nr, Pfam,
KEGG, and GO) or assembled RNA-seq transcripts
(Supplementary Table S8).

Genome expansion in O.
proliferation

The O. cubicus genome was markedly larger than those of all
other Tetraodontiformes species analyzed, ranging from 214%
to 258% greater in size, primarily due to its higher TE and
intron contents (Figure 1C, D). As major components of
vertebrate genomes, TEs play a fundamental role in shaping
genome architecture through episodic amplification (Chapman
etal., 2010; Talla et al., 2017). Comparative genomic analysis
revealed extensive expansion of both Class II DNA

transposons and Class I retrotransposons, including long
interspersed nuclear elements (LINEs), long terminal repeat
(LTRs), and short interspersed nuclear element (SINEs), in O.
cubicus, with DNA transposons nearly twice as long as those
in related Tetraodontiformes genomes (Figure 1E). Kimura
distance-based divergence profiling identified a recent TE
burst event in O. cubicus, primarily between substitution levels
2 to 5 (Supplementary Figure S3), dominated by specific DNA
transposon and LINE families. These elements, including
DNA/TcMar-Tc1, DNA/PIF-Harbinger, LINE/L1, and
LINE/CR1, were evenly distributed across 25 chromosomes
(Supplementary Figure S4). Moreover, a conserved DNA
transposon amplification event was detected in both
Tetraodontiformes species and Antennarius maculatus, with
peak activity corresponding to Kimura substitution levels
between 15 and 20 (Supplementary Figure S5).

cubicus driven by TE

Phylogeny and population dynamics of
Tetraodontiformes
To resolve phylogenetic relationships among major

Tetraodontiformes species, phylogenies were constructed
using 2 098 one-to-one orthologous genes from 19 species
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Figure 1 Unique phenotypic and genomic characteristics of O. cubicus

A: Schematic of unique yellow boxfish phenotypes. B: Circos plot of yellow boxfish genome. From outside to inside, circle (a) represents scaffold
arrangement on each chromosome, circle (b) represents density of ncRNA distribution, circle (c) represents density of inverted repeats, circle (d)
represents density of direct repeats, circle (e) represents distribution density of genes in reverse arrangement, circle (f) represents distribution
density of genes in forward arrangement, and circle (g) represents ostracitoxin GC content. Darker color in each circle indicates higher value. C: Pie
chart of genome size in different Tetraodontiformes species, ranked according to genome sizes, ranging from 334.91 Mb (Arothron firmamentum) to
864.71 Mb (O. cubicus). D: Proportion of different genome elements in O. cubicus and related species. E: Proportion of different TEs in O. cubicus

and related species.

(Figure 2A) and complete mitochondrial genomes from 131
species, including 113 Tetraodontiformes species (Figure 2B).
Both datasets consistently placed Lophiiformes as the closest
extant group to early-diverging Tetraodontiformes lineages
(Figure 2A, B). Mitochondrial phylogeny further revealed close
affinity between Tricanthidae, Molidae, Aracanidae, and
Ostracidae, supporting a three-clade division: Ostraciidae-
Molidae, Tetraodontidae, and Balistidae-Monacanthidae
(Figure 2B). Synonymous substitution rate (Ks) analysis
identified the lowest peak between O. cubicus and M. mola
(Ks=0.38), followed by L. litulon (0.52), Tetraodon
palembangensis (0.59), T. rubripes and T. bimaculatus (0.64),
and Thamnaconus modestus (0.70), suggesting a particularly
close evolutionary relationship between O. cubicus and M.
mola (Figure 2C). Demographic reconstructions of four
Tetraodontiformes species revealed diverse population
trajectories during the Mid-Pleistocene Transition (MPT)
(Figure 2D; Supplementary Figure S6). The “glacial control
theory” posits that abrupt sea-level changes during the MPT
facilitated intermittent coral reef formation (Daly, 1915),

favoring the rapid formation of coral reef ecosystems essential
for the survival of Ostraciidae species. This may explain the
expansion of the O. cubicus population after an initial
acclimation phase during the early MPT.

Potential chromosomal evolution in Tetraodontiformes

Ancestral chromosomes within Tetraodontiformes were
reconstructed at 300 kb resolution using DESCHRAMBLER,
based on chromosome-scale genomes of eight species (one
reference, four ingroups, and three outgroups). A total of 600
conserved segments were identified, enabling reconstruction
of 24 ancestral chromosomes spanning 663.23 Mb (Figure 3A;
Supplementary Table S9). Among ingroups, O. cubicus
exhibited the fewest chromosomal rearrangements,
suggesting a more conserved genome relative to other taxa
(Supplementary Table S10). Comparative collinearity analyses
between O. cubicus and representative species of Eupercaria
(Oryzias latipes), Molidae (M. mola), Tetraodontidae (T.
rubripes), and Monacanthidae (Thamnaconus modestus)
revealed multiple lineage-specific rearrangements. In Oryzias
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Figure 2 Phylogeny of Tetraodontiformes
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Tree scale: 1

A: Maximum-likelihood phylogenetic tree of 12 Tetraodontiformes species (blue) and seven related outgroup species based on single-copy genes.
B: Maximum-likelihood phylogenetic tree from complete mitochondrial genomes (mtDNA) of 131 teleost species (including 113 Tetraodontiformes
species, marked in blue). Size of purple triangle represents branch bootstrap value. C: Frequency distribution of synonymous and non-synonymous
mutation rates of homologous genes in O. cubicus and related species. D: Reconstruction of historical population size in O. cubicus.

latipes, chromosome 20 was split into chromosomes 20 and
10 in O. cubicus, while segments of chromosome 2 underwent
translocation and fusion with chromosome 22 to form
chromosome 13, with the remaining portion of chromosome 2
contributing to chromosome 6 in O. cubicus. Additional
rearrangements involved chromosomes 16 and 17 in O.
cubicus compared to Oryzias latipes, M. mola, Thamnaconus
modestus, and T. rubripes (Figure 3B, C, D). In Thamnaconus
modestus, chromosomes 1, 2, 3, and 4 likely originated from
the fusion of specific O. cubicus chromosomes (Figure 3D). In
T. rubripes, chromosome 1 resulted from the fusion of O.
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cubicus chromosomes 4 and 18, while chromosome 8
incorporated material from chromosomes 3, 6, and a segment
of chromosome 13 (Figure 3D).

Genetic alterations in the O. cubicus genome

Molecular clock analyses estimated the divergence between
O. cubicus and M. mola at approximately 94.4 million years
ago (Ma), during the Cenomanian-Turonian stage of the Late
Cretaceous. Rapid divergence of the Tetraodontidae,
Ostraciidae-Molidae, and Balistidae-Monacanthidae lineages
occurred over a brief interval between 116.0 Ma and 94.4 Ma


www.zoores.ac.cn

A 2n=44 2n=44 2n=36 2n=40 2n=50
110111213141516171819 22021223 4 5 6 7 8 9 1234567 8910111213141516171819202122 1 2 3 4 5 6 7 8 9 101112131415161718 123 4 5 6 7 8 9 1011121314151617181920 123 4 i g 78 9101|1213|4|51G|7|!|92n12!22232425
r A } : I i
L.litulon . T. bimaculatus T.rubripes T. palembangensis T. modestus O.cubicus " G.aculeatus O. latipes
-
2n=46 - 2n=42 2n=48
®
S ) e L
1234567 8 9101112131415161718 021 324 L I‘
0.03 —
2n=48 ‘ 3 - g
C 10 | T. rubripes
KV751389.1 ‘//ﬁ KV75133;.::§’\i\\ 51327.1
KV751356£ ) Vi ¢
‘ asral M. mola
Contig 20 %
([ TTLCLLLLELER LT LR L
B 3 D O. cubicus
0. latipes h\W,,zts S22 519 7 1813 2 14 3 17 1 4 2012 9 11 16 15 8 6 10
= &t
Q T. modestus
N
al
©
&~
- O. cubicus
-
=
o
=
)
()
L0o e
T = —’aﬁ'\g ) E
7 —1 A 1316 21 6 9 18121 8 2 17 15 2210 3 14 7 4 5 20 19 11 :
J 25 24 23 227 O. cubicus T. rubripes

Figure 3 Chromosome evolution of Tetraodontiformes
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Thamnaconus modestus.

(Figure 4A). Comparative analyses identified 1 640 expanded
gene families and 1 224 contracted gene families in O.
cubicus (Figure 4A; Supplementary Table S11), with GO and
KEGG analysis revealing enrichment in chromosome
segregation and cardiac rhythm regulation (Supplementary
Figure S7 and Tables S12, S13). In total, 1 313 PSGs and 88
REGs were identified in O. cubicus among 10 786
homologous gene pairs, which were confirmed through
bidirectional optimal alignment with M. mola, Thamnaconus
modestus, T. rubripes, Oryzias latipes, and G. aculeatus
(Supplementary Table S14). Many of these genes were
associated with skeletal and scale development, including
bmp7, egf7, fgf18, bmpr2, fgfria, scpp1, eomes, sost, and
sct2. Several REGs, including lefty2, mix/1, and hmx2, were
linked to morphological regulation and inner ear development,
potentially contributing to carapace formation and balance
perception. Functional enrichment of PSGs and REGs further
supported roles in ossification, skin morphogenesis, optic
vesicle development, and retina homeostasis (Figure 4C, D),

implicating these loci in the development of diverse coral reef
adaptive phenotypes.

The SCPP gene family, essential for the formation of teleost
scales, teeth, and bone (Lv etal., 2017), was examined in
detail. The O. cubicus genome contained 11 SCPP genes,
including two acidic and nine proline/glutamine-rich (P/Q-rich)
variants. Acidic SCPP genes regulate bone and dentin
mineralization, while P/Q-rich SCPP genes are mainly
involved in enamel and dentin formation (Lv etal.,, 2017).
Although copy number of SCPP genes was conserved across
Tetraodontiformes species, gene expression analysis revealed
that acidic SCPP genes were highly expressed in boxfish
carapace tissue compared to the normal skin, while P/Q-rich
SCPP genes were transcriptionally inactive in both carapace
and normal skin (Figure 4E, F). The HOX gene family is
involved in the regulation of body shape (Cumplido et al.,
2024). The Tetraodontiformes order demonstrated a high
degree of sequence conservation within the HoxAb, HoxBb,
and HoxDa paralogous groups, with no gene copy number
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Figure 4 Non-conserved genome elements in O. cubicus and related species

A: Divergence time and gene family differentiation of yellow boxfish and

related species. Numbers on branches show number of expansion

(red)/contraction (blue) genes. B: Types and gene numbers of homologous gene families in yellow boxfish and related species. C: ReviGO

enrichment of positively selected genes in yellow boxfish. D: ReviGO enrich

ment of rapidly evolving genes in yellow boxfish. E: Heatmap of SCPP

gene family members in yellow boxfish carapace and skin. Gene expression increases from blue to red. Two acidic SCPP genes: spp? and scpp7,;
Nine proline/glutamine-rich SCPP genes: scpp3c, fa93e10, scpp2, scpp5, scpp4, scpp7, scpp3a, scpp3b, and sparcl1. F: Distribution of SCPP gene
family members in yellow boxfish and related species. G: Phylogenetic relationships among HOX gene family members in yellow boxfish and

related species.

variations observed in the four representative species
(Figure 4G; Supplementary Figure S8). Notably, O. cubicus
possessed the most complete 48 Hox genes among
Tetraodontiformes, suggesting a closer evolutionary
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relationship to ancestral Tetraodontiformes species. Contrary
to previous reports of Hox7 cluster loss in Tetraodontiformes
(Ozernyuk & Schepetov, 2022), O. cubicus, M. mola, and T.
modestus retained hoxa7a, and O. cubicus uniquely retained
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hoxb7a. The shared presence of hoxa7a in O. cubicus, M.
mola, T. modestus, and G. aculeatus (closely related to
Tetraodontiformes) suggests that hoxa7a loss of T. rubripes
may have occurred specifically within the Tetraodontoidei
lineage after its divergence from a common ancestor with O.
cubicus and M. mola.

Transcriptomic variation in dermal armor of O. cubicus
To identify the molecular basis of coral reef adaptation in O.
cubicus, morphological and transcriptomic features of the

dermal carapace, a typical defensive phenotype, were
examined. High-resolution micro-CT of a 3 cm long larval
specimen revealed that the carapace adopted a carambola
shape, formed by a mosaic of hexagonal bony plates
connected through serrated interfaces and supporting
protective spines at protruding vertices (Figure 5A). Internally,
three pairs of otoliths were located near the brain, consistent
with their role in maintaining postural balance in complex reef
environments (Supplementary Figure S9A).

q 2 30t | + Down
E 1 i * Not
'3 . H
3 0 —
k -1 8
3 i 2
. 2 2 ol
3 S
9 =}
. g
3 =
.PE "0t
“ o o0 0 o o o
g g2 2 g2 g 2
= N w = N w 0 H g
2 22 2 2 2 0 5 0 5 10
E 5 5 o o e
D - T Logy(FoldChange)
to o Count
Extracellular matrix organization { L] ® 25
Skeletal system development £ [ ] @ 0
Response to nitrogen compound £ [ ] . 75
Organic anion transport £ [ ]
Collagen fibril organization £ (] Regulation
Carboxylic acid transport [ ] < U
Organic acid transport £ [ [ ] Dan
Skeletal system morphogenesis 1 [ ]
Osslfcatlon o
structure ol i %
_ Single-multicellular organism process
G Cell morpt is involved in diffe iati
L 1 Sensory neuron axon guidance multicellular
_ Organism development
—Wnt signaling pathway
®e Neuron projection morphogenesis
I Regulation of establishment of planar polarity
_ Multicellular organismal process
S Synaptic membrane adhesion
1 02 1 32 4 4
-Logio(Q-value)
- - - - - L ]
» = .- A ® e
P Ossification -
w7 & O, (N
4 &9 2 S Ai
,(Q,?’g’ »{(\\Na\’ Lt o sf"c X
0 S O N NS <
""""""""""""""""""""""" bripro A X / « oy, “Cepy
. 98 pigh X
b 3 K /\ _r1a 8 \ Sieell
P Exon1 Exon2 Exon3 \“ 3 \ \ \ \/tmtczig a \\ _____ .
! . — bmp7 /o /
: N\ N \\ / \\ \
1y 4 “gremt,— § N sé aspn d
& 1 |
NV 2,05 | eav] aman jfrp:i ] —
' s mmpépxdﬁgas\}\ — o Zwnfop™ é
= fofr4 hgfa% tct . \\ \ \/
- = /\\/agﬂb f’l }/ eda > N ¢
LY | [
LY ™ \ d/X6a\4/1/X5a /‘\ “90’/@ _e _ = 4
- d = =1 \\ othi ka3 \ \/
—
® L3 \\ \ — /N (4
B d | .
- @ A=

Figure 5 Transcriptional regulation in yellow boxfish carapace formation

A: Micro-CT images of yellow boxfish. Upper left: Perspective view; Upper right: Ventral view; Lower left: Lateral view; Lower right: Anterior view.
Scale bars: 5 mm. B: Heatmap of yellow boxfish carapace-specific DEGs. C: Volcano plot of yellow boxfish carapace-specific DEGs. D: Top 10 GO
(BP) terms and KEGG pathways enriched in yellow boxfish carapace-specific DEGs. E: Integrated regulation of yellow boxfish carapace formation.
Figure shows interaction network of carapace-specific DEGs of yellow boxfish. Each point represents a gene, and lines between points represent
interactions between genes. Orange points: Hub genes; Blue points: DEGs; Green points: Differentially spliced DEGs. Osteoblast-like cells (blue
cells in picture) ossify to form the boxfish carapace under differential expression and splicing regulation. Ossification is mediated by cytokine (such

as TGF-B) signaling.
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The morphological results supported transcriptomic
sampling of the yellow boxfish carapace and tail skin
(Supplementary Figure S9B). Comparative transcriptome
profiling identified 600 DEGs between the carapace and tail
skin, including 225 down-regulated and 375 up-regulated
transcripts in the carapace (Figure 5B, C; Supplementary
Table S15). These DEGs showed complex expression
patterns between the carapace and tail skin. While several key
inducers of bone and cartilage development, such as bmp?7,
postn2, and ogn, were down-regulated, genes directly
associated with ossification, including acidic SCPP genes and
bglap2, were significantly up-regulated. These patterns
suggest that carapace formation involves an integrated
balance of both inductive and repressive signals, mirroring
elements of endoskeletal development while maintaining
distinct dermal-specific regulatory features. Furthermore, GO
enrichment revealed that up-regulated DEGs in the carapace
were enriched in biological processes related to ossification
and skeletal system development, whereas down-regulated
DEGs were predominantly enriched in cellular morphogenesis
(Figure 5D; Supplementary Tables S16, S17). Notably,
several genes implicated in skeletal system development and
bone morphogenesis, such as postn and bmpr2, also
underwent differential AS (Supplementary Table S18).
Skipped exon events occurred most frequently in DAS genes,
with overall increases in isoform diversity in the carapace
across SE, A5SS, A3SS, and RI events (Supplementary
Figure S9C). For example, a postn transcript featuring exon
17 exclusion was significantly enriched in the carapace,
potentially reflecting isoform-specific functional specialization
during carapace formation (Supplementary Figure S9D). The
co-expression network of DEGs and DAS genes identified 34
hub regulatory genes, many involved in ossification and
skeletal system development pathways. Communication
between cytokine (TGF-B) signaling and osteoblast-like cells
may be a vital axis in the development of yellow boxfish
dermal armor (Figure 5E).

Convergent evolution of eda in teleost bony plates

Dermal bony plates have evolved independently across
multiple teleost lineages, and the eda gene has been
implicated as a key regulator of this trait. In G. aculeatus, for
example, distinct eda mutations are correlated with bony
development in both marine and freshwater populations
(Robertson et al., 2017). While transcriptomic analysis of O.
cubicus revealed no significant expression difference in eda or
its downstream receptor edar between carapace and skin
tissues, a comparative evolutionary analysis of eda across 13
teleost species (six with bony plates and seven with no bony
plates) uncovered a notable site of convergent evolution at
four amino acid mutations (Figure 6). Predicted domain
architecture of Eda proteins across all examined species
revealed a conserved structure consisting of a transmembrane
region and tumor necrosis factor (TNF) domain (Figure 6A). A
specific convergence site located just two residues upstream
of the predicted a-helical segment within the transmembrane
domain emerged as a key signature. At this site, species
possessing dermal bony plates —including O. cubicus,
Odonus niger, Gasterosteus aculeatus, Hippocampus erectus,
H. comes, and Atractosteus spatula—uniformly encoded
leucine (L), whereas plate-less species encoded proline (P) or
alanine (A) (Figure 6B). The proximity of this substitution to
the a-helical anchor suggests a potential influence on
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membrane insertion or receptor-binding conformation
(Figure 6A, B). Three-dimensional (3D) structural modeling
and RMSD clustering of the 13 Eda proteins yielded two
distinct groups: one exclusively composed of species lacking
bony plates (5/5), and the other predominantly comprising
plate-bearing taxa (6/8) (Figure 6C). Elevated RMSD values
were primarily associated with comparisons between the two
structural clusters, implying that bony plate evolution may
involve convergent remodeling of Eda tertiary structure.
Although overall protein stability predictions showed no
significant difference between species with and without bony
plates (Figure 6D), substitution of L to P at the convergent site
in plate-bearing species resulted in a markedly higher energy
cost, indicating structural destabilization. In contrast, the
reverse mutations from P or A to L in plate-less species
caused relatively minor energy changes (Figure 6E). These
findings suggest that L is structurally favored at this site in
species with bony plates, and that reverting to P may be
selectively disfavored due to its destabilizing effect on Eda
protein conformation.

DISCUSSION

Comparative genomic analyses indicated that O. cubicus has
retained several ancestral features that distinguish it from
other members of Tetraodontiformes. At the chromosomal
level, O. cubicus exhibited markedly fewer chromosomal
rearrangements relative to related taxa, suggesting a
karyotypic structure more closely aligned with the ancestral
condition. At the gene level, the retention of a more complete
set of Hox cluster members further indicated a closer
relationship to the Tetraodontiformes ancestor. Together with
its early divergence and phylogenetic position, these
characteristics indicate that Ostracion cubicus represents an
extant crown lineage that remains closer to ancestral
Tetraodontiformes species.

Interestingly, despite its overall genomic conservation, the
various phenotypic adaptations of O. cubicus can be traced to
the role of genetic factors. Recent lineage-specific TE bursts
and chromosomal rearrangement events likely contributed to
regulatory rewiring and genome plasticity. For example, the
REG hmx2 and PSG hoxb13a, both implicated in inner ear
and hypothalamic development (Feng & Xu, 2010), may
support enhanced spatial orientation and sensory integration.
The evolution of a rigid dermal carapace encasing the entire
body imposes increased energy demands for the high-
frequency movement of pectoral fins (Van Wassenbergh et al.,
2015). This likely necessitated enhanced oxygen delivery and
cardiac output, consistent with the observed expansion of
gene families related to heart rate regulation. Furthermore, the
observed enrichment in genes governing chromosome
segregation supports the hypothesis that karyotypic
remodeling through ancestral chromosome fragmentation
contributed to O. cubicus genome architecture. Compared to
normal skin, the yellow boxfish carapace exhibited distinct
patterns of gene expression, AS, and functional interactions
enriched for pathways involved in ossification and skeletal
system development, highlighting transcriptional and post-
transcriptional mechanisms underlying adaptation to coral reef
environments. These molecular signatures underscore how
enhanced structural defense and refined locomotor control
have jointly contributed to the ecological success of O.
cubicus under strong selective pressure.

The evolutionary plasticity of gene regulation is further
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Figure 6 Bony plate convergent evolution in teleost fish
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exemplified in the divergent development of dermal bony
plates. Notably, the presence of unarmored caudal skin in O.
cubicus provides an internal morphological control for studying
dermal ossification, enabling within-individual comparisons for
divergent evolution study within the order Tetraodontiformes.
Several key regulators of bone development appear to play
central roles in this transformation: bmp7 functions as an
osteogenic inducer that promotes epithelial ossification (Kim
etal., 2012); bglap2 encodes osteocalcin, which constitutes
1%—2% of bone matrix and binds to apatite and calcium (Xu
etal., 2023); aspn modulates osteoblast-driven collagen
biomineralization by binding to calcium and inhibiting the
typical TGF-B/Smad signaling pathway (Zhou et al., 2023);
and germ1 acts as a Bmp2 antagonist, inhibiting Bmp2-
mediated osteoblast differentiation (Deng et al., 2021). These
findings underscore the integration of genetic selection and
transcriptional regulation in shaping dermal armor formation
and reveal O. cubicus as a valuable model for uncovering the
evolutionary origins of skeletal innovation in teleosts.

The dermal armor of the yellow boxfish consists of hard
hexagonal scales formed through the spiral accumulation and
mineralization of collagen (Yang etal., 2015). This ossified

scale-based architecture represents a broader evolutionary
pattern observed in multiple teleost lineages, including
members of Lepisosteiformes, Syngnathiformes,
Tetraodontiformes, and Perciformes, suggesting repeated and
independent evolution of bony plates across distantly related
Osteichthyes species. Ectodysplasin-A (Eda) is a cytokine
involved in epithelial-mesenchymal signaling and skin
derivative development (Yang etal., 2022). Comparative
studies on freshwater (without bony plate) and marine (with
bony plate) dwelling G. aculeatus populations demonstrated a
strong association between bony plate formation and specific
amino acid mutation sites in the eda gene (Robertson et al.,
2017), including an L to P mutation that coincides with the
convergent evolutionary site identified in this study.
Translational and structural predictions across a broader
taxonomic spectrum revealed that such mutations, particularly
those proximal to conserved secondary structural motifs, may
have substantial functional consequences (Khan & Vihinen,
2007). Within a-helices, leucine promotes hydrophobic
interactions and helps maintain helix stability (Lyu etal,
1991), while proline tends to disrupt helix elongation and its
stability (Morgan & Rubenstein, 2013). In Eda proteins from
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species with dermal plates, the presence of leucine at the
convergent site may enhance transmembrane a-helix integrity
in eda domains through the hydrophobic side chain. In
contrast, proline substitutions at this site in species lacking
bony plates may restrict protein flexibility and stability.
Notably, this pattern of convergence was further supported by
analyses of predicted tertiary structures: Eda proteins
clustered according to bony plate phenotype rather than
phylogenetic  affiliation, underscoring  the  adaptive
convergence of structural features at the protein level. This
phenomenon mirrors other known cases of molecular
convergence, such as the parallel evolution of high-affinity
hemoglobin in high-altitude birds (Natarajan etal., 2015).
These findings imply that the structural similarity of Eda
proteins correlates more strongly with the presence or
absence of dermal bony plates than with phylogenetic
relatedness. Although individual amino acid changes are often
assumed to have limited impact on protein stability, the
observed differences in free energy associated with mutations
at this site point to more detailed evolutionary trends.
Investigating the structural patterns of key genes and proteins
may provide deeper insights into the molecular basis of
phenotypic convergence, highlighting the need for further
exploration of the regulatory mechanisms underlying eda-
mediated bony plate development in teleosts.

Rapid phenotypic adaptation in response to complex
environments can coexist with a conserved genome, a
dynamic equilibrium that serves as a fundamental driver of
biodiversity and complexity (Pfennig et al., 2010; Promy et al,,
2023). However, evolution is complex, involving various
mechanisms operating across distinct temporal and molecular
scales. In the future, functional validation using gene editing
approaches will be applied to verify the functions of several
candidate genes involved in O. cubicus carapace
development, such as bmp7, postn, aspn, scpp1, and eda.
Expanding high-quality genomic datasets from across
Tetraodontiformes will further refine phylogenetic resolution,
while population-scale analyses will be critical for uncovering
the finer mechanisms of coral reef adaptive evolution in O.
cubicus.

The present study identified an intriguing phenomenon in
evolutionary biology: extensive phenotypic diversification can
occur even in the context of a highly conserved genome.
Through the construction of a high-contiguity chromosome-
level genome for O. cubicus and comprehensive evolutionary
and comparative analyses, O. cubicus was identified as a
basal lineage within Tetraodontiformes, with a chromosome
count resembling the ancestral karyotype, early divergence
time, and retention of the largest number of Hox genes within
the order, hallmarks of genomic conservatism. Environmental
shifts during the MPT, particularly glacial expansion and sea-
level fluctuations, likely created new reef habitats that shaped
O. cubicus adaptation. Recent bursts of TEs, lineage-specific
chromosomal rearrangements, gene family expansions and
contractions, and signatures of positive selection and rapid
evolution in phenotype-related genes collectively underpin the
genetic foundation of coral reef adaptation in O. cubicus.
Transcriptomic and splicing analyses of the carapace revealed
extensive regulatory modulation of genes involved in
ossification and collagen matrix organization, reflecting
adaptive mechanisms operating at both the transcriptional and
post-transcriptional  levels.  Cytokine-mediated  signaling
pathways such as TGF- appear to play a critical role in
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carapace formation in yellow boxfish. Furthermore, the
conserved amino acid sequence and tertiary structure of eda
across plate-bearing teleosts suggest a convergent molecular
trajectory underlying the evolution of bony plates. Together,
these findings offer valuable genomic resources and
contribute key evolutionary insights into the genetic basis of
dermal carapace development and the broader mechanisms
of specialization in coral reef ecosystems.
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