Giap et al. BMC Genomics (2026) 27:664 BMC Genomics
https://doi.org/10.1186/512864-026-13009-x

®
Chromosome-level genome assembly e
of Trichiurus japonicus resolves species
boundaries and evolutionary history
of cutlassfishes in Northwest Pacific
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Abstract

Persistent taxonomic uncertainty has plagued the Trichiuridae family (hairtails), a group of ecologically and
commercially significant fishes, a result of conflicting morphological criteria and historical misclassifications. While
molecular approaches have advanced understanding their taxonomy, mitochondrial-based analyses and misapplied
nomenclature have obscured species boundaries and population dynamics. Here, we integrate a chromosome-
level genome assembly of Trichiurus japonicus with whole-genome resequencing of congeneric species to resolve
the taxonomic ambiguity in Trichiurus. Combining phylogenomic, demographic, and population genetic analyses,
we resolve taxonomic uncertainties by redefining species boundaries, reconstructing population dynamics, and
identifying genomic divergence between populations. Our analyses suggest that T. japonicus and T. nanhaiensis
are distinct species. Crucially, we identify a cryptic, genetically distinct lineage putatively derived from the Indian
Ocean, misclassified as T lepturus in previous studies, underscoring the impact of commercial trade on taxonomic
confusion. Our analyses reveal low spatial genetic differentiation in T. japonicus across the sampled Northwest
Pacific localities, consistent with weak population structure within our sampling frame. This study establishes a
genomic framework of Trichiurus to resolve taxonomic conflicts in morphologically cryptic taxa and advances
strategies for sustainable fisheries management under climate change.
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Significance statement

This study employs genomic approaches to resolve taxo-
nomic uncertainties in the Trichiurus genus, providing
genome-wide evidence of T. japonicus and T. nanhaiensis
as distinct species while identifying a cryptic, genetically
distinct lineage putatively derived from the Indian Ocean
(T. sp.). Our analyses indicate that T. japonicus main-
tained stable population dynamics throughout Pleisto-
cene glaciations. These results may advance management
strategies for commercially important cutlassfish species
and establish a crucial genomic framework for evaluat-
ing marine organisms’ vulnerability to contemporary cli-
mate-driven environmental changes.

Introduction

The Trichiuridae family (cutlassfishes or hairtails) com-
prises ecologically and economically significant fish [1, 2].
Their role as mid-to-upper trophic level predators makes
them vital for maintaining the structure and function of
marine ecosystems. Fisheries in the Northwest Pacific
rely heavily on species of the genus Trichiurus, includ-
ing T. japonicus, T. lepturus, T. nanhaiensis, and T. brevis
[3, 4], although pronounced morphological conservatism
among these taxa has long complicated accurate identi-
fication [5-7]. This taxonomic ambiguity directly under-
mines stock assessments and sustainable management,
as effective conservation strategies relies on the accurate
delineation of species and their population units.

Initial taxonomic work regarded cutlassfishes as a sin-
gle cosmopolitan species [8, 9], but subsequent morpho-
logical revisions recognized multiple East Asian taxa [10,
11]. The advent of molecular markers, particularly mito-
chondrial DNA (mtDNA), revealed deep evolutionary
divergences within the genus, challenging the traditional
view and supporting the existence of cryptic species [8,
12, 13]. While mitochondrial DNA (mtDNA) is useful
for initial screening and barcoding, its maternal, non-
recombining, single-locus nature makes it susceptible to
stochastic processes such as genetic drift and incomplete
lineage sorting. These can produce evolutionary signals
that conflict with genome-wide divergence patterns and
true species relationships [14, 15]. Historical nomencla-
tural acts established the foundational framework for
current taxonomy of Trichiurus [16-20], yet the rela-
tionships and validity of many nominal species remained
contested [21].

Despite these advances, critical knowledge gaps per-
sist due to methodological limitations. First, earlier
investigations were often constrained by geographically
restricted sampling and a primary reliance on mitochon-
drial markers, which has frequently resulted in cyto-
nuclear discordance and ambiguous species boundaries
[22-24] .This discordance arises when genealogies from
nuclear and mitochondrial genomes conflict, a common
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issue in recently diverged species or those with complex
demographic histories, obscuring true evolutionary rela-
tionships [22, 25]. Second, several described taxa retain
uncertain morphological diagnoses [3, 8, 26], and key
lineages, including T brevis [16, 26], T. sp.2 [27-30], and
an unresolved Indian Ocean lineage [21, 31], lack clear
phylogenetic placement and genomic characterization.
Third, while early isozyme studies suggested fine-scale
population structure for T. japonicus [4, 32], subsequent
genetic data with limited resolution supported only two
broad groups in the East and South China Seas [11, 33],
leaving its contemporary population connectivity and
historical demography poorly understood.

In this study, we have three objectives: firstly, using
genome-wide nuclear data to resolve long-standing spe-
cies boundaries in the Trichiurus genus, which have been
obscured by morphological conservatism and mito-
nuclear discordance in previous studies; secondly, test
whether Pleistocene sea-level fluctuations in the North-
west Pacific are a key driver of allopatric speciation in
Trichiurus; thirdly, evaluate spatial genetic structure of
T. japonicus exhibits across its Northwest Pacific range,
if it is consistent with a panmictic population hypothesis.
To address these interconnected limitations in taxonomy,
species delimitation, and population genomics, we estab-
lished a robust phylogenomic framework for Northwest
Pacific Trichiurus. By integrating extensive specimen col-
lections across the region’s major marine basins with a
chromosome-level genome assembly and whole-genome
resequencing, we apply genome-wide SNP analysis and
coalescent-based modeling. The specific goal of this
study is to clarify the phylogenetic status of ambiguous
lineages; delineate the population structure, connectivity,
and demographic history of the commercially dominant
T. japonicus; and thereby create an empirical genomic
foundation for informed regional fisheries management
and conservation.

Result

Genome assembly and annotation

We present a high-quality, chromosome-level genome
assembly for T. japomicus (Fig. 1C). This 964.99 Mbp
assembly, anchored to 24 chromosomes (98.87% anchor-
ing rate), was generated by integrating 112 GB of Oxford
Nanopore long reads, 66.37 GB of Illumina short reads,
and 104.11 GB of Hi-C scaffolding data, resulting in scaf-
fold and contig N50 values of 39.19 Mbp and 6.07 Mbp
respectively (Supplementary Table 1). The genome exhib-
its a GC content of 41.21% and achieved a high BUSCO
completeness score of 96.9%.

Genome composition and repetitive elements. Repeti-
tive elements constituted a substantial portion (40.48%)
of the T. japonicus genome. DNA transposons were the
most abundant class (10.95%), followed by retroelements
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Fig. 1 A. A specimen of Trichirus japonicus used for genome sequencing, collected by hand rod nearby Gougi Island, Zhoushan, China; B. Sampling
locations for genome resequenced specimens, with numbers indicating the count of individuals of each species collected at each site; C. Chromosome
contact map of T.japonicus (resolution in 1 kb bins)
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(10.50%), which comprised primarily long terminal
repeats (LTRs; 6.10%) and long interspersed nuclear ele-
ments (LINEs; 3.89%). Unclassified repeats accounted for
an additional 14.08% of the genome. Repetitive elements
dominated the T. japomicus genome, accounting for
nearly half of its composition (40.48%). DNA transposons
(10.95%) and retroelements (10.50%) were the two major
repeat classes, with unclassified repeats comprising the
remainder (14.08%). Integrating transcriptomic, protein
homology, and ab initio evidence, we annotated 23,993
high-confidence protein-coding genes. This gene set
provides a robust foundation for comparative genomic
analyses.

Compared with the published HiFi-based T. japoni-
cus genome of Hsu et al. (2025) [34], our Nanopore-
based assembly differs in assembly size, gene count, and
BUSCO completeness, but both studies consistently
recover 24 chromosomes, indicating consistency in
chromosome number; furthermore. Synteny mapping
between the assemblies also suggest structural concor-
dance (Supplementary Fig. 5), despite differences in
total size (964.99 Mb vs. 1,138 Mb), gene count (23,993
vs. 26,541), and BUSCO completeness (96.9% vs. 99.4%).
Beyond genome description, our study further links the
reference assembly to population genomics, phylogenom-
ics, and demographic inference to address species bound-
aries and evolutionary history within Trichiurus, whereas
Hsu et al. primarily presented a genomic resource. Our
comparative analyses also reveal strong chromosomal
synteny conservation with related perciforms (Scomber
japonicus, Thunnus albacares), as evidenced by large
collinear blocks spanning entire chromosomes (Supple-
mentary Fig. 1A). Furthermore, spatial mapping uncov-
ers significant correlations between syntenic regions, GC
content gradients, gene density, and transposable ele-
ment distribution (Supplementary Fig. 1B), highlighting
the interplay between genome architecture and sequence
composition.

Population genomics and phylogenomics

Northwest Pacific Trichiurus taxa revealed clear genetic
divergence in PCA (Fig. 2A, left). Trichiurus japonicus
formed a tight cluster, indicating low genomic diversity.
Trichiurus lepturus separated distinctly from all other
species. While closely grouped, 7. sp. and T. nanhaiensis
separate from both T japonicus and T. lepturus. Trichi-
urus nanhaiensis and Trichiurus sp. formed two distinct
genetic clusters, which is more apparent in the two-spe-
cies PCA (Fig. 2A, right). Applying a MAF threshold of
0.05 further accentuated this genetic separation. Because
MAF thresholds can affect population-structure infer-
ence, this pattern should be interpreted together with the
unfiltered PCA, Fg;, and phylogenomic analyses.
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Genetic differentiation among the four Trichiurus spe-
cies was medium to high (Fg; = 0.1728-0.3800; Fig. 2B),
Divergence was greatest between T. lepturus and T. sp.,
and lowest between T. lepturus and T. japonicus. In con-
trast, northern and southern T. japonicus populations
showed negligible differentiation (Fg; = 0.0188), consis-
tent with a single cohesive coastal population within our
2022-2023 multi-season sampling frame. Genome-wide
Dxy, Fgp, and 1 patterns supported divergence among
Trichiurus species and low differentiation within the
sampled T. japonicus populations (Supplementary Fig. 2).
The apparent difference between Fg and PCA/ADMIX-
TURE patterns likely reflects the use of different SNP-fil-
tering schemes and the fact that PCA and ADMIXTURE
emphasize clustering patterns, whereas Fg; measures
allele-frequency differentiation. Therefore, these analyses
were interpreted as complementary but method-depen-
dent lines of evidence.

ADMIXTURE analysis revealed three major genetic
clusters at K=3, corresponding to T. lepturus, T. japoni-
cus, and a combined T. nanhaiensis —Trichiurus sp. group
(Fig. 2C). These clusters were broadly consistent with
the major species-level groupings inferred from PCA
and phylogenomic analyses. At higher K values (K=5 to
K=7), T. japonicus individuals formed distinct subclus-
ters, but these showed no correlation with geographic
sampling locations.

Intraspecific genomic variation within T. japoni-
cus was low compared with interspecific differentia-
tion. The weighted Fg; between northern and southern
populations was only 0.01181, suggesting that 7. japoni-
cus individuals across the sampled range share a rela-
tively uniform genetic background and are consistent
with a single, weakly differentiated population within
our sampling frame. After applying a MAF threshold of
0.05, ADMIXTURE analysis showed clearer separation
between T. nanhaiensis and Trichiurus sp. This thresh-
old-dependent pattern should be interpreted cautiously
and in combination with other analyses.

Two individuals showed possible evidence of genetic
admixture: T. japomicus hll and Trichiurus sp. 661
(Dandong Fig. 1A). Because these individuals differ in
sequencing depth, these signals should be interpreted
cautiously and require confirmation with additional high-
coverage samples. These findings may reflect localized
gene flow, historical hybridization or coverage related
uncertainty. Most T. japonicus across its range showed
a relatively uniform genetic background, consistent with
weak population structure in the present dataset. Trichi-
urus brevis showed as a distinct cluster, although this
result may be influenced by the small sample size (n=1).

Overall, the ADMIXTURE results support three prin-
cipal genetic patterns: distinction between T. leptu-
rus, T. japonicus, and the T. nanhaiensis—T. sp. group; a
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Fig. 2 A.Principal Component Analysis (PCA) of four Trichiurus taxa (left) and the PCA of T. nanhaiensis and T. sp. (right). B. The heatmap of weighted Fs;
values calculated by VCFtools among the four species and between the presumed Yellow Sea and East China Sea populations of T. japonicus. C. Admixture

proportions for five Trichiurus taxa

cohesive 7. japonicus population along the Chinese coast;
and localized admixture suggesting past or limited con-
temporary gene flow at species boundaries.

Phylogenomics
For clarity, we present the nuclear phylogeny first
(Fig. 3A) and the mitochondrial phylogeny second

(Fig. 3B), allowing direct comparison between genome-
wide and mitochondrial signals. Phylogenomic analysis
resolved the evolutionary relationships within Trichiurus
but revealed cytonuclear discordance (Fig. 3). The nuclear
phylogeny (Fig. 3A) supported a basal lineage of South
China Sea T. lepturus and resolved T. japonicus, T. nan-
haiensis, and T. sp. as distinct genomic lineages, with T.
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Fig. 3 Phylogenetic relationships of Trichiurus species. A The phylogenetic tree reconstructed from 4,434 nuclear single-copy orthologs using RaxML
with 1,000 bootstrap. B Mitochondrial phylogeny inferred from COX1 sequences, combined resequencing data and sequences retrieved from NCBI (ac-
cessions shown on the taxon labels)
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Fig. 4 A.f4-statistics ((Outgroup: Lepturacanthus savala, P1), (P2, P3)) for various Trichiurus species comparisons, with bars indicating the D statistic and
Z-scores (right) denoting significance. Colors represent the direction of D (blue: negative; red: positive), and significance is defined as |Z| > 3 (gray fil). B
Pairwise MSMC-IM results: effective population sizes of the two populations (im_N1=N,(?), solid; im_N2 =N,(t), dashed) inferred for each Trichiurus species
pair (colors), and cumulative migration probability M(t) (bottom). The x-axis is scaled by time (generations ago, log scale), with Ne on a log scale (top) and

M(t) on a linear scale (bottom)

japonicus sister to a clade containing the latter two. The
mitochondrial gene tree (Fig. 3B) recovered three well-
supported monophyletic clades of T. lepturus (West
African, American, Vietnamese). Nuclear sequences for
the West African and American clades were unavail-
able, so their nuclear differentiation remains unassessed.
All three lineages are still called T. lepturus because Lin-
naeus originally applied this name to three distinct hair-
tail genera in 1758. Other related taxa have since been
resolved, leaving only these three monophyletic lineages
as T. lepturus in the strict sense. The two trees are largely
congruent at the species level (e.g., T. japonicus forms
a consistent clade in both analyses). The difference we
refer to is primarily within 7. lepturus, where the mito-
chondrial tree shows a more admixed and geographically
inconsistent structure compared to the more resolved
nuclear phylogeny. These discrepancies are reflected in
local topology and node support rather than in major
species-level relationships. Given that the mitochondrial
inference is based on a single locus (COX1), this pattern
may result from incomplete lineage sorting or introgres-
sion. Therefore, we interpret the mitochondrial signal
cautiously as provisional evidence of lineage complexity
rather than definitive mito-nuclear discordance.

The analysis also clarified the identity of market speci-
mens. Specimens labeled Trichiurus sp. from Dandong
(China) and Busan (South Korea) clustered with an
unnamed Indian Ocean lineage, matching the GenBank
sequence MK333401 identified as T. lepturus [35]. Fur-
thermore, COX1 data supported the interpretation that
specimens previously called Trichiurus sp. 2 correspond
to T. nanhaiensis.

Gene flow and divergence history
D-statistic analyses detected significant asymmetric
allele sharing between T. nanhaiensis and Trichiurus sp.,
whereas comparable signals involving 7. japonicus and
other congeners were weak or not significant (Fig. 4A).
Divergence timing estimates revealed that most species
pairs separated approximately 383,000—-398,000 genera-
tions ago. In contrast, T. nanhaiensis and Trichiurus sp.
diverged much more recently, at only 4,903 generations
ago. Using a generation time of 2.9 years for Trichiurus,
this recent divergence is consistent with incomplete
lineage separation between the two lineages into the
Holocene.

Our analysis identified a major historical popula-
tion bottleneck in the genus Trichiurus occurring

approximately 474,010 generations ago, equivalent to
~1.12 million years ago using a generation time of 2.9
years (Fig. 4B). This bottleneck coincided with Pleisto-
cene glacial-interglacial cycles and associated sea-level
fluctuations. Subsequent major divergence events fol-
lowed this bottleneck. The separation of T. japonicus
from its relatives (~0.39-0.80 Mya) coincided with the
closure of the Taiwan Strait during glacial periods, indi-
cating geographic isolation as the driver of speciation.

Discussion

This study helps resolve long-standing taxonomic ambi-
guity within the genus Trichiurus in the Northwest
Pacific by employing a phylogenomic approach. Our
integration of chromosome-level genome assembly with
genome-wide SNP data reduces the limitations of pre-
vious studies that relied solely on morphology or mito-
chondrial DNA, which can be inadequate for delineating
closely related marine species due to phenotypic plas-
ticity and incomplete lineage sorting. We delineate four
distinct evolutionary lineages: T japonicus, T. nanhaien-
sis, T. lepturus, and a newly identified cryptic lineage (7.
sp.), thereby providing a robust genomic framework for
the genus. Our research presents the first chromosome-
level genome assembly for T. japonicus, an ecologically
and commercially vital Northwest Pacific hairtail. Our
high-quality assembly anchors to 24 chromosomes with
good completeness (BUSCO: 96.9%), providing a great
genomic resource for the understudied Trichiuridae fam-
ily. Our assembly (GCA_046254865.1) was submitted to
NCBI in December 2024 and released on bioRxiv shortly
thereafter, predating the recently reported 1. japonicus
genome (Sci. Data, 2025, 12:1860). Prior to this work, no
high-quality chromosome-level reference or genome-
wide SNP data existed for Trichiurus, precluding robust
analysis of nuclear divergence, population structure, and
demographic history.

Compared to the HiFi-based assembly by Hsu et al.
(2025) [34] (1,138 Mb; 26,541 genes; 99.4% BUSCO), our
Nanopore-based assembly is more compact (931.81 Mb;
23,993 genes; 96.9% BUSCO), reflecting differences in
sequencing platform, assembly algorithms, and haplotype
resolution. Whole-genome synteny analysis (Supplemen-
tary Fig. 5) revealed high structural concordance across
all chromosomes, confirming the overall karyotype
stability of T. japomicus. Importantly, both assemblies
converge on 24 chromosomes, confirming karyotype sta-
bility and supporting the chromosome level organization
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of our assembly. While Hsu et al. focused on genome
description, our study extends to comparative genomics,
gene family evolution, and adaptive signatures, filling a
critical interpretive gap.

Our divergence estimates of Trichiurus species
(383,689-398,073 generations ago, corresponding to
~1.11-1.15 million years ago with a generation time of
2.9 years) align with the timeline of Pleistocene glacial
lowstands, when the emergence of the Taiwan Strait Land
Bridge acted as a vicariant barrier. This geographic isola-
tion would have separated ancestral populations between
the East China Sea and the South China Sea/Indo-Pacific,
initiating genetic divergence, a plausible scenario that is
consistent with the timing of known glacial-interglacial
cycles and the observed species divergence pattern. Our
genomic data support the recognition of T japonicus as
a distinct species, consistent with Temminck & Schlegel
(1844) [36] and rejecting the long-misapplied synonym
with T haumela Forsskal, (1775) [37]. This controversy
arises because the name T haumela has been histori-
cally misapplied as a catch-all label for T. japonicus in
regional collections, creating nomenclatural inconsis-
tency where a single biological entity is referenced by
multiple names [3, 38]. Thus, we clarify that T haumela
is not a true junior synonym but a distinct name errone-
ously assigned to T. japonicus lineages due to phenotypic
similarity [27]. The persistence of this taxonomic error
stems from the pronounced morphological conservatism
within Trichiurus, which confounds traditional identifi-
cation [4, 21]., This initial ambiguity was then cemented
through the uncritical repetition of misidentifications in
the literature [39, 40] and practical challenges in access-
ing verifiable type specimens for comparison [41]. Our
genome-wide clustering and species delimitation analy-
ses argue against conspecificity under the name haumela,
and provide evidence to help resolve this long-standing
confusion. Consequently, this work underscores the util-
ity of genome-scale data in clarifying species boundaries.

Furthermore, we uncovered a significant case of market
mislabeling with direct implications for trade and con-
servation [42, 43]. Specimens sold as locally caught were
genetically identified as a novel lineage (7. sp.) that clus-
ters with Indian Ocean populations, matching the Gen-
Bank sequence MK333401 [35] (Fig. 3, B). This suggests
that these specimens may represent imported products,
rather than a resident Yellow Sea population. This find-
ing highlights the critical need for forensic seafood sci-
ence, demonstrating how genetic tools can be leveraged
for market surveillance to combat fraud, ensure accurate
labeling, and ultimately support sustainable fisheries
management [44, 45].

Finally, we document two concurrent speciation pro-
cesses (Fig. 4A). The first involves T. nanhaiensis and
T. sp., where high gene flow across weak ecological
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gradients maintains incomplete divergence, trapping
them in an early stage of speciation [46]. In contrast, T.
japonicus and T. nanhaiensis exhibit a classic pattern of
allopatric speciation: Pleistocene isolation in separate gla-
cial refugia established strong reproductive barriers [47],
and although subsequent secondary contact permitted
limited hybridization [48, 49], species integrity remains
intact, a pattern observed in numerous other taxa [50—
52]. This evolutionary dynamics mirrors patterns seen in
terrestrial taxa (e.g., human [53] or brown bears [54]) and
demonstrates how cyclical climate-driven isolation and
reconnection have shaped marine biodiversity.

The main limitations of this study are as follows: first,
sequencing depth was uneven among resequenced indi-
viduals, which may influence genotype accuracy and
downstream PCA or ADMIXTURE patterns, particu-
larly for individuals showing possible admixture. Second,
the use of different filtering thresholds, especially MAF
thresholds, can affect population-structure inference;
therefore, ADMIXTURE patterns based on MAF=0.05
should be interpreted together with PCA, Fgp, D-statis-
tics, and phylogenomic results. Third, the single sample
of T. brevis (n=1) precludes a definitive assessment of
its taxonomic status. While this individual formed a dis-
tinct cluster at high K-values in our structure analysis,
this result requires validation with additional specimens
to rule out potential artifacts or exceptional individual
variation. Fourth, sampling gaps persist in the northern
distribution range of T. lepturus, the southern South
China Sea, and the broader Indian Ocean, which limits
our ability to fully assess the global phylogeographic pat-
tern of the T. lepturus complex. Fifth, our demographic
inference is based on a single high-coverage individual
per species and a fixed mutation rate and generation
time, which introduces uncertainty in the absolute tim-
ing of demographic events; however, bootstrap valida-
tion supported the relative population size trajectory and
bottleneck signal. Sixth, our sampling was conducted
within a limited seasonal window, which does not cap-
ture potential temporal population dynamics of T. japon-
icus. Nevertheless, the four major evolutionary lineages
(T. japonicus, T. nanhaiensis, T. lepturus, and the cryptic
T sp. lineage), are supported by genome-wide SNP data
and show general congruence across multiple analytical
frameworks (e.g., Fg;; PCA, ADMIXTURE, and phyloge-
nomic analysis) [55].

Beyond resolving taxonomy, this study demonstrates
the decisive advantage of nuclear genomic data for
understanding marine diversification. Genome-wide
SNPs provide a biparentally inherited, multilocus signal
[56], that can help disentangle contemporary gene flow
from ancestral polymorphism [57], enabling accurate
reconstructions of evolutionary history and revealing
cryptic diversity [58—60].
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Although the nuclear and mitochondrial phylogenies
are largely congruent at the species level (Fig. 3), we
observe localized discordance within T. lepturus, where
the COX1-based tree exhibits a more admixed (Fig. 3B)
and geographically inconsistent structure compared to
the well-resolved nuclear phylogeny (Fig. 3A). Impor-
tantly, this discrepancy is restricted to shallow nodes and
is not associated with conflicts in major species-level
relationships. Such patterns are expected under incom-
plete lineage sorting (ILS) [61], particularly in lineages
that have undergone recent divergence and retain large
effective population sizes [14, 62, 63], as is likely for the
widely distributed T. lepturus. In addition, the possibility
of historical or ongoing introgression cannot be excluded,
given the overlapping distributions and ecological conti-
nuity across the Northwest Pacific.

We emphasize that the mitochondrial inference is
based on a single locus and is therefore inherently
more susceptible to stochastic lineage sorting, selective
sweeps, and introgression, whereas the nuclear phylog-
eny integrates signals from 4,434 independent loci and
thus provides a more robust estimate of the species tree.
The consistency of species-level relationships across both
datasets further supports the reliability of the nuclear
framework.

Taken together, we interpret the mitochondrial pat-
tern not as definitive evidence of mito-nuclear discor-
dance, but as an expected outcome of lineage complexity
in a recently diversified and potentially reticulated sys-
tem. Resolving this complexity will require broader
population-level sampling and the application of coales-
cent-based approaches that explicitly model gene tree
heterogeneity. Until such analyses are conducted, the
mitochondrial signal should be viewed as provisional
and hypothesis-generating rather than conclusive. Our
phylogenomic, population structure, and demographic
inference results converge to support a coherent evolu-
tionary history of Trichiurus in the Northwest Pacific.
The nuclear phylogeny resolved four distinct monophy-
letic lineages, which are further supported by clear spe-
cies-level separation in PCA and Fganalyses. MSMC-IM
results revealed that the major interspecific divergence
events occurred immediately after the genus-wide popu-
lation bottleneck at ~474,010 generations ago, consistent
with allopatric speciation driven by glacial vicariance.
The only exception is the very recent divergence between
T. nanhaiensis and T. sp., which is accompanied by per-
sistent gene flow, as evidenced by D-statistic and MSMC-
IM migration rate results. The apparent mito-nuclear
incongruence within the 7. lepturus complex may reflect
mitochondrial introgression, incomplete lineage sorting,
or limited resolution of the current nuclear sampling, and
should therefore be interpreted cautiously until denser
geographic and genomic sampling becomes available.
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Our findings have direct, actionable implications for
fisheries science and management. The low genetic dif-
ferentiation observed in T. japonicus across the sampled
localities suggests that this taxon may be managed as a
weakly differentiated regional fishery stock, pending
broader temporal and geographic validation. Conversely,
the recognition of T. nanhaiensis and T. sp. as distinct
evolutionary and likely ecological units necessitates the
development of species-specific assessment frameworks
and trade regulations to prevent overexploitation and
mislabeling, thereby aligning conservation policy with
biological reality.

In summary, this integrated phylogenomic study
establishes a resolved framework for Trichiurus in the
Northwest Pacific and provides a concrete model of how
Pleistocene sea-level fluctuations catalyzed marine spe-
ciation. Looking forward, we propose three priorities: (1)
expanded sampling of T. brevis and under-represented
regions to refine species boundaries and distributions; (2)
the integration of high-throughput morphometric or oto-
lith geochemical analyses with genomic data to develop
rapid, diagnostic tools for fisheries monitoring; and (3) a
broader biogeographic study of the T. lepturus complex
across the Indo-Pacific to elucidate global diversification
drivers. Collectively, our work underscores the power of
phylogenomics to unveil hidden marine biodiversity and
provides the essential scientific foundation for evidence-
based management of these ecologically and economi-
cally vital fisheries.

Conclusion

This study presents a chromosome-level genome assem-
bly for T. japonicus. Analysis of population resequencing
data from China and Vietnam reveals low genetic differ-
entiation across the Chinese coast, suggesting a weakly
differentiated stock within the present sampling frame.
In contrast, genetic divergence supports T. japonicus,
T. lepturus, T. nanhaiensis, and a putative Indian Ocean
lineage (7. sp.) as distinct species. Multiple analytical
approaches suggest a recent divergence (~ 10,000 years
ago) between T. sp. and T. nanhaiensis, accompanied by
substantial ongoing gene flow. These findings help clarify
species boundaries within Trichiurus and provide a sci-
entific basis for improved fisheries management.

Materials and methods

Specimen collection and sampling

A single specimen of T. japonicus was captured by fish-
ing rod-at Gougqi Island, China (30°N, 122°E) on 23
October 2023 (Fig. 1A). Following capture, tissues from
ten distinct organs were dissected and preserved for
downstream genomic analyses [64]. The liver was desig-
nated for long-read Nanopore sequencing, and skeletal
muscle was reserved for Hi-C library construction [65].
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Additional samples from the gill, heart, kidney, spleen,
brain, gas bladder, skin, and blood were collected for
subsequent transcriptomic profiling [64]. For popula-
tion-level morphological and molecular analyses, an
additional 439 ethanol-preserved specimens from the
genus Trichiurus were examined [3]. These specimens
originated from coastal waters of Vietnam (n=151),
China (n=223), and South Korea (1 =65).

DNA extraction and genome sequencing

Genomic DNA was isolated from tissue samples using
a standard cetyltrimethylammonium bromide (CTAB)
protocol [66], followed by purification with a commer-
cial QIAGEN kit [67]. Long-read data were generated
using Oxford Nanopore sequencing technology to aid
in genome assembly [68]. To support assembly polish-
ing and provide deep coverage, short-read data were also
generated from the same DNA sample using the Illumina
HiSeq platform [69].

Mitochondrial DNA amplification and species identification
To confirm species identity and assess phylogenetic rela-
tionships, the cytochrome c oxidase subunit I (COXI)
gene segment of the mitochondrial genome was ampli-
fied and Sanger sequenced from 81 representative speci-
mens, using universal primers (Forward: 5-CTACAAC
CCACCGCTTACTC-3’; Reverse: 5-GTTGTAATAAA
GTTAATGGCGC-3').This analysis confirmed the pres-
ence of T. lepturus, T. nanhaiensis, T. japonicus (from
Zhoushan, Xiamen, Qingdao, and Hainan, China), and
an undescribed T. sp. within the collection from Viet-
nam, China, and Korea. For a broader phylogenetic con-
text, all publicly available COX1 sequences for the genus
Trichiurus were retrieved from the NCBI database. This
comparative dataset included sequences annotated as T.
lepturus (e.g., KM538620, MT455315), putative “T. leptu-
rus” or 1. sp. (e.g., LC085645, MZ272011), and Trichiurus
sp2 (e.g., FM998058, LC269196).

Whole-genome resequencing and sample composition

To investigate genomic variation across the genus, shal-
low whole-genome resequencing was performed on
56 individuals. Genomic DNA libraries were prepared
according to an inline-indexing protocol following ultra-
sonic shearing to a fragment size range of 250—1000 base
pairs [70]. All libraries were sequenced as 150 bp paired-
end reads on an Illumina HiSeq2500 platform, achiev-
ing an average genomic coverage of approximately 8x
per individual [71]. Per-sample read numbers and map-
ping statistics are provided in Supplementary Tables 3
to allow independent verification of coverage estimates.
The resequenced panel included one individual of Ten-
toriceps cristatus from Hainan, China, and eight indi-
viduals of Lepturacanthus savala from Xiamen, China
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as outgroups. The remaining 47 individuals comprised
multiple Trichiurus species: T. lepturus (n=11 from Viet-
nam), T. sp. (n=6 from South Korea and China), T. nan-
haiensis (n=9 from Vietnam and China), T. brevis (n=1
from China), and T. japonicus (n=20 from China and
South Korea).

Genome assembly and scaffolding

The genome size was estimated using GenomeScope
2.0 by analyzing 21-mer frequency profiles generated
with Jellyfish (v2.3.0) [71]. A de novo assembly was con-
structed from Nanopore long-read data using NextDe-
novo with non-default parameters: read_cutoff=1k,
seed_cutoff=25k. The same individual used for Nano-
pore long-read sequencing also provided the DNA for
[llumina short-read polishing and Hi-C library construc-
tion. The initial assembly was subsequently polished in a
two-stage process; the first polishing step was performed
using Illumina short-read data with NextPolish (v1.4.1)
with non-default parameters: sgs_options = -max_depth
100, to correct sequencing errors.

Hi-C-based chromosome construction

To order and orient contigs into chromosome-scale scaf-
folds, Hi-C scaffolding was performed [72]. The Hi-C
sequencing data were processed and aligned to the pol-
ished assembly using HiC-Pro (v3.1.0) [73] and Bowtie2
(v2.4.5) [74]. Chromosomal-level scaffolding was then
executed using Juicer (v1.6.2) and 3D-DNA (v180922)
[74]. The resulting scaffolds were visually inspected and
manually curated in Juicebox (v1.11.08) [75].

Assembly quality

The completeness of the assembled genome was assessed
using BUSCO (v5.4.3) [76] against the actinopterygii_
odb10 database [77].

Repeat annotation and structural gene prediction
Repetitive elements within the genome were iden-
tified and characterized using a combination of
RepeatModeler v2.0.3 [78] for de novo repeat library con-
struction and RepeatMasker v4.1.2-pl [79] for genome-
wide annotation.

Genome structural annotation was performed using
MAKERS3 v3.01.03 [80]. A cleaned protein database was
first prepared from five closely related teleost species:
Danio rerio, Perca flavescens, Scomber japonicus, Thun-
nus albacares, and Thunnus maccoyii. Transcriptomic
evidence was generated by aligning RNA-Seq reads and
assembling them into a deduplicated transcriptome using
Trinity and CD-HIT-EST [81]. The MAKER pipeline
was executed iteratively in three rounds: an initial anno-
tation run; a second round incorporating ab initio gene
predictions from Augustus v3.4.0 and SNAP, which were
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trained using the outputs of the first round; and a final
third round integrating all available transcriptomic, pro-
tein homology, and ab initio evidence [82]. Post-process-
ing of the resulting GFF file included filtering, extraction
of coding sequences and protein sequences, and func-
tional annotation. Evidence-based gene prioritization
was performed using InterProScan v5.56-89.0 [83].

Comparative genomics

For evolutionary context, a comparative genomic analy-
sis focused on synteny was performed [84]. Genome syn-
teny between Scomber japonicus and Thunnus albacare
was investigated using JCVI (v1.1.14) [85], and the results
were visualized using pyCircos [86].

Resequencing data processing and variant calling

Raw sequencing reads were demultiplexed using unique
dual-index identifiers, which comprised 8-bp i7/i5 adapt-
ers paired with 6-bp inline barcodes [87]. Demultiplexed
reads were then processed for adapter removal and qual-
ity trimming [88] using TrimGalore (v0.6.7) [89] and
Cutadapt (v1.2.1) [90], with a quality threshold of Phred
score<20 [91]. Variant calling was performed with
GATK (v4.2.0.0) to identify single nucleotide polymor-
phisms (SNPs) [92]. The resulting variant calls were fil-
tered with the following thresholds: QUAL<30, QD<2,
FS>60, and SOR >4,. We describe these variants as a fil-
tered SNP dataset rather than as definitively high—qual-
ity SNPs, because low and uneven sequencing depth can
affect heterozygote recovery and genotype accuracy [93].

Population structure analysis

The filtered SNP dataset was used to investigate popu-
lation structure [94]. Principal component analysis was
conducted using PLINK (v1.9) [95]. Ancestry proportions
and population clustering were inferred with ADMIX-
TURE (v1.3.0) [96], testing a range of hypothetical ances-
tral populations from K=1 to K=7 [97].

For downstream analyses, the filtered SNP dataset was
further processed with analysis-specific thresholds: For
PCA analysis: 1,875,043 SNPs were retained with a maxi-
mum missing data rate of 20% per site (--geno 0.2) and
no minor allele frequency (MAF) filtering, to maximize
interspecific variation information; For ADMIXTURE
analysis: 120,445 filtered SNPs were retained after filter-
ing with a MAF threshold of 0.05, depth and missingness
filtering with minimum depth (minDP)=2, maximum
depth (maxDP) = 80, and a maximum missing data rate of
30% per site (--geno 0.3).; For D-statistic analysis: 793,598
SNPs were retained after applying MAF>0.01, remov-
ing sites deviating from Hardy-Weinberg equilibrium at
P<1x107% filtering sites with missing genotype rate >0.8,
and pruning linkage disequilibrium with --indep-pair-
wise 50 10 0.2. For Fgp Dxy, and m analyses, the same
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793,598-SNP dataset was used for 50-kb window-based
divergence and diversity estimates. For MSMC-IM,
834,650 SNPs were retained following the standard filter-
ing protocol of the MSMC-IM pipeline.(Supplymentary
Table 4).

Demographic history inference

The demographic histories of T. japonicus, T. brevis, T.
nanhaiensis, and T. sp. were reconstructed using MSMC2
and MSMC-IM to model changes in effective population
size and migration over time [98]. For this analysis, the
individual from each of the four species with the deep-
est sequencing coverage (>20x) was selected [99]. Data
phasing was performed with WhatsHap (v2.8) prior to
analysis [100]. Two primary comparison groups were
analyzed jointly:T. japonicus versus the other three spe-
cies, and T. sp. versus T. nanhaiensis. Analyses followed
the standard MSMC2 and MSMC-IM protocols, using
an average mutation rate () of 5.97 x 10~ per base per
generation, and a standard generation time of 2.9 years
for Trichiurus obtained from the authoritative FishBase
database. Bootstrap validation was performed using
MSMC-Tools, with 50 bootstrap datasets generated
from per-chromosome data, and MSMC2 and MSMC-
IM analyses were re-run for each bootstrap replicate to
assess the robustness of the demographic inference.

Phylogenetic analysis of orthologous genes

To reconstruct a species phylogeny, single-copy
orthologous genes were identified and analyzed [101].
A modified version of the Assexon pipeline [102],
adapted for whole-genome resequencing data, was
employed. Reads were aligned to a conserved set of
4,434 single-copy orthologs derived from the Oreo-
chromis niloticus reference genome [103]. Consensus
sequences were assembled using UBLAST and SGA,
and exon boundaries were precisely refined with Exon-
erate [102]. A maximum likelihood phylogeny was
reconstructed from the concatenated alignment using
RAxML (v8.2.12) [104] under a GTR+GAMMA model
of sequence evolution, with branch support assessed
from 1,000 bootstrap replicates [105].

Admixture and population divergence analysis

For tests of admixture and window-based divergence,
the SNP dataset was further filtered using PLINK
[105] by retaining variants with minor allele frequency
(MAF)>0.01 [105], removing sites deviating from
Hardy—Weinberg equilibrium at P<1x10™° [106], and
excluding sites with missing genotype rate (>0.8) [107],
resulting in 793,598 filtered SNPs. Linkage disequilib-
rium was pruned with the parameter --indep-pairwise 50
10 0.2. The D-statistic (ABBA-BABA test) was then cal-
culated using the qpDstat program from the Admixtools
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package [108], with Lepturacanthus savala designated as
the outgroup. Each test involved a trio of ingroup popula-
tions selected from Trichiurus lepturus, T. japonicus, T.
nanhaiensis, and T. sp. Finally, to quantify genome-wide
patterns of divergence and diversity, pairwise genetic dif-
ferentiation (Dxy, Fg;) and nucleotide diversity () were
calculated from this 793, 598 — SMP dataset in 50-kb
non-overlapping windows across all chromosomes using
pixy [108]. These results were summarized and visualized
using the CMplot R package [109].
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