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Abstract

The Asian longhorned beetle, Anoplophora glabripennis (Motschulsky), and the citrus longhorned beetle, A. malasiaca
(Thomson) (Coleoptera: Cerambycidae), represent two globally notorious forest pests whose introductions into North
America and Europe have caused extensive damage to economically important temperate deciduous hardwood for-
ests. Anoplophora glabripennis was the first longhorned beetle for which a reference genome was generated; how-
ever, the available assembly remains at the scaffold level, limiting chromosome-level analyses in a species that has
emerged as a key model for investigating the genomic and ecological basis of plant-feeding evolution. Here, we pre-
sent the first chromosome-scale genome assemblies for A. glabripennis and Anoplophora malasiaca, generated using
PacBio HiFi long-read and Pore-C chromatin conformation capture sequencing. The assembled genomes span 730.1
and 708.0 Mbp for A. glabripennis and A. malasiaca, respectively, with scaffold N50 of 81.3 and 43.9 Mbp. A total of
96.7% and 95.2% of each assembly was anchored to 10 and 15 chromosome-level scaffolds, respectively, and the X
chromosome was identified through synteny analysis. Repeat elements account for 66.5% and 65.5% of the genomes,
and 14,624 and 13,814 protein-coding genes were functionally annotated. These reference-quality genomes provide
a valuable comparative framework for elucidating the genomic basis of xylophagy and temperate adaptation in long-
horned beetles and establish a foundation for devising targeted management strategies against invasive populations
of both A. glabripennis and A. malasiaca in their introduced regions.

Key words: Asian longhorned beetle, citrus longhorned beetle, genome assembly, Pore-C contact map, synteny,
plant cell wall-degrading enzymes.
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Significance

Nearly a decade after the genome of the first longhorned beetle, Anoplophora glabripennis, was published, this
globally invasive species has remained represented by a scaffold-level assembly, with genomic resources for
Cerambycidae still limited. We present the chromosome-scale genome assemblies for A. glabripennis and its con-
gener A. malasiaca, two of the most destructive invasive wood-boring insects in temperate forests of the Northern
Hemisphere. These high-quality reference genomes enable chromosome-scale insights into the evolution of xy-
lophagy and temperate adaptation in longhorned beetles and, by revealing a marked increase in chromosome
numbers in A. malasiaca, provide a powerful system for investigating the role of chromosomal evolution and gen-

ome structural variation in adaptive evolution.

Introduction

Longhorned beetles (family Cerambycidae) constitute
one of the most species-rich beetle families, comprising
over 36,000 described species across 4,100 genera
worldwide (Svacha and Lawrence 2014; Monné et al.
2017). Most longhorned beetles feed on plant tissues,
and their remarkable species diversity is often explained
by coevolutionary adaptive radiation associated with
the rise and ecological dominance of flowering plants
since the Cretaceous (Farrell 1998; McKenna et al.
2015; Zhang et al. 2018b; McKenna et al. 2019). The
Asian longhorned beetle, Anoplophora glabripennis,
and the citrus longhorned beetle, A. malasiaca, are
among the most extensively studied species of long-
horned beetles due to their status as global invasive
wood-boring pests, whose introduction into deciduous
forests of North America and Europe has inflicted sub-
stantial damage to a wide range of hardwood trees
(Meng et al. 2015; Haack 2017). The successful estab-
lishment of these beetles in their introduced habitat is
often attributed to their exceptionally wide host range,
which likely involved specialized physiological and
metabolic adaptations to circumvent defensive phyto-
chemicals (Mason et al. 2016), as well as to efficiently di-
gest and absorb nutrients from recalcitrant woody
tissues (Shin et al. 2021, 2022). Anoplophora glabripen-
nis has been established as a model system for studying
digestive physiology and detoxification of xylophagous
beetles (Scully et al. 2013a, 2013b, 2014, 2018; Mason
etal. 2016), with its genome representing the first long-
horned beetle genome to be sequenced and assembled
(McKenna et al. 2016). Despite remaining at a fragmen-
ted scaffold-level, the reference genome of A. glabri-
pennis has served as a foundational genomic resource
for nearly a decade, garnering over 300 citations to
date. Subsequent transcriptomic and genomic studies
leveraging this reference genome uncovered horizon-
tally acquired plant cell wall-degrading enzymes in the
glycoside hydrolase families that most likely facilitated
nutrient acquisition from woody plant tissues (Kirsch
etal. 2014; McKenna et al. 2016; Shin et al. 2021, 2022).

The exceptional ability of A. glabripennis and A. mala-
siaca to establish in introduced habitats is also possibly
associated with their early entry into temperate forests
in East Asia, where they must routinely withstand cold
and dry winter conditions. One strategy by which insects
have evolved to survive unfavorable winter conditions is
diapause, a hormonally-regulated, programed dor-
mancy (Denlinger 2002), which can be particularly
advantageous for invasive species by enabling persist-
ence in novel environments that may present pheno-
logical mismatch or unusual climatic stress (Mahdjoub
and Menu 2008; Sherpa et al. 2019; Torson et al.
2021). Diapause has been documented in A. glabripen-
nis (Torson et al. 2021), together with additional
adaptive mechanisms, such as specialized glycerol me-
tabolism associated with cold tolerance (Xu et al.
2024). Despite these insights, our understanding of
the genomic basis of temperate adaptation in
Anoplophora, and phytophagous beetles at large, re-
mains far from complete. A recent phylogenomic study
further revealed that A. glabripennis and A. malasiaca in-
dependently expanded their range into temperate re-
gions during the late Pliocene and Pleistocene,
respectively, from within a predominantly subtropical
lineage (Kim and Farrell 2025). Given their independent
evolutionary trajectories toward temperate adaptation,
enabled by their broad host ranges, the genomes of
A. glabripennis and A. malasiaca provide an exceptional
opportunity to investigate the genetic mechanisms
underlying important life history traits through the
lens of convergent evolution in harsh temperate
environments.

In this study, we present the first chromosome-scale
genome assemblies for A. glabripennis and A. malasiaca,
providing a timely update to genomic resources for
Cerambycidae. The new A. glabripennis genome not
only improves upon the original reference genome
assembly (Agla_2.0; GenBank accession no.. GCF_
000390285.2), but it also represents a rare native
Korean population of A. glabripennis, often referred to
as the Korean morph or form nobilis sensu Lingafelter

2 Genome Biol. Evol. 18(3) https://doi.org/10.1093/gbe/evag064 Advance Access publication 10 March 2026



o2
‘!, ;
Chromosome-Scale Reference Genomes of Anoplophora s

c,!\"“ G““L G‘\(s g‘n‘b‘ cn@ c,\'\& (_;n"\ c_;o@ g‘(\‘qc.‘(\‘* T M Gene density
M Intron density
M GC content
Repeat density
(C) N .LIME*LTI'!IE
o PO DNA transposon

U a O A\ Al
o o o® o o o o o® oS bt e ot

(e) A. malasiacs® ————

(Prasent study)
Chrt g

A. glabripennis* ==————
(Pregemslnrm —

M. alternatus
(GCA_025584915.1)
M. saltuarius
(GCA_025584915.1)
B. rufi Jlata
(GCA_050941775.1)
A. rusticus
(GCA_964213965.1)
A. unicolor
(GCA_045514315.1)
L. quadrifasciata
(GCA_963675555.1)
Ru. maculata
(GCA_936432065.2)

Rh. d:
(GCA_963680705.1)

2416
E

T. castaneum

60 200 150 100 50 ﬂ(GCF‘ 2338.3)

B Millions of years ago (Mya)
Fig. 1. Genomic characteristics of Anoplophora glabripennis and A. malasiaca. a, c) Hi-C contact frequency heatmaps (Pore-C) of the A. glabripennis
(a) and A. malasiaca (c) genomes, illustrating chromosomal interactions and scaffold continuity across the 10 and 15 pseudo-chromosomes, respect-
ively. b, d) Circular genome plots of A. glabripennis (b) and A. malasiaca (c), with inner tracks depicting key genomic features, and photographs of the
corresponding voucher specimens shown at the center. e) Time-calibrated phylogeny and macrosynteny across the genomes of two Anoplophora
species and eight representative cerambycid taxa, with Tribolium castaneum (Tenebrionidae) as an outgroup. Chromosome nomenclature for ref-
erence species corresponds to their respective NCBI genome assemblies.
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and Hoebeke (2002), that is morphologically distinct
and exhibits narrower host preferences than invasive
populations established in urban habitats across East
Asia, North America, and Europe (Williams et al. 2004;
Lee et al. 2020). Together with the genome assembly
of A. malasiaca, these genomic resources enable explicit
tests of how gene family evolution and genome struc-
tural variation, acting across independent adaptive his-
tories, have shaped host use, temperate adaptation,
and evolutionary divergence at both species and popu-
lation levels in this iconic model lineage of phytopha-
gous beetles.

Results and Discussion

Genome Assembly

Genome assemblies were generated for the native
Korean population of the Asian longhorned beetle
(Anoplophora glabripennis; the Korean morph or form
nobilis sensu Lingafelter and Hoebeke 2002) and for
the citrus longhorned beetle (A. malasiaca) (Fig. 1),
based on 31.9x and 25.3x coverage PacBio HiFi long-
read sequence data. Each PacBio Sequel lle flowcell
yielded 23.7 and 17.9 Gbp of HiFi reads for the two spe-
cies (Table S1). Initial genome assemblies based on the
PacBio HiFi read, after resolving haplotypic duplications,
resulted in 571 and 247 primary contigs with N50 of
11.7 and 11.9 Mbp for A. glabripennis and A. malasiaca.
Contamination screening identified 179 contigs in A.
glabripennis and three contigs in A. malasiaca as puta-
tive bacterial or fungal contaminants or as sequences
with atypical GC content for arthropod genomes (Fig.
S1); these contigs were, therefore, removed prior to sub-
sequent scaffolding (Fig. S3). Chromosome-scale scaf-
folds were constructed by integrating the curated
primary contigs with Pore-C chromatin conformation
capture data, comprising 18.3 and 24.0 Gbp of Oxford
Nanopore Technologies PromethlON reads (Phred
Q-score > 10) for A. glabripennis and A. malasiaca, re-
spectively (Table S1). This approach produced 265 and
73 final scaffolds, which were respectively anchored
into 10 (A. glabripennis) and 15 pseudo-chromosomes
(A. malasiaca) (Fig. 1Ta and c), consistent with previous
karyotypic and cytogenic data (Ehara 1956; Abe et al.
1971a,1971b; Liu et al. 2010). The final genome assem-
blies spanned 730.1 Mbp for A. glabripennis, and
708.0 Mbp for A. malasiaca, only slightly larger than
the corresponding k-mer-based genome size estimates
of 727.3 and 662.8 Mbp (Fig. S2). The assemblies
showed scaffold N50 values of 81.3 and 43.8 Mbp, GC
contents of 33.3% and 33.2% (Table 1), and BUSCO
(Benchmarking Universal Single-copy Orthologs) com-
pleteness of 99.0% and 99.7% (Fig. S4; Table S6), with

only 0.7% and 0.6% of duplicated genes, respectively,
both exceeding the 90% benchmark recommended
for reference-quality genomes (Lewin et al. 2018).
Remapping of raw PacBio HiFi reads to the final assem-
blies yielded mapping rates of 98.2% and 99.9%, and
assembly quality values of 41.0 and 40.0 (Table S3), con-
firming the high contiguity and accuracy of both gen-
omes. In addition, complete mitochondrial genomes
were assembled for the two species, each represented
by a circularized sequence of 15,776 bp (A. glabripennis)
and 14,786 bp (A. malasiaca) in length, both comprising
13 protein-coding genes, 22 tRNAs and two rRNA genes
(Fig. S8).

Repeat Elements and Gene Annotations

Repetitive regions and transposable elements (TEs) in
the A. glabripennis and A. malasiaca genomes were
identified using a combination of homology-based
and de novo prediction approaches. Repeat elements
comprised 65.3% (461.1 Mbp) and 63.8% (430.3 Mbp)
of the respective genomes, proportions well within the
typical range reported for Cerambycidae (61.7% in
Rhagium mordax to 81.8% in Rutpela maculata), with
Batocera rufomaculata representing a notable outlier
(Table S4). In both genomes, repetitive landscapes
were dominated by unclassified repeats and DNA trans-
posons, accounting for 47.4% and 33.0% of repetitive
content in A. glabripennis, and 46.9% and 35.0% in A.
malasiaca, respectively (Fig. S6). Telomeric repeats con-
sisting of the canonical insect telomere motif
(TTAGG), were detected at either one or both ends of
chromosomes 2, 4, 5, 6, and 9 in A. glabripennis, and
of chromosomes 1, 2,4,5,7,8,9,11, 12, and Xin A. ma-
lasiaca (Fig. S7). Given the documented variability of
telomeric motifs in beetles, particularly in species-rich
groups such as Cerambycidae (Prusakova et al. 2021),
as well as the recent discovery of an unusual telomeric
motif (TTTGG), in the closely related leaf beetle family
Chrysomelidae (Rico-Porras et al. 2025), further experi-
mental validation is warranted to determine whether
the chromosomal termini lacking detectable telomeric
repeats in our assemblies are truly telomere-free, harbor
previously uncharacterized telomeric motifs, or instead
reflect scaffolding artifacts. Gene prediction and anno-
tation identified 23,268 genes in A. glabripennis and
23,515 in A. malasiaca, of which 14,624 and 13,814
genes, respectively, were functionally annotated
(Table 1 and Table S5). Gene models supported by
species-specific transcriptomic and protein evidence de-
rived from publicly available multitissue transcriptome
data for each species yielded annotation sets compar-
able to the scaffold-level reference genome of A. glabri-
pennis (Agla_2.0; 15,991 annotated genes) (McKenna
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et al. 2016), and largely consistent with other published
cerambycid genomes (Table 1; Fig. S4). Completeness of
the annotated gene sets, assessed using BUSCO, recov-
ered 96.7% (94.9% single-copy, 1.8% duplicated) for
A. glabripennis and 96.3% (94.3% single-copy and
2.0% duplicated) for A. malasiaca (Fig. S4; Table S6), in-
dicating highly complete gene annotations.

Synteny-Based Identification of Sex Chromosomes
and Phylogenomic Inference

Synteny analyses revealed strong conservation of the X
chromosome across all ten Cerambycidae species exam-
ined, as well as Tribolium castaneum, consistent with
previous reports of exceptional X chromosome conser-
vation in Coleoptera (Fu et al. 2022). This conserved
macrosynteny pattern enabled the identification of
chromosome 10 in A. glabripennis and 15 in A. malasia-
ca as the X chromosome (Fig. 1e). In addition to sex
chromosome assignment, synteny analyses revealed ex-
tensive chromosomal restructuring associated with an
increase in chromosome number from the putative an-
cestral karyotype of 10 chromosomes in Cerambycidae
to 15 chromosomes in A. malasiaca (Fig. Te).
Specifically, chromosomes 1, 4, and 5 in A. glabripennis
underwent fission, each giving rise to a pair of chromo-
somes in A malasiaca: Chrlaga to Chrdag, and
Chr10achi; Chrdagia to Chréac and Chridag; and
Chr5agia to Chr11achi and Chr13acn;. Our time-calibrated
phylogeny based on genome-scale data confirms a sis-
ter relationship between A. glabripennis and A. malasia-
ca, which diverged approximately 9.1 Mya [95% highest
posterior density (HPD): 5.6 to 13.2 Mya], closely match-
ing a previous estimate of 8.5 Mya (95% HPD: 5.4 to
11.1 Mya) inferred from target enrichment phyloge-
nomics with broader taxon sampling (Kim and Farrell
2025). The extent of chromosomal restructuring ob-
served between these two species is remarkable given
their recent divergence, and it may be associated with
specialized adaptation to temperate environments
within a lineage that originated in subtropical to tropic-
al forests of Southeast Asia (Kim and Farrell 2025).
Although elucidating the genetic basis of their temper-
ate adaptation, characterized by broad host use across
East Asia, and more recently, North America and
Europe, is beyond the scope of this study, the magni-
tude of chromosomal reorganization observed likely
has contributed to the maintenance of reproductive iso-
lation between the two largely sympatric species, which
may occasionally engage in mating behavior on the
same host plants (Wang and Keena 2021; Qin et al.
2024). Indeed, differences in chromosome number be-
tween these two species may act as an intrinsic barrier
to gene flow by generating hybrid sterility through

meiotic segregation errors and dysfunctional gamete
formation, or by suppressing recombination in hetero-
karyotypes (Ayala and Coluzzi 2005; Faria and Navarro
2010), a pattern well documented in butterflies (e.g.
Lukhtanov et al. 2005; Talavera et al. 2013; Lucek
2018). Together, our genome-scale phylogenomic and
synteny analyses establish a robust temporal framework
for chromosomal evolution in Anoplophora and provide
foundational genomic resources for comparative stud-
ies of chromosome-mediated reproductive isolation
and the genetic basis of temperate adaptation and
broad host use underlying exceptional invasiveness of
these globally important forest pests.

Materials and Methods

Sample Collection

Adult specimens of A. glabripennis were collected in
August 2021 from Acer pictum subsp. mono
(Sapindaceae) in Bokjusan National Recreation Forest,
Cheorwon-gun, Gangwon-do, Republic of Korea
(38°8.664’N 127°28.544'E; elev. 522 m), and of A. mala-
siaca in September 2021 from Salix koreensis
(Salicaceae) at Amsa Ecological Park along the Han
River, Gangdong-gu, Seoul, Republic of Korea
(37°33.325'N 127°7.376’E; elev. 11 m). Sampling and
transfer of specimens for sequencing were conducted
in compliance with applicable national laws and regula-
tions of the Republic of Korea. All specimens were
starved for several days to minimize contamination
from gut contents, flash-frozen in liquid nitrogen, and
cryo-preserved at —80 °C until extraction. For each spe-
cies, a total of two specimens were used: One for PacBio
sequencing and the other for Pore-C sequencing. All ex-
periments involving insect specimens were conducted
in accordance with the relevant guidelines and regula-
tions governing the ethical use of animals in research,
as overseen by the FAS Standing Committee on the
Use of Animals in Research and Teaching at Harvard
University (FAS IACUC; Assurance no. A3593-01).

Nucleic Acid Extraction and Sequencing

High molecular weight (HMW) genomic DNA (gDNA)
was extracted from individual adult specimens (voucher
nos.. MCZ-SK1106 and MCZ-SK1107) using the Qiagen
Blood & Cell Culture DNA Kit with Genomic-tips 20/G
(Qiagen, Hilden, Germany). DNA integrity was assessed
by electrophoresis on a 1% agarose gel with a lambda
DNA size standard, and concentration and purity were
measured with a Quantus Fluorometer (Promega,
Madison, WI, USA) and a Nanodrop Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). The ex-
tracted HMW gDNA were further enriched for long
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fragments by removing DNA fragments <40 kbp with the
Short Read Eliminator XL Kit (Pacific Biosciences, Menlo
Park, CA, USA), and subsequently sheared to ~20 kbp
with the Megaruptor 2 (Diagenode, Liege, Belgium).
PacBio SMRT libraries were constructed using the
SMRTbell Prep Kit 3.0, and sequenced on a single SMRT
HiFi cell of the PacBio Sequel lle system at the Brigham
Young University DNA Sequencing Center (Provo, UT,
USA). Chromatin conformation capture data were gener-
ated from additional individual specimens of A. glabri-
pennis and A. malasiaca (voucher nos.. MCZ-SK1262
and MCZ-SK1256) following the Pore-C protocol
(Deshpande et al. 2022). Briefly, chromatin structure
within intact nuclei was fixed in situ with formaldehyde
to preserve native three-dimensional chromatin interac-
tions and subsequently permeabilized. After heat de-
naturation, chromatin was digested with the restriction
enzyme Nlalll (New England Biolabs, Ipswich, MA, USA),
and proximally crosslinked DNA fragments were purified
using phenol—-chloroform extraction. The final Pore-C se-
quencing libraries were prepared using the Genomic
DNA by Ligation Protocol (SQK-LSK114; Oxford
Nanopore Technologies, Oxford, UK) and sequenced on
individual PromethlON flowcells at the National
Instrumentation Center for Environmental Management,
Seoul National University (Seoul, Republic of Korea).

Genome Assembly and Scaffolding

Genome size and heterozygosity for A. glabripennis and
A. malasiaca were estimated from raw PacBio HiFi reads
using Jellyfish v2.3.0 (Marcais and Kingsford 2011) with
a k-mer size of 35 and GenomeScope V2.0
(Ranallo-Benavidez et al. 2020). De novo assembly of
primary contigs was performed using Hifiasm v0.16.1
(Cheng et al. 2021), and putative allelic redundancies
were subsequently resolved with Purge Haplotigs
v1.1.2 (Roach et al. 2018). The primary contigs were
screened using BlobTools v1.1.1 (Laetsch and Blaxter
2017) to identify and remove potential contaminant se-
quences prior to scaffolding. Chromosome-level scaf-
folds were generated by integrating the filtered
primary contigs with Pore-C data using the Pore-C
Snakemake workflow (Deshpande et al. 2022) and the
3D-DNA pipeline v180992 (Dudchenko et al. 2017).
The Hi-C interaction maps were then inspected and
manually curated in Juicebox v2.20.00 (Durand et al.
2016), after which scaffolds were finalized using
3D-DNA. Scaffold contiguity was further improved using
RagTag v2.1.0 (Alonge et al. 2022), with the filtered pri-
mary contigs serving as the reference. Specifically, scaf-
folds generated from the final 3D-DNA assembly were
used as queries, and any scaffolds artificially fragmented
during Pore-C interaction-based scaffolding were

rejoined by inserting stretches of “N” where supported
by the filtered primary contigs of the respective species.
This resulted in a reduction in scaffold numbers from
292 to 265 in A. glabripennis and from 104 to 75 in A.
malasiaca, while the mean scaffold length increased
from 2.50 to 2.76 Mbp and from 6.81 to 9.33 Mbp, re-
spectively. Residual assembly errors were corrected in
a final polishing step using Inspector v1.3.1 (Chen
et al. 2021) based on the original raw PacBio HiFi reads.
High-resolution Hi-C contact maps were rendered in
HiGlass v0.8.0 (Kerpedjiev et al. 2018) to visualize overall
chromosomal architecture. In addition, circular mito-
chondrial genomes for each species were constructed
using the MitoHiFi pipeline v3.2 (Uliano-Silva et al.
2023), guided by the reference mitochondrial genome
of A. glabripennis  (GenBank accession no.
NC_008221.1). Final circular mitochondrial sequences
were selected based on annotations generated by
MitoFinder v1.4.1 (Allio et al. 2020) and visualized as cir-
cular genome maps using the Proksee server (Grant
et al. 2023).

Repeat Element and Gene Annotations

Repeat regions and TEs in Anoplophora glabripennis
and A. malasiaca genomes were identified and masked
using the Earl Grey pipeline v4.4.0 (Baril et al. 2024).
RepeatMasker v4.1.5 (Smit et al. 2023) was used to an-
notate repeats based on the Dfam v3.8 (Storer et al.
2021) TE database for Coleoptera, supplemented with
species-specific de novo repeat libraries generated
with RepeatModeler v2.0.5 (Flynn et al. 2020). De
novo consensus TE sequences were curated through
the BEAT process (Platt et al. 2016), and long terminal
repeat retrotransposons were further annotated using
LTR_Finder v1.07 (Xu and Wang 2007). Repeat land-
scape distributions were analyzed by calculating
Kimura two-parameter substitution levels with
calcDivergenceFromAlign.pl script in RepeatMasker,
generating divergence-based repeat landscape plots.
Telomeric repeats were additionally searched for using
tidk v0.2.7 (Brown et al. 2025) with the canonical insect
telomere motif (TTAGG),.

Based on repeat-masked genome assemblies, ab in-
itio gene prediction was performed using BRAKER
v3.0.7 (Gabriel et al. 2024), incorporating species-
specific RNA sequencing and protein evidence, the
Arthropoda OrthoDB v10 dataset (Kriventseva et al.
2019), and reference protein sets from A. glabripennis
(GCF_000390285.2), T. castaneum (GCF_000002335.3),
Drosophila  melanogaster (GCF_000001215.4), and
Bombyx mori (GCF_030269925.1). Species-specific
RNA and protein datasets were generated from publicly
available raw RNA sequencing data spanning multiple

Genome Biol. Evol. 18(3) https://doi.org/10.1093/gbe/evag064 Advance Access publication 10 March 2026 7



Kim et al.

developmental stages and tissue types for A. glabripen-
nis (NCBI SRA accession nos: SRR1799851, SRR1799852,
SRR2682325, SRR11357720) and A. malasiaca
(SRR10297523-SRR10297528) (Table S2). All raw RNA
sequencing reads were assembled using rnaSPAdes
v3.13.0 (Bushmanova et al. 2019) and translated into
amino acid sequences with TransDecoder v5.7.0 (Haas
2023) (Fig. S5; Table S2). Gene prediction was con-
ducted with AUGUSTUS v3.5.5 (Stanke et al. 2008),
using transcriptome-based training evidence from
GeneMark-ET v4.72 (Lomsadze et al. 2005) and protein-
based training evidence from GeneMark-EP +v4.72
(Bréina et al. 2020). Consensus gene models were gener-
ated by integrating a total of seven independent predic-
tion runs for each species using TSEBRA v1.1.1 (Gabriel
et al. 2021). To avoid misinterpreting alternative iso-
forms as potential rearrangement events, only the long-
est isoform per gene was retained for downstream
analyses. Finally, functional annotation was performed
using eggNOG-mapper v2.1.12 (Cantalapiedra et al.
2021) based on the Insecta eggNOG database.

Synteny-Based Identification of the X Chromosome

Genome synteny was analyzed across the genome as-
semblies of A. glabripennis, A. malasiaca, and eight add-
itional species of Cerambycidae, with Tribolium
castaneum (Tenebrionidae) included as an outgroup.
Orthologous genes were identified via reciprocal-best
BLASTp (Altschul 1997) hits among annotated proteins
using DIAMOND v2.0.13 (Buchfink et al. 2021).
Chromosomal homology was subsequently evaluated
using Bonferroni-corrected one-sided Fisher’s exact
tests implemented in odp v0.3.3 (Schultz et al. 2023).
Conserved macrosyntenic blocks were visualized as rib-
bon diagrams following the odp_nway_rbh pipeline
within odp, with linkage groups on each chromosome
of the A. glabripennis genome manually assigned the
same color to improve the visualization of synteny.
Given the high level of X chromosome conservation
across Coleoptera (Fu et al. 2022), the X chromosomes
in our newly assembled Anoplophora genomes were
identified as those syntenic to the X chromosomes of
other genomes examined.

Orthologous Gene Identification and Phylogenomic
Inference

Orthologous genes and orthogroups across the ten
Cerambycidae and T. castaneum genomes were identi-
fied using OrthoFinder v2.5.5 (Emms and Kelly 2019),
with DIAMOND for sequence alignment and FastTree
v2.1.11 (Price et al. 2010) for initial maximum likelihood
(ML) tree inference. A total of 3,006 single-copy ortho-
logs were identified, aligned with MAFFT v7.5.26

(Katoh and Standley 2013), and trimmed with trimAl
v1.4 (Capella-Gutiérrez et al. 2009) under the gappyout
algorithm. ML gene trees for each ortholog were in-
ferred using IQ-TREE v2.2.2.6 (Minh et al. 2020) with
the MFP + MERGE option. The species tree was recon-
structed under the multispecies coalescent model using
ASTRALV5.7.8 (Zhang et al. 2018a), with T. castaneum as
the outgroup. Divergence times were estimated within
a Bayesian framework using MCMCtree implemented
in PAML v4.10.7 (Yang 2007), employing the approxi-
mate likelihood calculation method and two calibration
points: (i) a fossil calibration for crown-group
Cerambycidae, representing the divergence between
Anoplophora (subfamily Lamiinae) and the subfamily
Lepturinae based on 'Cretoprionus liutiaogouensis
Wang et al. from the Lower Cretaceous (ca. 122.5 to
124.0 Mya; Wang et al. 2014); and (ii) a secondary cali-
bration for the Cerambycidae-Tenebrionidae diver-
gence at approximately 220.2 Mya (95% HPD: 188.1
to 237.6 Mya) (McKenna et al. 2019).

Supplementary Material

Supplementary material is available at Genome Biology
and Evolution online.
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