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Abstract

Background Hylurgus ligniperda (Coleoptera: Curculionidae) is a worldwide forest quarantine pest. It is widely
distributed, has many host tree species, and possesses strong adaptability. To explore its environmental adaptabil-
ity and the related molecular mechanisms, we conducted chromosome-level genome sequencing and analyzed
the transcriptome under different environmental factors, identifying key expressed genes.

Results We employed PacBio, lllumina, and Hi-C sequencing techniques to assemble a 520 Mb chromosomal-level
genome of H. ligniperda, obtaining an N50 of 39.97 Mb across 138 scaffolds. A total of 10,765 protein-coding genes
were annotated after repeat masking. Fourteen chromosomes were identified, among which Hyli14 was determined
to be the sex chromosome. Survival statistics were tested over various growth periods under high temperature

and low humidity conditions. The maximum survival period of adults reached 292 days at 25 °C, 65% relative humid-
ity. In comparison, the maximum survival period was 14 days under 35 °C, 65% relative humidity, and 106 days
under 25°C, 40% relative humidity. This indicated that environmental stress conditions significantly reduced adults’
survival period. We further conducted transcriptome analysis to screen for potentially influential differentially
expressed genes, such as CYP450 and Histone. Subsequently, we performed gene family analysis to gain insights
into their functions and interactions, such as CYP450 and Histone. CYP450 genes affected the detoxification metabo-
lism of enzymes in the Cytochrome P450 pathway to adapt to different environments. Histone genes are involved

in insect hormone biosynthesis and longevity-regulating pathways in H. ligniperda to adapt to environmental stress.
Conclusions The genome at the chromosome level of H. ligniperda was assembled for the first time. The mortal-

ity of H. ligniperda increased significantly at 35 “C, 65% RH, and 25 °C, 40% RH. CYP450 and Histone genes played

an important role in response to environmental stress. This genome offers a substantial genetic resource for investi-
gating the molecular mechanisms behind beetle invasion and spread.
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Background

Hylurgus ligniperda (Coleoptera: Curculionidae) infects
newly cut logs and sometimes attacks healthy trees [1]
[2]. It is one of the fastest spreading forest pests [3]. In
China, H. ligniperda was first reported to infect Pinus
thunbergii in Yantai of Shandong province in 2021. The
local P. thunbergia forest was also infested by pine wood
nematode (PWN) disease. The cutting piles and roots left
by the control of pine wood nematode (Bursaphelenchus
xylophilus) have intensified the invasion and coloniza-
tion of H. ligniperda. This complicates the prevention
and control efforts in the local forest [4]. H. ligniperda
exhibits a complex life history, with different genera-
tions in different regions, and the maximum population
varies with seasonal weather [5-7]. No reports exist on
the environmental stress affecting the growth and devel-
opment of adults or the internal molecular regulatory
mechanisms.

Environmental factors have been shown to directly
affect the growth and development of insects [8], and
environmental stress particularly impacts insect lifespan
and development. Enhanced stress resistance and envi-
ronmental tolerance promote insect growth and invasion
[9]. Prior research has indicated that H. ligniperda exhib-
its a preference for low temperatures and high humidity
conditions [2]. There are no reports on how environmen-
tal stress impacts H. ligniperda adults and their internal
molecular regulatory mechanisms, which may be the key
factors influencing their invasive capacity.

Hylurgus ligniperda originated from the Mediterranean
coast of southern Europe and northern Africa [10-12].
It has effectively broadened its host range to encompass
more than 20 tree species across diverse regions, includ-
ing Japan, Korea, Turkey, Sri Lanka, Australia, New
Zealand, Brazil, Chile, Uruguay, and the United States
[13-15]. As a pioneer species of secondary pests, H.
ligniperda has a broad range of host trees [16]. At pre-
sent, in China, H. ligniperda is primarily colonized in the
coastal areas of Shandong Province, including Weihai,
Yantai, and Tai’an. [17]. Additionally, it can carry fungi
[18] that are lethal to its hosts. It thrives in cool, humid
conditions [19], and adults preferentially feed on the
rhizomes of 1-2-year-old seedlings [20] [21]. At 25°C,
development from egg to adult typically takes about 45
days [22]. In Southeastern France, the insects’ life his-
tory exhibits significant variability across environments
and years, suggesting a high level of adaptability possibly
influenced by diverse regulatory genes [23]. Our research
group has discovered that some post-emergence adults
can survive for over 292 days at 25°C and 65% relative
humidity (RH) (unpublished data), a significantly longer
duration than other Curculionidae beetles. Adults inflict
prolonged damage on the host, highlighting the need to
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investigate their adaptation to hosts and environmental
tolerance.

Genome sequencing offers extensive data on particu-
lar species and is essential for addressing major scientific
obstacles in biological study [24]. Insect genome analy-
sis is essential for pest control and investigating internal
molecular mechanisms [25]. In the past, sequencing has
faced challenges due to technical limitations and high
prices. Technological advancements and cost reductions
have increased the accessibility of insect genome analy-
sis. Additionally, InsectBase 2.0 (http://v2.insect-genome.
com/) serves as a platform that comprehensively cov-
ers insect genome information, facilitating the acquisi-
tion of genome data. Up until June 2024, more than 503
Coleoptera genomes have been published, of which 46
species belong to Curculionidae, such as Ips typogra-
phus [26], Dendroctonus ponderosae [27)], Dendroctonus
valens (28], Hypothenemus hampei [29], Ips nitidus [30].
H. ligniperda, a major invasive pest, exhibits a wide host
range, prolonged periods of damage, and strong environ-
mental adaptability. This pest poses a continuous threat
to its host species. Understanding the mechanisms of
invasion and environmental adaptability is crucial for
mitigating the further colonization of this beetle. Pub-
lishing its genome data is crucial for its stress adaptability
and molecular mechanism of spreading.

Histone modifications play a role in regulating insect
growth. In Drosophila melanogaster, Histones HI1, H2A,
H2B, H3, and H4 exist in tandem [31]. Histone H4 reg-
ulates the growth and development [32]. In insects, the
primary function of cytochrome P450 (CYP450) is to
participate in the metabolism of internal and external
substances and play a role in detoxification [33]. Insect
CYP450s have been classified into six CYP families:
CYP6, CYP9, CYP12, CYP18, and CYP28 are unique
to insects, while the CYP4 sequence is shared between
insects and other species [34]. Cyclin-dependent kinases
(CDKs) [35] significantly regulate cell apoptosis and dif-
ferentiation, affecting insect development. In Caeno-
rhabditis elegans and D. melanogaster mitochondria
participate in the inhibition of gene synthesis, which
influences their growth [36].

This study primarily investigates the tolerance and
response of H. ligniperda to environmental stress, which
aims to elucidate the molecular mechanisms underlying
its adaptation to both host and environmental conditions
during invasion and colonization. We utilized PacBio,
Illumina, and Hi-C sequencing technologies to obtain a
reference genome for H. ligniperda at the chromosome
level, with a size of 520 Mb. This genome was success-
fully assembled into 14 chromosomes, including the
identification of the sex chromosome (Hligl4). We con-
structed the phylogenetic trees for the Histone, P450, and
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CDK gene families with other insects. To investigate the
impact of environmental stress on H. ligniperda adults,
we specifically examined the high temperature (35°C,
65%RH) and low humidity (25°C, 40%RH), comparing
the survival period and differential gene expression with
those at 25°C and 65%RH. This study may have signifi-
cant implications for understanding the host adaptability
of H. ligniperda under environmental stress. Addition-
ally, the chromosome-level genome assembly offers valu-
able genomic resources to enhance our understanding of
the longevity mechanisms in Coleoptera.

Results
Chromosome level genome assembly of H. ligniperda
We employed a hybrid sequencing approach, combining
Sequel II (PacBio, USA) and Novaseq 6000 sequencing,
which yielded 38 Gb of HiFi reads and 96 Gb of Illu-
mina sequencing data (Table S1). Based on Kmer (K=17)
estimation, we estimated the genome size to be approx-
imately 620 Mb, slightly exceeding the size of our assem-
bled genome due to repeat sequence collapse (Figure S1).
Employing this hybrid sequencing strategy, we
assembled the H. ligniperda genome, which exhibited
a size of 520 Mb, a GC content of 36%, 145 contigs
with an N50 length of 37 Mb, and 138 scaffolds with
an N50 length of 39 Mb (Table S2). Following this, 145
contigs were effectively mapped to 14 chromosomes,
resulting in a data mapping rate of 96.43% (Figure
S2), with only 3.56% remaining as scattered sequences
(Figure 1). An assessment of genome completeness
and accuracy revealed that reads from HiFi, RNA-seq,
and Illumina sequencing all mapped to the assembled
genome, with over 95% mapping efficiency (Table S3).
Genome completeness was assessed utilizing BUSCO,
revealing that complete core genes, including both
single-copy and multi-copy genes, represented 98.4%,
while the absence of genes comprised merely 0.9%,
signifying a notable level of gene integrity (Table S2).
In summary, our evaluation results confirm the com-
pleteness and suitability of the assembled genome for
subsequent analyses.

Sex chromosome identification

To identify the sex chromosome of H. ligniperda, we
performed genome resequencing of sequenced female
and male adults, obtaining of 200.2 M and 199.5 M clean
reads, respectively. Among the 14 assembled chromo-
somes using Hi-C (Figure 1), Hligl4 (Chrl4) exhibited
characteristics consistent with the X chromosome, while
the depth ratios of the remaining chromosomes matched
those of autosomes (Figure S3). Due to the inherent char-
acteristics of Coleoptera insects, where the Y chromo-
some is shorter and contains a high degree of repetitive
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content, we did not assess the presence of a Y chromo-
some in H. ligniperda, aligning with previous research
findings [37].

Genome synteny

We conducted a comparison of chromosome-level
genomic synteny involving H. ligniperda, Monochamus
saltuarius (Msall0), Tribolium castaneum (TcasOl),
Coccinella septempunctata (CSEP10), D. ponderosae
(Dpon01) and I nitidus (Init06). The analysis demon-
strated a noteworthy syntenic relationship between
chromosome 14 (Hligl4) in H. ligniperda and the X sex
chromosomes (Msall0, Tcas01, CSEP10) present in the
three other species (Fig. 2). This outcome supports the
classification of Hilgl4 in H. ligniperda as a sex chromo-
some, thus aligning with our resequencing results.

While analyzing for synteny, we discovered many chro-
mosome rearrangement events, indicating extensive dif-
ferentiation in H. ligniperda. For instance, compared to
M. saltuarius, it became evident that each of H. ligniper-
das’ chromosomes resulted from the chromosome rear-
rangements of multiple chromosomes presenting in M.
saltuarius. Hylil3 showed synteny with Msal05, Msal04,
Msal02, and Msal01, while Hylil4 showed synteny with
Msal09, Msall0, Msal02, and MsalO1 (Fig. 2a). Similarly,
when compared to T. castaneum, HyliO1 was connected
to Tcas04 and Tcas02, Hyli09 was from the fusion of
Tcas02 and Tcas09, and Hylil0 was connected to Tcas03
and Tcas06 (Fig. 2b). The obvious chromosome rear-
rangement event was also found in C. septempunctata
by comparison, Hligl4 showed synteny with CSEPOI,
CSEP02 and CSEP10 (Fig. 2c). When compared to D.
ponderosae, we found that Hligl4 originated from the
fusion Dpon01, Dpon04, Dpon05 and Dpon06; Hligl2
resulted from Dpon05, Dpon07, Dpon09 and Dponl1. In
L nitidus, we found that Hligl4 was derived from Init01,
Init02, Init03, and Init06. Therefore, we proposed that
the increased number of autosomes in H. ligniperda, pri-
marily stems from chromosome rearrangement events in
contrast to the other species.

We further analyzed the presence of collinear CYP450,
Histone, and CDK genes on the chromosomes. The anal-
ysis revealed the presence of 17 collinear CYP450 genes,
9 CDK genes, and 1 Histone gene between the two spe-
cies. In contrast, high collinearity for these genes was not
observed in other species, thereby underscoring the close
genetic relationship between H. ligniperda and D. pon-
derosae (Fig. 3).

Genome annotation

We have successfully identified 60.4% of the repeat ele-
ments within the genome of H. ligniperda. Among these
repeats, DNA transposons were the most prevalent,
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Fig. 1 Genome landscape of Hylurgus ligniperda. From outer to inner circles: (@) Class | TE density; (b) Class Il TE density; (c) Density of genes
encoding; (d) The proportion of tandem repeat; (e) GC content; (f) Collinear block (Minimum 100 kb). All nonoverlapping Windows are 500 kb

in size

constituting 33.66% of the repeating element superfam-
ily, followed by LTR (9.28%), LINE (2.25%), TIR (1.08%),
and MITE (0.72%) categories (Table S4). After eliminat-
ing duplicate elements, we were able to annotate 10,765
protein-coding genes, which was fewer than the number of
genes annotated in most sequenced Curculionidae species.
Our assessment of the integrated annotated proteins using

BUSCO revealed that 97.1% of the core genes were intact,
comprising 96% single-copy and 1% duplicate genes. Fur-
thermore, 97.03% of the coding genes obtained anno-
tations from various databases, including GO (56.21%),
KEGG (34.73%), NR (93.21%), Swiss_Prot (66.93%), Pfam
(81.56%), PRINTS (19.55%), CDD (37.14%), TrEMBL
(74.18%), and SMART (39.61%) (Table S5).
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Fig. 2 Chromosome-scale synteny between H. ligniperda, M. saltuarius, T. castaneum, C. septempunctata, D. ponderosae, and /. nitidus. (a)
Whole-genome synteny between H. ligniperda (in color) and M.saltuarius (in black); (b) Whole-genome synteny between H. ligniperda (in color)

and T. castaneum (in black); (c) Whole-genome synteny between H. ligniperda(in color) and C. septempunctata (in black). (d) Whole-genome synteny
between H. ligniperda (in color) and D. ponderosae (in black); () Whole-genome synteny between H. ligniperda (in color) and /. nitidus (in black)

Phylogenetic analysis of H. ligniperda and 12 other insect
species

We obtained genome data for each species from the
NCBI (https://www.ncbi.nlm.nih.gov/). To investigate
the phylogenetic relationship between H. ligniperda
and 12 other insect species, we employed a set of 1630
homologous genes. H. ligniperda and the other nine Cur-
culionoidea insects clustered together to form sister rela-
tionships. Among them, H. ligniperda was highly related
to D. ponderosae, and relatively distant from Anop-
lophora glabripennis, T. castaneum, and D. Melanogaster.
Our analysis of gene family divergence unveiled that H.
ligniperda and D. ponderosae diverged approximately
33.8 (25.4-43.3) Mya. The separation of Curculionoidea
and Cerambycidae dated back to roughly 155.3 Mya
(147.6-163.5 Mya), while Tenebrionoides’ differentiation
occurred around 184.5 Mya (175.9-189 Mya). The diver-
gence of Coleoptera as a whole was estimated at around
298.1 Mya (277.4-342.4 Mya) (Fig. 4), corroborating pre-
vious research findings [38].

Gene family expansion and contraction

Based on the ultrametric tree and the 9851 homolo-
gous genes in 12 species, we used CAFE (v4.2) to detect
expanding and contracting gene families. Compared to
the common ancestor of H. ligniperda and D. ponderosae,
H. ligniperda has 949 contracted genes and 128 expanded
genes (Fig. 4; Figure S4). This result indicated that H.
ligniperda predominantly underwent gene family con-
tractions rather than expansions during adaptive evolu-
tion. To determine the presence or absence of polyploidy
and establish ploidy levels, we examined collinear dot
plots alongside Ks values. The results consistently dem-
onstrated a 1:1 dot plot ratio across the entire Coleoptera
species, signifying the absence of whole-genome duplica-
tion events (Figure S5).

Evolution of Histone, CYP450 and CDK gene families in H.
ligniperda

In H. ligniperda, we identified 11 Histone genes (Fig. 5)
categorized as H1(2 genes), H2A (5 genes), H2B (1
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Fig. 3 Syntenic analysis of CYP450, Histone, and CDK genes between H.ligniperda and D. ponderosae. H.ligniperda (in orange); D. ponderosae (

in blue)

gene), H3(2 genes) and H4(1 gene). The gene fam-
ily demonstrated notable conservation among diverse
species, maintaining consistent domain features. Our
analysis revealed no discernible contractions or expan-
sions within the Histone gene family of H. ligniperda.
In addition, we identified a total of 60 CYP450 genes
(Fig. 6), distributed among CYP6 (12 genes), CYP9
(8 genes), CYP3 (5 genes), CYP4 (21 genes), CYP2 (7
genes) and mitochondrial CYP450 clade (7 genes).
Mitochondrial CYP and CYP2 subfamilies, typically

conserved and involved in ecdysone or juvenile hor-
mone synthesis or degradation, did not exhibit sig-
nificant expansions or contractions in H. ligniperda.
Conversely, H. ligniperda demonstrated a substantial
expansion in other CYP450 subfamilies compared to
M. Saltuarius, which possessed only 33 CYP450 genes.
Our study found that the number of CYP450 genes
in H. ligniperda is much less than 143 CYP450 genes
in T. castaneum. Lastly, we identified 14 CDK genes
(Fig. 7) and categorized them into four groups based on
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sequence similarity, with no significant contractions or
expansions observed (Table S6).

Impacts of environmental stress on the survival periods

of adult H. ligniperda

We assessed the survival rate of H. ligniperda adults
under various environmental stress conditions. The opti-
mal conditions for adult survival were determined at 25
C and 65% relative humidity (RH), with the maximum
observed survival periods reaching 292 days. A signifi-
cant reduction in adult survival periods was observed in
the high-temperature group (35 °C); the survival rate of
the high-temperature stress group declined to 0% within
14 days. In the low-humidity group (40%RH), The sur-
vival rate decreased to 0% after 106 days (Fig. 8).

Analysis of differentially expressed genes under different
temperature and humidity conditions

512 million Illumina reads were generated in RNA
sequencing (RNA-seq) data. The clean reads revealed
that all samples had a Q20 score exceeding 96% and a
Q30 score exceeding 90%. The alignment rate of the clean

reads exceeded 84%. These results confirmed the quality
of the transcriptome data, qualifying it for subsequent
analysis (Table S7).

A total of 5042 differentially expressed genes (DEGs)
were obtained. Under high temperatures (Fig. 9a), we
observed 1300 up-regulated DEGs and 2166 down-reg-
ulated DEGs. Under low humidity conditions (Fig. 9b),
there were 829 up-regulated genes and 747 down-regu-
lated genes.

The KEGG functional enrichment analysis was con-
ducted for the DGEs across high temperatures and
low humidity. In the high-temperature group, DEGs
were predominantly enriched in the Exosome pathway,
Lysosome-related pathway, Insect hormone biosyn-
thesis, Glutamate metabolism, and Cytochrome P450
pathway (Fig. 9¢). In low humidity, DEGs are primar-
ily concentrated in pathways related to the Chromo-
some and associated proteins pathway, Cilium and
associated proteins, Longevity regulating pathway and
the P53 signaling pathway (Fig. 9d). Cytochrome P450
pathway and Chromosome and associated proteins
pathway were associated with adult survival, indicating
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Fig. 5 Maximum-likelihood (ML) phylogenetic tree of Histone genes in the genome of H. ligniperda (node color in purple), A. glabripennis (node
colorin red), D. ponderosae (node color in dark blue), H. axyridis (node color in orange), H. hampei (node color in green), I. nitidus (node color in light

blue) and T. castaneum (node color in pink)

that high temperature and low humidity environmen-
tal stress conditions affected those two pathways of H.
ligniperda.

We further analyzed the DEGs in the Cytochrome P450
pathway. In the high-temperature group (Fig. 10a), all
17 P450 genes were down-regulated. In the low humid-
ity group (Fig. 10b), we identified three up-regulated
CYP450 genes (CYP49al, CYP345e2, CYP306al). The
detoxification metabolism is facilitated by the expression
of CYP450 genes within the Cytochrome P450 pathway.
It is thus suggested that H. ligniperda may up-regulate
the Cytochrome P450 pathway in response to unfavora-
ble environmental conditions, potentially bolstering its
capacity to mitigate harm.

Histone genes are notably abundant within the Chro-
mosome and associated proteins pathway and Longev-
ity regulating pathway. In the high-temperature group
(Fig. 10a), two Histones (histone-lysine N-methyltrans-
ferase 2C-like isoform X2 and histone-lysine N-methyl-
transferase NSD2) were up-regulated.

In the low humidity group (Fig. 10b), nine Histone
genes were down-regulated. The Longevity regulat-
ing pathways’ activity in the low-humidity group led to
decreased adult survival durations and increased mortal-
ity rates. Meanwhile, their up-regulation under high tem-
peratures supports the involvement of Histone genes in
insect hormone biosynthesis, which may accelerate the
mortality process.
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We speculated that CYP450 genes and Histone genes
played an important role in the stress resistance to envi-
ronments in H. ligniperda, to better adapt to the environ-
ment and speed up the invasion and colonization.

RT-qPCR was performed to validate the transcrip-
tome analysis and the expression patterns of those key
genes. Thirteen crucial DEGs associated with CYP450
and Histone genes were selected (Table S9-S10; Figure
S6). Compared with the control group, CYP450 exhib-
ited significant down-regulation in the high-temperature
group, and showed up-regulation in the low-humidity
group. Histone showed significant up-regulation in the
high-temperature and exhibited a down-regulation in the
low-humidity group. The obtained results align closely
with our transcriptome data, confirming its reliability. It
is indicated that under high-temperature conditions, H.
ligniperda will up-regulate Histone genes to resist stress-
ful environments, while under low-humidity conditions,

it will up-regulate CYP450 genes to adapt to adverse
environments. (Fig. 10c-d).

Discussion

Achieving a high-quality genome assembly at the chro-
mosomal level is fundamental for addressing significant
biological questions. It facilitates our comprehension
of species-level molecular differences [39]. Compara-
tive genomics is pivotal in enhancing our understand-
ing of the timing and mechanisms underlying species
divergence [40]. Currently, numerous chromosomal
genomes of Coleoptera have been elucidated in prior
studies. This wealth of data holds immense value for
elucidating the mechanisms underlying species inva-
sions [41]. Previous studies have evaluated the Cur-
culionidae genome more by measuring its size and
chromosome count. In the investigation of Scolytidae,
D. valens elucidated the population genetic structure
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Fig. 7 Maximume-likelihood (ML) phylogenetic tree of CDK genes in the
in red), D. ponderosae (node color in dark blue), H. axyridis (node color in
T. castaneum (node color in pink)

via genomic analysis. D. ponderosae identified sex
chromosomes from scaffolds. The publication of the
genome of I. typographus unveiled expanded gene fami-
lies linked to plant cell wall degradation, such as pec-
tinases, aspartyl proteases, and glycosyl hydrolases.
The genome analysis of H. hampei unveiled a dimin-
ished chemosensory receptor gene repertoire and a
genome sequence specific to males. The chromosomal-
level genome assembly of I nitidus offers evidence of
the species’ potential adaptability to conifer hosts and
high-altitude hypoxia, and sheds light on the role of
fungal symbionts in facilitating these adaptations. We
assembled a 520Mb genome with 14 chromosomes and

genome of H. ligniperda (node color in purple), A. glabripennis (node color
orange), H. hampei (node color in green), . nitidus (node color in light blue),

successfully identified the sex chromosome, offering a
foundation for the potential identification of additional
sex chromosomes in other Curculionidae species.
While we did not identify a Y chromosome, its absence
in our study does not conclusively negate its existence.
Sex is mostly determined by sex chromosomes. The
sex determination mechanism and sexual development
of insects can be determined by the hierarchical con-
trol of several sex determination genes or by symbiotic
microorganisms in the body [42, 43]. The curculionidae
include diploid species, haplodiploid species, and PGE
species [44]. In D. ponderosae, the karyotype is 11 AA
+ neo-XY. The largest chromosomes in D. ponderosae
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Fig. 8 Survival statistics under environmental stress conditions of H. ligniperda

are the neoX and neo-Y sex chromosomes[45]. There-
fore, additional research on H. ligniperda is necessary
in the future.

In insects, factors such as dietary restriction (CR)
[46], temperature [47], humidity [48], and light [49] have
received extensive attention in studies related to growth
and development. The growth of Diaphorina citri [50]
was shortened by 74% at 41 °C. Musca domestica [51]
activated the oxidative stress process with increased tem-
perature, leading to a shorter lifespan. Studies on Cotesia
flavipes [52] have shown that lower humidity, under con-
stant temperature, resulted in a shorter lifespan. Apolygus
lucorum [53] has shown adverse effects of low humidity
on both survival and oviposition.

Our observations have shown a significant reduction
in survival rates when subjected to environmental stress
conditions featuring high temperatures and low relative
humidity. Comparing living adults with dying or dead
adults and linking the up- or down-regulated genes to
host adaptation or stress tolerance may present a prob-
lem. To address this limitation, future research could
focus on longitudinal studies that monitor gene expres-
sion changes in H. ligniperda adults under controlled
environmental stress conditions over time, allowing for
a more precise correlation between gene regulation, host
adaptation, and stress tolerance. Our study aimed to
examine the effects of high temperature or low humid-
ity conditions on adult survival and compare differen-
tially expressed genes (DEGs) among those conditions.
Consequently, we gathered specimens after 14 days of
exposure to elevated temperature stress to generate more
prominent results. As a close relative of H. ligniperda, D.

ponderosae not only exhibits strong chromosomal collin-
earity, but also shows a high degree of homologous col-
linearity in CYP450, Histone, and CDK genes, further
substantiating the high degree of affinity between the two
species.

CYP450 expression patterns vary among different tis-
sues and under various environmental conditions [54].
Different CYP450 subfamilies have been identified in Ips
paraconfusus [55] and D. ponderosae [56]. The expres-
sion of these genes differed according to sex, gut, and
antenna. Most of them were involved in the detoxifica-
tion of compounds emitted by the host [57]. The CYP450
gene affects bee detoxification and prolongs infected
bees’ lifespan [58]. Due to the global distribution and
broad host adaptability of H. ligniperda [59], our pri-
mary focus was analyzing its ability to withstand envi-
ronmental stress. Our study relied on genomic analysis
to provide a more comprehensive and precise assess-
ment of H. ligniperdas’ invasion and colonization under
environmental stress conditions. Our findings revealed
down-regulation of CYP450 in the high-temperature
group and up-regulation in response to low-humidity
stress conditions. We hypothesize that adverse environ-
mental conditions may affect CYP450 enzyme activity
in H. ligniperda tissues, thereby influencing their stress
response. Histone genes control the cell cycle and sig-
nificantly influence insect growth and development [31].
The homologous gene CpBD-H4 of Histone H4 can
enhance the pathogenicity of bacteria in T. castaneum,
thereby accelerating mortality [60]. The loss of D. mela-
nogaster Cyclin-dependent protein kinase complex cyclin
D/cyclin-dependent kinase4 (CycD /Cdk4) [61] can also
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of differential genes under low humidity stress

shorten lifespan by affecting oxidative stress. Therefore,
identifying these three gene families can contribute to a
better understanding of the response mechanism under-
lying host adaptability and environmental stress in H.
ligniperda.

Our observations indicate that Histone expression
remains stable in H. ligniperda but is significantly up-
regulated in response to high temperatures and down-
regulated in low humidity conditions. This suggests a
correlation between the activity of these genes and the
decreased survival rate under environmental stress.

Conclusion

We utilized PacBio and Illumina sequencing platforms,
combined with Hi-C library construction, to assem-
ble the H. ligniperda genome at the chromosome level,
achieving an assembly size of approximately 520 MB.
Based on the scaffold, we successfully assembled 14

chromosomes and identified the sex chromosome.
Genomic synteny analysis revealed numerous chromo-
some fusion events in H. ligniperda. Its CYP450 genes
exhibited significant expansion compared to M. saltuar-
ius, possibly due to its wide range of host tree species
and polyphagous characteristics. Through transcrip-
tome analysis under different environmental conditions,
we investigated the molecular changes in the response
of the H. ligniperds to high temperature and low humid-
ity. CYP450 and Histone genes were associated with
temperature and humidity stress response.

This work advances future research on the H.
ligniperds’ molecular mechanisms and enriches the
Coleoptera genome database. Furthermore, this study
is instrumental in enhancing our understanding of H.
ligniperdas’ host adaptability and environmental stress
tolerance.
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Fig. 10 (a) Expression of P450 and Histone genes in the high-temperature group of the transcriptome. (b) Expression of P450 and Histone genes
in the low-humidity group of the transcriptome. (c) RT-qPCR analysis of differentially expressed genes at high temperatures. (d) RT-gPCR analysis

of differentially expressed genes in low humidity. In all figures, red indicates upregulation, and blue indicates downregulation

Materials and methods

Insects

We collected H. ligniperda samples from the roots of P
thunbergii near the Jiuguan coast protection forests in
Yantai, Shandong Province, China (37.457 241°N, 121.851
217°E). We performed genome sequencing and Hi-C
sequencing analysis on male adult samples. We con-
ducted a re-sequencing analysis on both male and female
adult samples. Furthermore, we collected larvae, pupae,
females, and males, and treated them under different
conditions for transcriptome sequencing. Following sam-
pling, all specimens were promptly frozen in liquid nitro-
gen and stored at -80°C.

Survival statistics of H. ligniperda adults under different
environments

We collected newly emerged adults (with brown elytra)
from the roots of P. thunbergii and fed them with phloem
for 1 to 2 days until the elytra became completely black.
We put emerging adults in a well-ventilated container

(Modele: QHP-70BE) and fed them with fresh bark. The
food source was changed every two days. The bark was
stored in vacuum-sealed bags in the freezer at -20 C to
maintain moisture and thawed before feeding. The con-
trol group was kept in the dark at a temperature of 25 C,
65% RH. In the environmental stress group, we exposed
the specimens to dark conditions with high tempera-
ture (35 °C, 65% RH) and low humidity (25 ‘C, 40% RH).
We placed 30 adults in each group, with three replicates
established for each treatment. We replaced the fresh
bark every two days and counted the number of surviving
adults. At 14 days in the high-temperature group and 48
days in the low-humidity group, we collected three sam-
ples from each treatment group and stored them for sub-
sequent analysis.

Genome sequencing

K-mer assessment of genome size

The specific process for DNA extraction is as fol-
lows: 1) Take an adult and grind it into powder with
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liquid nitrogen; 2) Add 1.2ml TNES Buffer, disperse,
and evenly divide into 4 1.5ml tubes, and add 100pl
TNES Buffer to each tube; 3) Add 10pl Proteinase
K(20mg/ml)/tube, and incubate at 58 °C for 6h (PK
added once at 2h); 4) At the end of incubation, 375ul
2M NaCl was added to precipitate the proteins; 5) After
centrifugation at 1400 RPM for 5min at room tempera-
ture, the supernatant was transferred to a new tube and
evenly divided into 8 tubes; 6) Add two volumes (700pul)
of pre-cooled anhydrous ethanol into each tube and let
it stand at -80 °C for 30min; 7) Centrifugation at 4 °C
for 30 min at 14000rpm, then remove the supernatant
(actual: centrifugation for 6min at -20 °C overnight,
then centrifugation for 20min under the same condi-
tions the next day); 8) Pre-cooled 70% ethanol, 1 ml was
washed for 2 times, centrifuged at 14,000rpm for 10min
at 4 °C; 9) Add 15ul NEH,O to each tube, stand at 50
°C for 1h, and then dissolve. Finally, agarose gel electro-
phoresis (Tanon, EPS600) was used to detect the con-
centration. After obtaining sufficient gDNA, 500-1000
ng was fragmented, followed by two-step magnetic
bead fragment screening. The Illumina Hiseq platform
was employed for library construction, including end
repair, ligation, and circularization of selected 80-200
ng fragments with 400 bp sizes. The Qubit® ssDNA
Assay Kit was utilized to quantify the purified prod-
uct. We employed Jellyfish (v2.2.10) [62] and Genom-
eScope (v2.0) [63], along with the GCE [64] software, to
estimate the genome size, heterozygosity, and duplica-
tion. Specifically, the genome size was estimated using
findGSE [65].

Library construction and sequencing

We sequenced the complete genome of H. ligniperda
using PacBio HiFi and Illumina Novaseq 6000 sequenc-
ing platforms. We quantified the extracted nucleic acid
concentration using Nanodrop (Thermo Fisher Scien-
tific, Nanodrop 2000) and Qubit (Invitrogen, QubitTM-
3Flurometer). We assessed the integrity of the extracted
nucleic acid through agarose gel electrophoresis. The
Hi-C library was prepared as follows: tissues were ground
with liquid nitrogen, and cross linked with 40 ml of 2%
formaldehyde solution for 15 min at room temperature
under vacuum, which was inhibited by adding 4.324 ml of
Glycine (2.5 M). The cell nucleus was washed with 0.5mL
of restriction enzyme buffer, and chromatin was dissolved
with diluted SDS. SDS was removed by desiccation with
Triton X-100 overnight, and DNA ends were labeled with
biotin-14-dCTP. DNA was purified using phenol-chloro-
form extraction. The Hi-C library was amplified by 12-14
PCR and sequenced using an Illumina HiSeq instrument
with a reading of 2x150 bp.
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Genome assembly and assessment

Before assembly, we used NextDenovo (https://github.
com/Nextomics/NextDenovo) to assemble PacBio HiFi
reads into contigs for further analysis. We employed
Juicer [66] to align Hi-C reads with the core genome.
3d-DNA was utilized for initial Hi-C supplementary
chromosome assembly [67], followed by manual inspec-
tion and adjustment using Juicebox [68]. Finally, 3d-DNA
was used for re-scaffolding to generate the final draft
chromosome genome, gaps of 100 bp were filled using
LR_Gapcloser [69] software, and mitochondrial genomes
were assembled using GetOrganelle [70]. Using Illumina
short reads, we performed two rounds of polishing with
Nextpolish [71]. Redundant [72] was employed to align
fragmented contig sequences with the chromosome
and organelle genome sequences, identifying fragments
with low redundancy and coverage for further assembly
optimization.

To assess the integrity and accuracy of the H. ligniperda
genome assembly, we utilized Burrow-Wheeler Aligner
(BWA) (v0.7.17-r1198-dirty) to align the second-gen-
eration sequencing data to the genome [73]. Then, we
mapped PacBio HIFI reads to the genome using Mini-
map2 [74]. We mapped RNA-Seq reads to the genomes
using HISAT?2 [75] filtering out non-primary alignments,
and calculated mapping proportion and coverage per-
centage. Furthermore, we used BUSCO (v5.1.2) [76] to
assess the genome assembly quality.

Sex chromosome identification

We identified the sex chromosomes of H. ligniperda by
resequencing male and female adults using the Illu-
mina Novaseq 6000 Platform. We employed the BWA
(v0.7.17-r1198-dirty) to map the sequenced clean reads
to the genome. We calculated the coverage of reads for
each chromosome using windows (Bin=50k bp, step=5k
bp) with Samtools (v1.15) [77]. Furthermore, we assessed
the sequencing coverage for male and female samples
by calculating log2 (M/F reads coverage) to identify sex
chromosomes. The sequencing coverage of autosomes
is identical in male and female samples. The sequencing
depth of the X chromosome in the female sample is twice
that in males, the Y chromosome is present at higher lev-
els in males.

Annotation of repetitive sequences and non-coding RNA

The transposable element (TE) library was constructed
through de novo identification of TEs employing EDTA [78],
Repeat Masker (http://www.repeatmasker.org/RepeatMask
er/) was applied for recognizing repetitive regions within the
genome, tRNAScan-SE [79] for tRNA annotation, Barrnap
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(https://github.com/tseemann/barrnap) for rRNA anno-
tation, and RfamScan [80] for comparative annotation of
diverse non-coding ncRNAs..

Gene prediction and annotation

We utilized 192618 non-redundant protein sequences
from all beetles in NCBI RefSeq (https://www.ncbi.nlm.
nih.gov/refseq/) database as homologous proteins for H.
ligniperda gene annotation. We used MAKER?2 [81], EVi-
denceModeler (EVM) [82], and PASA to generate con-
sistent gene annotations. TEsorter [83] was utilized to
detect TE protein domains in the genome. These domains
were subsequently masked within EVM. Redundancies in
annotations were consolidated, and coding and non-cod-
ing genes were uniformly named.

We accessed the integrated annotated proteins using
BUSCO (v5.1.2)and annotated the functions of protein-
coding genes using three strategies:1) eggNOG-Mapper
annotation [84]. We used GO (https://geneontology.org/)
and KEGG (https://www.genome.jp/kegg/) to annotate
the functions of protein; 2) Sequence similarity search: we
employed diamond [85] to compare protein sequences with
protein databases (Swiss_Prot, TrEMBL, NR); 3) Domain
similarity search: we utilized InterProScan [86] to compare
proteins with PRINTS, Pfam, SMART, PANTHER, CDD
and other sub-databases to obtain information on amino
acid conserved sequence, motifs and domains.

Gene evolution and phylogenetic tree analysis

The phylogenetic tree was constructed by combin-
ing protein-coding genes from H. ligniperda and nine
other species belonging to the Curculionidae family: D.
ponderosae, H. hampei, 1. typographus, Listronotus bon-
ariensis, Pissodes strobi, Rhynchophorus ferrugineus, Sit-
ophilus oryzae, E. kamerunicus, I. nitidus. Genome data
for all species were obtained from InsectBase 2.0. We
performed alignment using 1630 single-copy orthologs
obtained through OrthoFinder 2 (v2.0) [87]. We used
ModelFinder [88] in IQ-TREE [89] to determine the best
model as JTT+F+R4 with bootstrap 1000 times. Subse-
quently, IQ-TREE was used to construct the phylogenetic
tree using the maximum likelihood method.

To estimate species divergence times, we used the
MCMCTree from the PAML (v4.9e) [90]. The molecu-
lar clock was set to independent rates (clock=2), and the
GTR nucleic acid substitution model was used. The first
500,000 rounds of the MCMC chain were set as burn-
in. Samples were then taken every 100 rounds, totaling
100,000 samples. To perform a secondary calibration, we
used TimeTree (http://www.timetree.org/) to estimate
Million Years Ago (Mya) units. Based on the ultrametric
tree and the orthologous gene families, we utilized CAFE
(v4.2) [91] to detect expansions and contractions in gene

Page 15 0of 19

families. We obtained collinear orthologous gene pairs
using MCScanX_h [92]. MUSCLE [93] was used to align
protein sequences, PAL2NAL [94] was used to transform
into codon alignment, and KaKs_Caculator [95] was used
to calculate Ka, Ks, etc.

Chromosome synteny analysis

Genetic comparisons were conducted between H.
ligniperda, M. saltuarius, T. castaneum, C. septempunc-
tata, D. ponderosae and I nitidus using Lastz (https://
github.com/lastz/lastz). Collinear visualization was
achieved using Circos [96] software. Chromosome
assembly data for the remaining five species were sourced
from InsectBase 2.0 (http://v2.insect-genome.com/).

Gene family analysis

We retrieved reference protein sequences for the His-
tone, CDK and P450 families from the InsectBase 2.0
database and utilized them as query sequences. First, we
utilized Blastp (diamond blastp -d DATABASE -q INPUT
-o OUTPUT --more-sensitive -p 1 --quiet -e 0.001
--compress 1) to search for candidate genes within the
genomes of seven species: A. glabripennis, I. nitidus, T.
castaneum, H. hampei, H. ligniperda, Harmonia axyridis,
and D. ponderosae. Next, we used Hmmsearch software
to identify candidate sequences associated with P450,
Histone and CDK. Hidden Markov models (HMM) of
P450 (PF00067.25) and Histone (PF00125.27) gene fami-
lies were obtained from the Pfam database. Based on the
existing protein sequences, we constructed the HMM of
CDK by Hmmbuild program (http://www.hmmer.org/).
The candidate sequences obtained through both meth-
ods were combined and compared with the NR database.
Sequences annotated as P450, Histone and CDK were
retained as reference proteins for homology prediction by
Genewise (https://www.ebi.ac.uk/~birney/wise2/) soft-
ware. The gene model was refined through homologous
annotation, and redundancy was eliminated to obtain a
comprehensive set of gene family members.

We conducted multiple sequence alignments for each
gene family using MUSCLE (v3.8.1551) with default soft-
ware parameters. Then, we employed IQ-TREE software
to construct phylogenetic trees using the maximum like-
lihood (ML) method.

Transcriptome data analysis

Transcriptome Sequencing and evaluation

We selected three adult samples from each group for
RNA extraction. The specimens were immersed in a
grinding solution and meticulously dissected with steri-
lized scissors prior to RNA extraction. RNA extraction
from all experimental samples was carried out using the
RNAprep Pure Tissue Kit (Tiangen, China). We assessed
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RNA integrity and contamination levels using agarose
gel electrophoresis and examined RNA purity with Nan-
odrop. Quality control for Raw Data, including sequenc-
ing errors and GC content analysis, was performed using
Fastp [97] software. Transcriptome data quality was eval-
uated with RSeQC [98] software. Stringtie [99] software
was used for splicing.

Gene expression analysis

Gene expression levels were estimated as transcripts per
million reads (TPM) using the RSEM (v 1.3.1) [100]. We
identified 60S ribosomal protein L13 as a reference gene.
Differentially expressed genes (DEGs) between each two
groups were identified using the DESeq2 R package (v
1.24.0) and are presented as log2(Fold Change (FC)) values.
The p values were adjusted using the Benjamini-Hochberg
method [101]. The genes satisfying |log2(FC) |>1 and P
<0.05 were considered as DEGs. Functional enrichment of
DEGs was performed through GO and KEGG.

Real-Time Quantitative PCR Analysis

Real-time quantitative PCR (RT-qPCR) was used to
measure the expression patterns of DEGs related to host
adaptation and environmental stress tolerance in H.
ligniperda. Specific primers for the DEGs and reference
genes were designed using Primer3Plus (https://www.
primer3plus.com/). We selected genes with TPM > 20,
Foldchange < 1; stable expression changes across treat-
ments, and an SD value<1 as reference genes in various
transcriptome treatment groups [102].

The RT-qPCR was performed with the TB Green® Pre-
mix Ex Taq " II (Takara, Japan) and ran on the Bio-Rad
CFX96 PCR System (Bio-Rad, USA). Each 25 pL amplifi-
cation reaction contained 12.5 pL of TB Green Premix Ex
TaqllI (2x), 1.0 pL of each positive and negative primer (10
umol/L), 1 uL of cDNA template, and 9.5 pL of ddH,O.
The amplification protocol included pre-denaturation at
95°C for 30 seconds, denaturation at 95°C for 5 seconds,
and annealing at 60°C for 30 seconds, repeated for 40
cycles with three technical replicates per sample. Gene
relative expression was calculated by 2788Ct method [103].

Statistical analysis

Data were collected and analyzed using Excel 2018 and
SPSS 26.0 software (IBM, USA). The longevity of adult
beetles under diverse environmental conditions was
assessed using normal distribution analysis, followed
by subsequent application of one-way ANOVA after
confirming conformity to normal distribution. Differ-
ences among multiple datasets were evaluated using
the Duncan test. Mortality graphs, bar charts, and heat
maps were generated using GraphPad Prism 8 software
(GraphPad Software, USA).
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