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Abstract

Longhorn beetles (Cerambycidae) play a vital role in global ecosystems. Some of them contribute to nutrient cycling and pollina-
tion, while others, pose a threat to forestry production. Despite their ecological importance, there has been a lack of comprehensive 
analyses on the mitochondrial genomes of Cerambycidae beetles. In this study, we have conducted mitochondrial genome sequenc-
ing and annotation for four Cerambycidae beetles: Monochamus sutor, Monochamus guerryi, Monochamus galloprovincialis, and 
Monochamus latefasciatus. Our analysis revealed a high degree of conservation in these mitochondrial genomes, with rare gene 
rearrangements observed across the Cerambycidae family. Additionally, a notable bias towards AT content was identified, with most 
genes using ATN as the start codon and TAA as the stop codon. Except for trnS1, all tRNA genes showed typical cloverleaf secondary 
structures. Phylogenetic analysis using IQ-TREE and Phylobayes consistently produced congruent topologies. At the gene level anal-
yses, our results highlighted the remarkable conservation of the COX1 gene. Furthermore, at the species level, we observed strong 
adaptability in the Spondylidinae and Lepturinae subfamilies. We also offer our insights into contentious aspects of the phylogeny. 
Overall, our research contributes to a deeper understanding of the phylogeny and evolution of Cerambycidae, laying the groundwork 
for future population genetic investigations.
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1. Introduction

The order Coleoptera (beetles) is the largest and most 
widely distributed order in insect with a staggering 
380,000 documented species worldwide. Beetles make 
up approximately a quarter of all known animal species 

on Earth and many more species yet to be documented 
(Zhang et al. 2018; Tavakilian et al. 2019). Among the 
whole Coleoptera, longhorn beetles in the Cerambycidae 
emerges as one of the most diverse and ecologically sig-
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nificant families, comprising approximately 40,000 spe-
cies (Foottit et al. 2018). The evolutionary trajectory of 
the Cerambycidae classification has spanned a protracted 
course, and to this day, it remains a subject of divergent 
perspectives among scholars. The documentation of long-
horn beetle species dates back to 1758 when Linné de-
scribed and classified 76 such species in the tenth edition 
of “Systema Naturae,” initially dividing them into three 
genera: Cerambyx, Leptura and Necydalis (Linnaeus 
1758). In 1762, Geoffroy added two more genera: Prio-
nus and Stenocorus (Geoffroy 1762). In 1801, the Danish 
entomologist Fabricius documented 594 longhorn beetles 
species (Fabricius 1801). Despite the continuous expan-
sion of genera and species, it was only in 1815 that Leach 
formally recognized the familial rank of Cerambycidae 
and coined the term “Cerambycidea” in the book of the 
“Edinburgh Encyclopedia” (Brewster 1832). In 1829, La-
treille classified the family into Prioninae, Cerambycinae, 
Lamiinae, and Lepturinae (Latreille 1892). After that, 
many taxonomists tried to further refine the classification 
of the Cerambycidae family. Taxonomists systematically 
summarized and categorized higher-level classifications 
within the Cerambycidae family through various aspects 
such as comparative morphology, reproductive systems, 
and biogeography. Up to now, there is still controversy 
surrounding the taxonomic status of the Cerambycidae 
family.

Longhorn beetles play a crucial role in global ecosys-
tems. They aid in the decomposition of dead branches 
and woody plants, promoting ecosystem cycling. They 
serve as pollinators, providing essential assistance in the 
reproduction of plants (Nie et al. 2020). However, long-
horn beetles can also pose a threat to forests, such as Ano-
plophora glabripennis (Motschulsky), Jebusaea ham-
merschmidtii Reiche, and Aromia bungii (Faldermann) 
(MacLeod et al. 2002; El-Shafie et al. 2021; Yamamoto 
et al. 2002). Notably, many Monochamus species in the 
subfamily of Lamiinae serve as vectors for the devastat-
ing pine wood nematodes (PWD), responsible for plenty 
of pine trees dead (Chen et al. 2023). Some Monochamus 
genus longhorn beetles, such as Monochamus alternatus 
Hope and Monochamus saltuarius Gebler, share remark-
able similarities, making their identification a challenging 
task (Shi et al. 2022). Traditional identification methods 
relied on body size, elytra sculpture, and the presence of 
scutellum hairs (Patel et al. 2012; Monné et al. 2017), of-
ten subject to human subjectivity. Consequently, a com-
prehensive understanding of systematic phylogenetics 
can greatly assist in the classification and identification 
of these beetles.

With the continuous advancement of molecular biolo-
gy technology, mitochondrial genome (mitogenome) has 
been widely used in species identification, kinship iden-
tification, population genetics, phylogeny, Geographic 
distribution, migration, evolution, and so on (Ovenden et 
al. 2018; Shi et al. 2023). Insects typically possess com-
plete mitochondrial genomes, which are double-strand-
ed closed circular DNA molecules, ranging in size from 
14 to 20 kilobases (kb). These mitogenomes consist of 
37 genes, including 13 protein-coding genes (PCGs), 2 

ribosomal RNA genes (rRNAs), 22 transfer RNA genes 
(tRNAs), and 1 control region, also known as the A+T 
enrichment region (Boore 1999). The unique attributes 
of insect mitochondrial genomes, such as intron deletion, 
maternal inheritance, relatively low levels of recombina-
tion, and rapid mutation rates, render them invaluable as 
molecular markers for diverse applications (Behura 2006; 
Freeland 2020). Moreover, the mitochondrial genome 
provides a wealth of phylogenetic information, including 
gene order, RNA secondary structure, codon use frequen-
cy, and control region characteristics (Johnson 2019). 
Additionally, the independence of mitochondrial genetic 
material from the nuclear genome makes it well-suited 
for elucidating relationships among different populations 
and species (Silva-Pinheiro et al. 2022). So integrating 
and conducting comparative studies of the mitochondri-
al genome data with other valuable information, such as 
nDNA, morphology, behavior, etc., will ultimately lead 
to an enhanced, more comprehensive understanding of 
systematic biology and the historical relationships among 
living organisms (Rubinoff et al. 2005).

However, the number of complete mitochondrial ge-
nome sequences in longhorn beetles is remarkably lim-
ited and there is still a lack of comprehensive compara-
tive analysis of the mitochondrial genomes among them. 
Therefore, we sequenced the mitochondrial genomes of 
four species within the Monochamus genus of longhorn 
beetles and conducted comparative mitochondrial ge-
nomic analyses in conjunction with other longhorn beetle 
species available in GenBank (https://www.ncbi.nlm.nih.
gov). Our study enriches the mitochondrial genome and 
provides robust data support for an in-depth investigation 
of the phylogeny of the Cerambycidae. It may shed new 
light on the complex phylogenetic relationships in Cer-
ambycidae.

2. Materials and methods

2.1. Sample collection and DNA 
 extraction

Adult Monochamus sutor (Linnaeus), Monochamus 
guerryi Pic, Monochamus galloprovincialis (Olivier), 
and Monochamus latefasciatus (Breuning) species col-
lected information was shown in Table 1, and preserved 
in anhydrous ethanol (purity ≥ 99.7%) at −20°C. Speci-
mens were first identified according to external morpho-
logical characters before the DNA extraction (Sun 2019; 
Silva-Pinheiro et al. 2022). A small amount of muscle 
tissue was removed from the chest of each four longhorn 
beetles for total DNA extraction. Total genomic DNA was 
extracted using TIANamp Genomic DNA Kit (TIAN-
GEN, Beijing, China) following the manufacturer’s in-
structions. The cox1 sequences were amplified with the 
primers LCO149/HCO2198 and then retrieved from the 
National Center for Biotechnology Information database 
to identify from the molecular level (Folmer 1994).

https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
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2.2. Mitochondrial genome sequenc
ing, assembly, and annotation

DNA samples of four longhorn beetles were sequenced 
by next-generation sequencing at Biomarker Technol-
ogies Co., Ltd. (Beijing, China) to obtain complete 
mitochondrial genes. An Illumina TruSeq library was 
generated, with average lengths of 350 bp and 250 bp 
paired-end reads sequenced on Illumina Hiseq 2500 plat-
form (San Diego, CA). After filtering using the NGS QC 
Toolkit v2.3.3 (Patel et al. 2012), clean reads with high 
quality were used for subsequent genome assembly and 
identified through MitoZ 3.6 (Meng et al. 2019), with 
the mitochondrial genomes of M. saltuarius and Mono-
chamus urussovii (Fischer-Waldheim) (OP169419 and 
OP169420) being used as references.

Protein-coding genes (PCGs) and ribosomal RNA 
(rRNA) genes were annotated by aligning with known ho-
mologous Cerambycidae species mitogenome sequences 
from GenBank. Additionally, the secondary structures of 
transfer RNA (tRNA) genes were identified using tRNA-
scan-SE Search Server v2.0 (http://lowelab.ucsc.edu/tR-
NAscan-SE/) (Lowe et al. 2016). The limits of PCGs and 
rRNA genes were determined by comparing them with 
analogous genes found in other Cerambycidae species 
and by referencing the positions of transfer RNA (tRNA) 
genes. To affirm the precision of the deduced locations, 
the nucleotide sequences of 13 PCGs were translated into 
amino acids through the utilization of MEGA X (Kumar 
et al. 2018). The mitogenomes were visualized using the 
proksee website (https://proksee.ca/).

2.3. Comparative mitogenome 
 analyses

The mitogenomes of 89 species obtained from the NCBI 
(https://www.ncbi.nlm.nih.gov) and 4 newly sequenced 
species were used for analysis (Table S1). Subsequent-
ly, an online software tool called Interactive Tree Of Life 
(iTOL) v 6.8 (Letunic et al. 2019) was employed to vi-
sualize the gene order of all species with different gene 
represented in distinct colors for enhanced clarity and 
comparison. Mitogenome rearrangement events were 
completed through the manual comparison, with Dro-
sophila yakuba Burla as a reference (Clary et al. 1985). 
Pairwise comparisons of DNAs between M. sutor and 
other longhorn beetles mitochondrial genomes were per-
formed using BLASTN searches in the CGView Com-
parison Tool (CCT) (https://github.com/paulstothard/
cgview_comparison_tool). The base composition, ami-

no acid usage, codon usage, and relative synonymous 
codon usage (RSCU) were analyzed through MEGA11/ 
PhyloSuite v1.2.3 (Tamura et al. 2021; Xiang et al 2023). 
The formula: AT-skew = (A−T) / (A+T) and GC-skew = 
(G−C) / (G+C) was calculated manually to evaluate nu-
cleotide composition bias (Perna et al. 1995). The MEGA 
11 (Tamura et al. 2021) software was utilized to com-
pute the average genetic distances employing the Kimu-
ra-2-parameter model across 13 PCGs. Synonymous 
(Ks) and non-synonymous (Ka) substitution rates among 
PCGs were calculated by DNASP v5.10 (Librado et al. 
2009). The effective number of codons (ENC) and codon 
bias index (CBI) for PCGs were also calculated by the 
software DNASP 5.10 (Librado et al. 2009).

2.4. Phylogenetic analysis

The mitochondrial genome data were obtained from the 
NCBI nucleotide database. A total of 86 species in 10 
groups were selected from the longhorn beetles. Addi-
tionally, the dataset incorporated the mitochondrial ge-
nomes of the four newly sequenced species.

After filtering the redundant sequence, 13 PCGs and 
2 rRNAs were extracted by PhyloSuite v1.2.3 (Xiang et 
al. 2023) for downstream analysis. Multiple sequence 
alignments were conducted for amino acids, PCGs, and 
rRNA gene using MAFFT v7.313 (Katoh et al. 2013). 
For the alignment of PCGs, the L-INS-i algorithm was 
employed, while the G-INS-i algorithm was utilized for 
the alignment of rRNA genes (Katoh et al. 2013). The 
alignments of PCGs were imported into the MACSE 
v2.03 (Ranwez et al. 2018) for optimization. Sequenc-
es were concatenated using PhyloSuite version 1.2.3 to 
create four distinct datasets: (i) PCG123: PCGs with all 
three codon positions; (ii) PCG123R: PCG123 dataset 
plus two rRNA genes; (iii) PCG12R: PCG12 dataset plus 
two rRNA genes; (iv) PCGAA: amino acid sequences 
translated from PCGs. ModelFinder (Kalyaanamoorthy 
et al. 2017) and PartitionFinder2 (Lanfear et al. 2017) 
were used to select optimal partitioning strategies and 
evolutionary models for PCGsRNA and AA datasets. The 
heterogeneity and substitution saturation of each data-
set were assessed using the AliGROOVE v1.08 (https://
github.com/PatrickKueck/AliGROOVE) (Kück et al. 
2014) and DAMBE v5.5.29 (Xia 2013), respectively.

Maximum likelihood (ML) phylogenies and Phy-
lobayes MPI 1.5a were used to construct phylogenetic 
trees mainly about Cerambycidae on PhyloSuite v1.2.3 
and CIPRES Science Gateway (https://www.phylo.org). 
Seven species with complete sequences from other fam-

Table 1. Collection information of species in this study.

Species Name Host Plant Date Locality
Monochamus sutor Larix gmelinii (Ruprecht) Kuzeneva Jul., 2020 CHINA – Beijing – 39°54′N, 116°25′E
Monochamus guerryi Quercus glauca Thunb. Jun., 2020 CHINA – Guangxi – 22°02′N, 106°47′E
Monochamus galloprovincialis Pinus sylvestris var. mongolica Jul., 2020 CHINA – Heilongjiang – 51°02′N, 122°11′E
Monochamus latefasciatus unkonwn Jul., 2019 CHINA – Guangxi – 22°02′N, 106°47′E

http://www.ncbi.nlm.nih.gov/nuccore/OP169419
http://www.ncbi.nlm.nih.gov/nuccore/OP169420
http://lowelab.ucsc.edu/tRNAscan-SE/
http://lowelab.ucsc.edu/tRNAscan-SE/
https://proksee.ca/
https://www.ncbi.nlm.nih.gov
https://github.com/paulstothard/cgview_comparison_tool
https://github.com/paulstothard/cgview_comparison_tool
https://github.com/PatrickKueck/AliGROOVE
https://github.com/PatrickKueck/AliGROOVE
https://www.phylo.org
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ilies that similar to Cerambycidae were selected as out-
groups (Eucryptorrhynchus scrobiculatus Motschulsky, 
Eucryptorrhynchus brandti (Harold), Curculio davidi 
Fairmaire, Sympiezomias velatus (Chevrolat), Naupac-
tus xanthographus Germaer, Aegorhinus superciliosus 
(Guérin), Sitophilus zeamais Motschulsky). For ML anal-
ysis, the IQ-TREE v. 1.6.8 (Minh et al. 2020) was used to 
reconstruct the ML phylogenetic tree under the Partition 
Mode (Table S2). A standard bootstrap approximation ap-
proach was selected, and 1000 replicates were performed 
to assess the tree’s robustness. Phylobayes MPI on 
XSEDE (version 1.8c) was utilized through the CIPRES 
Science Gateway (https://www.phylo.org) to construct 
Bayesian inference (BI) phylogenies. The site-heteroge-
neous mixture model CAT+GTR was employed for both 
nucleotide and amino acid datasets (Lartillot et al. 2013). 
Two independent chains, a Markov chain, and a Monte 
Carlo chain, were run after removing a fixed point from 
a sequence. The chains were stopped after two runs of 
30000 generations converged satisfactorily, indicated by 
a maxdiff value of less than 0.1. The initial 25% of trees 
generated were discarded as burn-in.

3. Results and Discussion

3.1. The general features of mito
genomes

Complete mitogenomes of four Lamiinae species were 
newly sequenced: M. sutor, M. guerryi, M. galloprovin-
cialis and M. latefasciatus, which ranged in size from 
15759 (M. guerryi) to 15929 (M. latefasciatus) base 
pairs and each contained 37 genes (13PCGs, 22 tRNA 
and 2 rRNA) (Fig. 1). These mitogenomes exhibit a cir-
cular and double-stranded structure. The majority strand 
(J-strand) encodes 23 genes, including 9 PCGs (atp6, 
atp8, cytb, cox1, cox2, cox3, nad2, nad3 and nad6), and 
14 tRNA genes. The minority strand (N-strand) encodes 
14 genes, comprising 4 PCGs (nad1, nad4, nad4L and 
nad5), 8 tRNA genes and 2 rRNA genes (rrnL and rrnS). 
The gene arrangement in these four new species is con-
sistent with that of other published Cerambycidae mi-
togenomes and follows the ancestral insect mitogenome 
arrangement. However, Vesperus conicicollis Fairmaire 

Figure 1. Complete mitochondrial genomes of M. sutor (A), M. guerryi (B), M. latefasciatus (C), and M. galloprovinicialis (D). The 
transcriptional direction is indicated by arrows.

https://www.phylo.org
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& Coquerel exhibited gene rearrangement, with nad6 
positioned ahead of trnP. And the translocation of trnL1 
and trnL2 and a local inversion of rrnS were observed 
in Apomecyna saltato (Fabricius) and Arhopalus unicolor 
(Gahan), respectively (Fig. 10). These gene rearrange-
ments mainly occur in the replication origin, contributing 
to species evolution acceleration. Overall, Cerambycidae 
mitochondrial genomes display a high degree of conser-
vation, indicating relative stability in mitochondrial func-
tion (Liu et al. 2023). 

3.2. Nucleotide composition of mito
genomes

The mitochondrial genomes of the longhorn beetles dis-
play a noticeable AT bias, with an A+T content ranging 
from 67.9% (Prioninae, Agrianome spinicollis (Ma-
cLeay)) to 81.2% (Lepturinae, Sachalinobia koltzei (Hey-
den)). Interestingly, only four species exhibit an A+T 
content exceeding 80%. Lepturinae stands out with the 
highest A+T content, averaging 79.5%, while Prioninae 
has the lowest, averaging 70.8%. The AT-skew values 
are predominantly positive, ranging from –0.016 (Lami-
inae, Pterolophia sp. ZJY-2019) to 0.125 (Prioninae, Pri-
otyrannus closteroides Thomson), while GC-skew values 
are mainly negative, spanning from –0.286 (Prioninae, P. 
closteroides) to –0.136 (Cerambycinae, Xystrocera glo-
bose (Oliver)). Notably, the newly sequenced Lamiinae 
species all have A+T contents higher than the average, 
with positive AT skew. Although the nucleotide compo-

sitions across the 10 groups are generally similar, there 
are differences in A+T content, AT-skew, and GC-skew 
(Table S3; Fig. 2).

To explore the base content characteristic in the cod-
ing region, we specifically analyzed the PCGs of mitog-
enomes. The results revealed a significant AT bias in the 
entire PCGs, with A+T content ranging from 65.42% 
(Prioninae, A. spinicollis) to 79.73% (Lepturinae, S. kolt-
zei). The Lepturinae again exhibits the highest A+T con-
tent, averaging 77.9%, while the Prioninae has the lowest, 
averaging 67.9%, the same trends observed in the entire 
mitochondrial genome. The AT-skew values are negative 
across all PCGs, while most GC-skew values are also 
negative. This AT bias is particularly prominent at the 3rd 
codon position, consistent with a high mutational pres-
sure toward AT nucleotides at this position (Meng et al. 
2019). Notably, the 1st condon position shows a typical 
T, G bias, while the 2nd and 3rd codon positions show a 
typical T, C bias. Among the four newly sequenced spe-
cies, both the entire PCGs and the second positions of 
these genes exhibit higher A+T content compared to the 
corresponding average values. Lepturinae maintains the 
highest A+T content, while Prioninae retains the lowest 
(Table S3). Sequences with high A+T content are gen-
erally less stable and more mutation-prone, potentially 
indicating adaptation to specific environments, such as 
extreme conditions, high altitudes, or high latitude areas 
(Song et al. 2016). This suggests that species within the 
Lepturinae may have a competitive advantage in adapt-
ing to particular habitats compared to those within the 
Prioninae. The AT content in the genus Monochamus is 

Figure 2. Three-dimensional scatter plots of the AT-skew, GC-skew, and A + T content of 86 mitochondrial genomes. Balls of dif-
ferent colors correspond to different groups.
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generally similar, and similar AT bias may indicate shared 
evolutionary trajectories, especially in the case of the M. 
alternatus, M. galloprovincialis, and M. urussovii, where 
A+T content has reached a consistent level. This infor-
mation enhances our understanding of mitochondrial ge-
nome functionality, evolution, and adaptive relationships 
within different environments.

Furthermore, there is a clear AT bias in RNA genes, 
with AT-skew and GC-skew values mainly positive in 
tRNA but predominantly negative in rRNA. Among the 
four newly sequenced beetles, the AT content in RNA 
genes is higher than the average, while the GC content is 
lower than the average (Table S3).

3.3. CGView comparison analysis

As depicted in Figure 3, the species obtained from the 
BLASTN analysis using the CCT and the mitochondri-
al genome of M. sutor were used as the reference spe-
cies. The sequence similarity between M. sutor and other 
mitochondrial genomes ranged from 75.80% to 97.6%. 
Notably, M. sutor exhibited its closest relationship with 
M. galloprovincialis, followed by M. urussovii, M. saltu-
arius, and M. alternatus. Furthermore, the control region 
displayed the highest degree of variation, and there were 
varying levels of variation observed in genes such as ND2, 
ND4, ND4L, ND5 and ND6. These differences pointed to 

Figure 3. Graphical map of the BLASTN results showing the nucleotide identity between the M. sutor mitochondrial genome and 
that of 85 other species listed in Table S1. CCT arranges the BLASTN results such that the sequence most similar to the reference 
(M. sutor) is placed closer to the outer edge of the map.



Arthropod Systematics & Phylogeny 82, 2024, 133–150 139

the diversity among species and variations in evolutionary 
rates. In contrast, the cox1 gene exhibited a lower degree 
of variation and was relatively more conservative.

3.4. Condon and amino acid usage

After analyzing the PCGs of 86 mitogenomes, we ob-
served that the starting codon usage bias was quite sim-
ilar at the species level when ATN codons were used as 
the start codons. Most species predominantly employed 
ATT or ATG as the start codon, while some species 
used ATA, ATC, and a few even utilized TTG and GGA. 
As for stop codons, TAA, TAG, and TTA were used in 
these mitogenomes, with TAA being the most frequent-
ly employed. At the gene level, most PCGs preferred 
ATT and ATG as start codons and still commonly used 
TAA as a stop codon. However, there was diversity in 
the types of start codons for NADH dehydrogenase 
genes, with some less common ones like TTG. Addi-
tionally, 8 genes exhibited incomplete stop codons in 
PCGs, with only atp6, atp8, nad6, and nad1 being ex-
ceptions. In most cases, the incomplete stop codon was 
“T”, and very rarely “TA” (Table S5). These incomplete 
stop codons are relatively common in insect mitochon-
drial genomes (Wu et al. 2023). Overall, the start codon 

patterns align with the frequent use of NNU and NNA 
in each codon.

Relative synonymous codon usage (RSCU) values of 
all 10 groups and the four new sequenced species were 
plotted in Fig. 4. The codon usage of PCGs exhibited a 
strong bias towards NNU and NNA codons. UUA (Leu2) 
had the highest RSCU in all samples, indicating that it 
had undergone strong selection during evolution. Con-
versely, the RSCU values for CGC (Arg), ACG (Thr), and 
CUG (Leu1), which end with G and C, were relatively 
low. Notably, Leu2 and Ser2 consistently possessed the 
highest RSCU values in all groups. These results demon-
strated a connection between RSCU values and codon 
base selection bias (Table S6). Commonly used codons 
consisted of A and T, contributing to a higher A+T con-
tent in the mitochondrial genome. Furthermore, almost 
all frequently used codons ended with A or T, reinforcing 
the bias toward AT content in the third codon position 
(Song et al. 2016). In Dorcasominae, Prioninae, Ceram-
bycinae and Disteniinae, the RSCU value of Leu2, par-
ticularly UUA in Leu2, distinctly decreased, while that 
of Leu1 increased. This could be a contributing factor to 
the lower AT content in these four groups (Zheng 2022). 
Overall, the differences in codon usage among different 
groups were minimal, suggesting that they might share a 
similar genetic evolutionary background.

Figure 4. Relative synonymous codon usage (RSCU) in protein-coding genes of 10 groups and four new sequenced species. Codon 
families are indicated on the x-axis, along with different combinations of synonymous codons that code for specific amino acids. 
RSCU is shown on the y-axis.
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In the 10 groups, the frequency of amino acid usage 
was relatively consistent. Overall, Leu was the most 
frequently used amino acid, followed by Ile, Phe, Met, 
and Ser in that order. However, some variations were ob-
served in Spondylidinae, Prioninae, Cerambycinae and 

Disteniinae. In these groups, there was a general trend 
of Ser being more frequently used than Met (Table S6; 
Fig 5). To sum it up, the frequency of amino acid usage 
in PCGs of Cerambycidae exhibited stability, with only 
minor differences in specific subfamilies.

Figure 5. Amino acid usage in the mitochondrial genome. The different colored dashed lines represent different groups, the x-axis 
represents different amino acid types, and the y-axis represents the usage of amino acids.

The effective number of codons (ENC) and the co-
don bias index (CBI) in these species ranged from 37.03 
(Lepturinae, S. koltzei) – 51.2 (Disteniinae, Typodryas sp. 
N143) for ENC, and from 0.275 (Prioninae, P. closteroi-
des) – 0.643 (Lepturinae, S. koltzei) for CBI. Notably, 
Spondylidinae and Orsodacinade had the lower average 
ENC value of 43.79 and 43.61, while Prioninae had the 
highest average ENC value of 50.32. As for CBI, Prion-

inae had the lowest average value of 0.33, while Spon-
dylidinae, Lepturinae and Orsodacinade had the higher 
average CBI value of 0.50 (Table S4). The ENC and CBI 
results showed that Spondylidinae and Orsodacinade 
species exhibited a higher codon bias, suggesting that 
synonymous codons were more frequently used in their 
genomes with a lower codon selection, implying relative-
ly lower genomic complexity. These Spondylidinae and 

Figure 6. Nucleotide compositions of the mitogenomes. A Scatter plot of the GC content of 3rd codon sites versus ENC; B Scatter 
plot of the GC content of 3rd codon sites versus CBI.
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Orsodacinade species appear to possess strong adaptabili-
ty to specific ecological environments (Li et al. 2023; Wu 
et al. 2023). Among the four newly sequenced species, 
M. sutor showed a relatively low ENC value of 38.95 and 
a relatively high CBI value of 0.59. These values indi-
cate that M. sutor has strong environmental adaptability 
and more uniform codon usage (Li et al. 2023; Wu et al. 
2023). Furthermore, the correlation analysis depicted in 
Fig. 6 revealed that ENC and CBI were positively and 
negatively correlated with GC3s, respectively. This sug-
gests that the genomic G+C content plays a crucial role 
in determining codon preference across different species 
(Xu et al. 2020; Yan et al. 2021). The correlations be-
tween GC3 and both ENC and CBI are high across dif-
ferent groups except Prioninae. Higher GC3 levels in the 
genome may exert stronger selective pressure, leading to 

more uniform codon usage (Wei et al. 2014). Moreover, 
elevated GC3 levels could result in specific functional 
genes displaying pronounced codon usage preferences 
with the principles of neutral mutational theories (An-
dersson et al. 1996).

3.5. Characteristics of intergenic 
 regions

The number of intergenic regions in the mitochondrial ge-
nomes of the entire 10 groups ranged from 2 (Ceramby-
cinae, Ceresium sinicum ornaticolle Pic) to 14 (Lamiinae, 
Lamiinae sp. 1 ACP-2013 and Prioninae, P. closteroides). 
On the other hand, gene overlap regions varied from 5 
(Disteniinae, Distenia punctulatoides Hubweber) to 25 

Table 2. The interval region of mitogenomes

Groups
Interge-

nic region 
amount

Gene 
overlap 
amount

atp8-atp6 
Normal 

intergenic 
region (-7bp) 

amount

atp8-atp6 
Special intergenic region

nad4-nad4L 
Normal 

intergenic 
region (-7bp) 

amount

nad4-nad4L 
 Special  intergenic region

Lamiinae 4 -14 9–25 26 

- 4, H. nigromaculata
- 4, Batocera rubus (Linné)
- 4, Annamanum lunulatum (Pic)
- 4, Pterolophia sp. ZJY-2019
- 1, Blepephaeus succinctor 

(Chevrolat)
- 4, Morimospasma tuberculatum 

Breuning

17 

- 4, Eutetrapha metallescens 
(Motschulsky)

- 4, Paraglenea fortunei 
( Saunders)

- 4, Thyestilla gebleri 
( Faldermann)

- 4, H. nigromaculata
- 4, B. rubus
- 4, A. lunulatum
- 4, M. latefasciatus
- 4, M. guerryi
- 4, M. sutor
- 4, M. urussovii
- 4, Agelasta perplexa Pascoe
- 4, A. saltator
- 4, Morimospasma sp.
- 4, Niphona lateraliplagiata 

Breuning
- 4, Jamesia sp. KM-2017

Vesperidae 8–13 6–8 6 / 6 /
Spondylidinae 6–13 10–12 2 - 4, C. oberthueri 4 - 4, C. oberthueri

Lepturinae 6–9 9–13 6 / 5 - 4, Anastrangalia sequensi 
(Reitter)

Oxypeltinae 7 13 1 / 0 - 4, Oxypeltus quadrispinosus 
Blanchard

Orsodacnidae 7–11 6–10 2 / 2 /
Dorcasominae 6–9 10–11 2 / 1 - 4, Tsivoka simplicicollis (Gahan)

Prioninae 4–14 9–14 7 

- 4, P. closteroides
- 4, Phaolus metallicus (Newman)
- 4, Agrianome spinicollis 

( MacLeay)
- 4, Analophus parallelus Water-

house
- 4, Archetypus frenchi (Black-

burn)
- 4, Olethrius laevipennis Vitali

10 
- 4, P. closteroides
- 4, Callipogon relictus Semenov
- 4, Aegosoma sinicum White

Cerambycinae 2–12 8–15 12 

- 4, Closteromerus claviger 
Fairmaire

- 4, Demonax pseudonotabilis 
Gressitt & Rondon

- 4, Ceresium sinicum ornaticolle

12 
- 0, C. claviger
- 4, D. pseudonotabilis
- 4, Xystrocera globosa (Olivier)

Disteniinae 5 -7 5–11 5 / 5 /
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(Lamiinae, Oberea diversipes Pic). These gene overlaps 
were generally small, often spanning from 1 to 7 bp. The 
largest overlap regions were frequently observed between 
atp6 and atp8 (Wei 2009; Zheng et al. 2022), as well as 
between nad4 and nad4L. The lengths of the intergenic re-
gions displayed significant variation, with the longest in-
tergenic region reaching up to 1813 bp (Lamiinae, Jamesia 
sp. KM-2017). Among the mitochondrial genomes ana-
lyzed in the beetle family, a total of 69 instances of a 7 bp 
intergenic region between atp6 and atp8 were observed, 
and 62 instances of a 7 bp gene intergenic region between 
nad4 and nad4L were identified (Table 2; Table S5).

The genes atp6, atp8, nad4, and nad4L are likely to 
play crucial roles in essential cellular processes like ener-
gy production and oxidative phosphorylation (Pogoda et 
al. 2018; Yang et al. 2019). The presence of special inter-
genic regions between these genes may reflect their func-
tional relationships and coordination (Zhang et al. 2013). 
Additionally, these distinctive intergenic regions could 
have implications for the adaptation of insect species to 
specific environments or ecological conditions (Yévenes 
et al. 2022).

3.6. Rate of mitogenomes evolution

As depicted in Fig. 7, within these groups , certain mi-
tochondrial genes displayed distinct rates of evolution. 
Specifically, nad6 (0.354), atp8 (0.335), nad3 (0.312), 
and nad2 (0.300) were identified as fast-evolving genes, 
whereas cox1 (0.191), cox2 (0.202), nad1 (0.207) and 
atp6 (0.207) exhibited a slower rate of evolution. Genes 
characterized by smaller genetic distances are indicative 
of relatively stable functions and fewer accumulated mu-
tations within their sequences (Nei 1978). In groups, it 
was noted that nad6 consistently exhibited the higher 
genetic distances, while cox1 consistently displayed the 
lower genetic distances, except for Spondylidinae. In 
Cerambycidae, all calculated values of ka/ks were less 

than 1, ranging from 0.067 (cox1) to 0.441 (atp8). This 
indicates a higher likelihood of retaining synonymous 
mutations within these genes. Notably, genes such as 
atp8 (0.441), nad4L (0.318), and nad6 (0.300) exhibit-
ed a high rate of evolution, whereas cox1 (0.067), cox2 
(0.094) and cytb (0.110) showed a low rate of evolution. 
Further analysis of ka/ks revealed that atp8 and nad6 had 
higher ka/ks ratios, suggesting that these genes have ex-
perienced relaxed selection pressures. In contrast, cox1 
and cox2 displayed lower ka/ks ratios, indicating a histo-
ry of strong purifying selection acting upon them (Sun et 
al. 2020). Combining the findings from both Ka/Ks and 
genetic distance analyses, it became evident that cox1 and 
cox2 are exceptionally conserved genes, relatively unaf-
fected by natural selection (Lynch et al. 2000; Wertheim 
et al. 2015). The cox1 gene, in particular, is employed as 
a DNA barcode for species identification, leveraging the 
high level of conservatism in its sequence (Yévenes et 
al. 2022; Fonseca et al. 2022). This utility is particularly 
valuable in biodiversity surveys and species identifica-
tion, aiding in distinguishing species that are otherwise 
challenging to discern. Conversely, genes such as atp8, 
nad4L, and nad6 play crucial roles in cellular respiration 
and energy metabolism pathways (Hui et al. 2018; Yang 
et al. 2021). They necessitate ongoing variation and evo-
lution to adapt to diverse ecological environments, result-
ing in greater sequence variability.

3.7. tRNA and rRNA

All four newly sequenced species exhibited a complete 
set of 22 tRNA genes, with entire tRNA lengths 1441 (M. 
latefasciatus), 1444 (M. guerryi), 1452 (M. sutor), 1452 
(M. galloprovincialis). When individually examining 
these tRNAs, their lengths ranged from 61 to 70 in M. 
latefasciatus, from 63 to 70 in M. guerryi, from 63 to 69 
in M. sutor, and from 63 to 69 in M. galloprovincialis, 
respectively. Except for trnS1, all tRNAs exhibited the 

Figure 7. Mean Ka/Ks (A, B) and Genetic distances (C, D) (Kimura-2-parameter) of mitochondrial gene sequences in groupes. 
±SD, hollow dots; Median, middle line inside each box; IQR (interquartile range), the box containing 50% of the data;
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characteristic cloverleaf structure, where the dihydrouri-
dine arm of trnS1 formed as a single loop. This peculiar 
structure of trnS1 may arise from abnormalities during 
transcription or post-transcriptional processes, which 
could subsequently affect the development of its typical 
cloverleaf structure (Feng et al. 2020) (Table S5; Fig 8). 
Such an occurrence has been frequently observed within 
the longhorn beetle genus Monochamus. The absence of 
the standard cloverleaf configuration implies functional 
versatility for mitochondrial trnS1, potentially enabling 
diverse roles in various biological processes (Garey et al. 
1989; Wolstenholme et al. 1992). Nevertheless, this also 
indicates a deviation from the traditional functionality as-
sociated with a typical tRNA.

The tRNA structures in all four newly sequenced bee-
tles exhibited a cloverleaf-like secondary structure over-
all; the phenomenon of tRNA-Ser1 lacking the DHU 
arm was present in all four newly sequenced beetles. 
Additionally, some degree of base mismatch occurred, 
with the most common type being the G-U mismatch. 

Specifically, there were 25 (21 G-U, 3 U-U, 1 A-G) mis-
matched base pairs in M. latefasciatus, 24 (20 G-U, 3 
U-U, 1 A-G) mismatched base pairs in M. guerryi, 20 (15 
G-U, 4 U-U, 1 A-G) mismatched base pairs in M. sutor, 
21 (16 G-U, 4 U-U, 1 A-G) mismatched base pairs in M. 
galloprovincialis (Fig. 8). The absence of the DHU arm 
and the occurrence of base mismatches in mitochondrial 
tRNA may result from various factors, including adaptive 
changes during evolution, genetic mutations, and selec-
tive pressures (Ji et al. 2023). The DHU arm played a 
role in the stability and function of the tRNA molecule, 
and its absence could potentially impact the stability and 
proper folding of tRNA-Ser1, thereby affecting its role 
in protein synthesis. Base mismatches may lead to mu-
tations in genes encoding proteins, accumulating across 
generations and influencing the genetic traits of the popu-
lation (Acuna-Hidalgo et al. 2016). Overall, the structural 
variations observed in these four newly sequenced bee-
tles were consistent and largely consistent with the tRNA 
structures found in most species.

Figure 8. Putative secondary structures of tRNAs from the M. sutor, M. guerryi, M. galloprovincialis, and M. latefasciatus mito-
chondrial genome. Dashes indicate the Watson–Crick base pairs; dots indicate wobble GU pairs; and the other non-canonical pairs 
are not marked.
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The rRNA components in the mitochondrial genomes 
of the four newly sequenced species encompass both 
lrRNA and srRNA. Specifically, lrRNA is situated be-
tween tRNA-Leu and tRNA-Val, while srRNA is posi-
tioned between tRNA-Val and the control region. The 
length of lrRNA genes ranged from 1329 bp in M. guer-
ryi to 1334 bp in M. latefasciatus, while the sizes of 
srRNA genes varied from 775 bp in M. latefasciatus to 
781 bp in M. guerryi, M. galloprovincialis, and M. sutor 
(Table S5).

3.8. Substitution saturation tests 
and nucleotide heterogeneity

The substitution saturation index (Iss) for the six nucleo-
tide sequence datasets was notably lower than the critical 
Iss values (Iss.cSym and Iss.cAym) for both symmetrical 

and asymmetrical trees. This observation strongly indi-
cated the absence of substitution saturation, providing 
clear evidence of a robust phylogenetic signal (all Iss < 
Iss.cSym or Iss.cAsym, P < 0.05) (Table 3, Fig. S1) (Yan 
et al. 2021).

To assess nucleotide divergence heterogeneity, pair-
wise comparisons were conducted within a multiple se-
quence alignment. The results revealed that datasets in-
volving the third codon position (PCG123, PCG123R) 
exhibited lower heterogeneity in sequence composition. 
In comparison, datasets with the third codon position 
removed (PCG12, PCG12R) displayed intermediate het-
erogeneity levels. The AA dataset exhibited the highest 
heterogeneity. It’s worth noting that some species, such 
as C. claviger, Dynamostes audax Pascoe, H. nigromac-
ulata, Oberea formosana Pic, and V. conicicollis, exhib-
ited greater heterogeneity due to incomplete sequences 
caused by missing data (Fig. 9) (Li et al. 2020).

Figure 9. Heterogeneity of the sequence composition of the mitochondrial genomes in different datasets. The pairwise Aliscore 
values are indicated by colored squares. Darker colors indicate full random similarity, and lighter colors indicate the opposite. All 
taxon names are listed on the left side of the heat map.
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3.9. Phylogenetic analyses

We selected a total of 86 species of longhorn beetles and 
analyzed four datasets using IQ-TREE and Phylobayes 
two methods. The results indicated that most nodes within 
the phylogenetic trees displayed strong support values, in-
dicating robust branching patterns (Fig. 10, Fig. S2). The 
overall topology of the phylogenetic trees remained large-
ly consistent, with only a few branches showing instability.

In these phylogenetic trees, results obtained from the 
AA dataset and the PCG123 dataset both constructed 

using IQ-TREE are notably similar with relatively high 
node support (Fig. 10, Fig. S2). Through analyzing all the 
phylogenetic trees, we observed that Cerambycinae and 
Prioninae are sister groups in all of the tree. And the posi-
tion of V. conicicollis within Vesperidae exhibited notable 
instability across all phylogenetic trees. Specifically, in the 
results generated by IQ-TREE, V. conicicollis appeared to 
be distantly related to the other sequenced longhorn bee-
tles. In AA dataset, the relationships among Disteniinae, 
Cerambycinae and Prioninae remained consistent across 
both methods: (Disteniinae+(Cerambycinae+Prioninae)) 

Table 3. Substitution saturation test results.

Data partition Iss Iss.cSym† Psym‡ Iss.cAsym§ Pasym¶
PCG1 0.458 0.818 0.0000 0.572 0.0000
PCG12 0.458 0.818 0.0000 0.572 0.0000
PCG123 0.462 0.818 0.0000 0.572 0.0000
PCG1+rRNA 0.461 0.818 0.0000 0.572 0.0000
PCG12+rRNA 0.455 0.818 0.0000 0.572 0.0000
PCG123+rRNA 0.602 0.819 0.0000 0.573 0.0000

Figure 10. Phylogenetic tree inferred from the PCG123 and AA dataset using maximum likelihood (ML) and arrangements of genes 
in the mitochondrial genomes. Numbers beside each node are support values. The values indicate ML bootstrap values (BPs).
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(BPs = 99, PPs = 0.99). The Orsodacnidae, Oxypeltinae 
and Vesperidae relationship is unstable. In PCG12RNA, 
Dorcasominae were highly supported, but the phylogenet-
ic positions of them were unstable. This may be attribut-
ed to the extremely limited amount of data available. In 
PCG123 dataset and PCG123RNA dataset, Orsodacnidae 
and Oxypeltinae both form sister group but with differ-
ent node support. In a comparative analysis of the results 
from eight phylogenetic trees, we observed that the tree 
constructed by the IQ-TREE method using the AA data-
set is better, demonstrating relatively high node support 
and strong consistency of phylogenetic relationships. The 
results in this tree revealed four major clades, which are 
consistent with Nie et al., except for the ‘lamiinae’ clade in 
our study is ((Lepturinae + Spondylidinae) + Lamiinae), 
while it is ((Lamiinae + Spondylidinae) + Lepturinae) in 
Nie et al. (Nie et al. 2020) (Fig. 10, Fig. S2).

Through constructing phylogenetic tree and the analy-
sis of mitochondrial genome data presented in this study, 
we have presented following perspectives on some conten-
tious issues. The consistent clustering of Spondylidinae and 
Aseminae in the phylogenetic trees supports the idea that 
these two groups may be treated as a single entity, Spon-
dylidinae, with some cases of synonymous nomenclature 
(Linsley et al. 1961; Gressitt et al. 1970; Nakamura et al. 
1981; Napp et al. 1994). In addition, some other scholars 
believe that Oxypeltidae is a family at the same taxonomic 
level as Cerambycidae (Monne 2012). The morphological 
identification of Orsodacnidae suggests that it is an inde-
pendent family within the order Coleoptera (Li 2018). In 
the phylogenetic results of current study, Oxypeltidae and 
Orsodacnidae consistently form a single branch. This indi-
cates that they are relatively closely related and their tax-
onomic status may be the same. However, in our phyloge-
netic tree analysis, there are still some unresolved issues. 
For instance, the phylogenetic relationships of certain 
groups remain unresolved (Vesperidae, Oxypeltinae, Or-
sodacnidae, and Dorcasominae), and the support values at 
key nodes are not notably high. Despite employing various 
methods and constructing different datasets, the results are 
consistently similar. These challenges are also observed in 
the study by Nie et al. (Nie et al., 2020). Therefore, we pro-
pose that future research should focus on expanding mi-
tochondrial genome sequencing to include a more exten-
sive range of species, thereby enriching our sample size. 
Additionally, exploring alternative tree-building methods 
may be beneficial to identify an approach better suited 
for the phylogenetic analysis of the longhorn beetles. It 
is essential to note that, although we, like Nie et al. have 
related to research on phylogeny of the longhorn beetles, 
our methods for constructing the phylogenetic tree and the 
focal points of our research are different. Nie et al. chose 
a more extensive set of species, offering new insights into 
the phylogeny of longhorn beetles. In contrast, our objec-
tive is to employ diverse methods to analyze mitochondri-
al genome data from multiple perspectives. Our aim is to 
conduct comparative analyses of these datasets, providing 
additional support for the phylogeny of the longhorn bee-
tles. And the results we obtained in the phylogenetic sec-
tion are generally consistent.

In two methods employed for the analysis, the four 
newly sequenced beetles consistently grouped within the 
Lamiinae. This clustering demonstrates their close genetic 
affinity with other species within the Lamiinae. The prox-
imity of closely related species within the same subfamily 
is evident in the phylogenetic trees, indicating a shared 
evolutionary history and genetic similarity among these 
species (Fig. 10, Fig. S2). In 2022, Shi et al. conducted 
a comparative analysis of mitochondrial genomes within 
Lamiinae. Although both studies focus on the mitochon-
drial genome analysis of longhorn beetles, it’s crucial to 
note that our research targets differently. While the study 
by Shi et al. concentrates on Lamiinae, the scope of this 
article encompasses the entire longhorn beetles families 
or subfamilies. Additionally, new content has been in-
corporated into the analysis methods, including analyses 
such as CBI and ENC. In our study, the research results 
regarding Lamiinae align with those of Shi et al. Apart 
from a few individual species that are categorized under 
Lamiinae in the Shi et al., but our research indicates that 
they belong to Spondylidinae, such as A. unicolor. Fur-
thermore, compared to other groups, we observed that the 
phylogenetic relationships within Lamiinae are relatively 
stable, and they exhibit a close affinity with Spondylidi-
nae and Lepturinae.

4. Conclusion

This study sequenced four species of Cerambycidae and 
downloaded 82 sequences of longhorn beetles from plat-
forms such as NCBI, resulting in a dataset comprising 
86 sequences. These sequences were employed in a com-
parative investigation of mitochondrial genomes within 
the longhorn beetles. Various aspects of genetic codons 
were analyzed, coupled with the construction of phylo-
genetic trees using two distinct methodologies and four 
distinct datasets. The study yielded several noteworthy 
conclusions: Firstly, at the gene level, multiple analytical 
approaches consistently showed that cox1 and cox2 ex-
hibited the least variation and were relatively conserva-
tive in the overall evolutionary process. On the contrary, 
genes associated with respiration and energy produc-
tion, such as atp6, atp8, nad4, displayed comparatively 
heightened genetic variations, indicative of their adapt-
ability throughout evolutionary history (Hancock et al. 
2010). Secondly, at the species level, species within the 
Lepturinae, Spondylidinae displayed strong adaptability 
in specific ecological environments and exhibited a com-
petitive advantage in adapting to specific habitats. More-
over, this study contributed valuable insights into the 
phylogeny of longhorn beetles. Based on the genetic data 
and the outcomes of phylogenetic analyses, some of the 
previously proposed viewpoints have been validated in 
phylogenetic relationships. In summation, the compara-
tive analysis of mitochondrial genomes in Cerambycidae 
and related families in the Chrysomeloidea significantly 
contributes to a more comprehensive understanding of 
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the diversity of longhorn beetles and the complexity of 
their internal phylogenetic relationships. The foundation 
was laid for a more in-depth systematic study in longhorn 
beetles.
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