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Bark and ambrosia beetles of Scolytinae are well-known forest pests which 
can cause significant economic losses to trees and timber. Comparative 
analyses of structural characteristics of mitochondrial genomes (mitogenomes) 
and phylogenetic analyses could significantly improve our understanding of 
mitogenomic evolution and evolutionary history of this important group. Here, 
we have assembled new mitogenome data of four taxa (Euwallacea interjectus, E. 
fornicatus, E. similis, and Xylosandrus sp.) and presented a comparative analysis 
with available mitogenomes of Scolytinae. Phylogenetic analyses of Scolytinae 
were also conducted with different methods and datasets. The four mitogenomes 
are 15,419–16,265 bp in length and contain 13 protein-coding genes (PCGs), 22 
transfer RNA genes, two ribosomal RNA genes, and a control region, except for 
E. similis wherein the trnI is not detected. All PCGs initiate with either standard 
start codon of ATN or nonstandard GTG/TTG. TAA codon is used for termination 
more than TAG and incomplete T. The analysis of nonsynonymous/synonymous 
mutation ratio (Ka/Ks) of PCGs suggests the highest and lowest evolutionary 
rates are within nad4 and cox1, respectively. The heterogeneity analyses of 
different mitogenomic datasets show excluding the third-codon positions from 
the datasets largely reduce their heterogeneity. Our phylogenetic analyses 
derived from mitogenome data provide new evidence toward the revision of 
the distinguishing characteristics of related genera in this subfamily and highly 
supported most of nodes at deeper and shallow level. The present study highlights 
the utility of mitogenome data for resolving the phylogenetic framework of bark 
and ambrosia beetles, although more taxa sampling is needed to elucidate the 
complicated relationships of Scolytinae.
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1. Introduction

Bark and ambrosia beetle in the subfamily Scolytinae Latreille 
represents a highly diversified group of beetles with more than 
6,000 described species, which is regarded as one of the greatest 
species radiation on earth (Oberprieler et al., 2007). The subfamily 
Scolytinae comprises 26 tribes and 246 genera (Hulcr et al., 2015; 
Pistone et al., 2018), which includes a variety of forest pests causing 
significant economic losses to trees and timber (Beaver, 1989; Hulcr 
and Stelinski, 2017). Bark and ambrosia beetles have gained more 
research interest recently because of their rapid invasion and severe 
damaging (Eskalen et al., 2013; O’Donnell et al., 2016). Almost all 
known ambrosia beetles possess specialized pockets called 
mycangia where they transport fungi from their natal galleries to 
newly colonized trees (Hulcr and Cognato, 2010). Some species of 
bark beetles are not found in logs and branches, but instead feed 
and reproduce in seeds, petioles, or seedlings of trees, occasionally 
in woody herbs and ferns, adding to the broad range of host plant 
relationships in this group of beetles (Kirkendall et  al., 2015). 
Although Scolytinae is a very interesting group for many other 
kinds of evolutionary studies, resolving the phylogeny of this 
subfamily is a daunting task (Jordal et al., 2011; Jordal and Cognato, 
2012). Similar molecular dataset, containing cox1, 28S, CAD, EF-1α, 
and ArgK has been used in inferring the phylogenetic relationship 
and evolutionary history of Scolytinae, including biogeographic 
patterns (Gohli and Jordal, 2017), divergence time (Jordal and 
Cognato, 2012; Gohli et al., 2017), and species diversification (Gohli 
et al., 2017). Some research argued that the development of more 
nuclear protein-coding (NPC) genes is necessary to obtain better 
resolution in deeper phylogenetic nodes of Scolytinae (Jordal et al., 
2011; Jordal and Cognato, 2012). A genomic mining of 
phylogenetically informative NPC markers from 26 different weevil 
species resulted in 57 high phylogenetic signal targeted genes 
(Pistone et  al., 2016). Subsequently, 13 of these NCP genes 
combined with previously used molecular dataset (cox1, 28S, CAD, 
EF-1α, and ArgK) to reconstruct phylogeny of Scolytinae, but still 
limited resolution of ancient divergences (Pistone et  al., 2018). 
Therefore, more data are needed to obtain better resolution and 
node support for the phylogenetic framework.

Mitochondrial genomes (mitogenomes) have been extensively 
used as molecular markers for phylogenetic, phylogeographic and 
evolutionary genomic studies due to their features that include small 
genome size, fast evolutionary rates, rare recombination, and 
conserved gene products (Cameron, 2014; Du et al., 2019). In general, 
a complete mitogenome of insect is usually a circular DNA molecule 
with 15–21 kb in length. It features a relatively conserved gene content 
including 13 protein-coding genes (PCGs), 22 transfer RNA (tRNA) 
genes, and two ribosomal RNA (rRNA) genes, in addition to an 
AT-rich control region (Cameron, 2014). Compared to the individual 
mitochondrial genes, the complete mitogenome could provide not 
only more genetic information but also a series of evolutionary 
characters, such as RNA secondary structures, gene arrangements, 
and models of control of replication (San et al., 2006; Cameron, 2014). 
With the development of DNA sequencing technology, much more 
mitochondrial genomes of insect species have been sequenced (Guo 
et  al., 2022a; Huang et  al., 2023). However, available data on the 
mitogenomes of bark and ambrosia beetles remain limited. Sequencing 
more mitogenome from many important Scolytinae clades that 

remain poorly represented is needed to better understand the 
mitogenomic evolution of Scolytinae and further provide a new 
perspective on the phylogenetic relationship of this important 
pest group.

In this study, we determined four complete mitogenomes of bark 
beetles, including Euwallacea interjectus (Blandford, 1894), 
E. fornicatus (Eichhoff, 1868), E. similis (Ferrari, 1867), and 
Xylosandrus sp., and provided a comparative mitogenomic analysis of 
these species to explore the sequence variability and evolutionary 
traits of the Scolytinae. In addition, phylogenetic analyses with all 
available mitogenomes were performed to provide a better 
phylogenetic framework for Scolytinae.

2. Materials and methods

2.1. Sample collection and DNA extraction

Adult specimens of E. interjectus, E. fornicatus, E. similis, and 
Xylosandrus sp. were collected by hand from tea garden in Guangdong, 
China (23°85′11″N, 116°63′26″E) on July 7th, 2019. Specimens were 
preserved in 100% ethanol and stored at −20°C at South China 
Agricultural University (SCAU). We pretreated the specimens with 
0.9% NaCl buffer before DNA extraction as outlined in a previous 
study (Huang et al., 2019). The genomic DNA was extracted from 
muscle tissues of thorax using the DNeasy Blood & Tissue Kit (Qiagen, 
Hilden, Germany), after which 1% agarose gel electrophoresis (AGE) 
was used to evaluate DNA quality.

2.2. Mitogenome sequencing, assembly, 
and annotation

Illuming TruSeq (San Diego, United  States) libraries were 
prepared with an average insert size of 350 bp and sequenced using 
Illumina NovaSeq 6000 platform at Berry Genomics (Beijing, China) 
with 150 bp paired end (PE) reads. Prinseq version 0.20.4 (Edwards 
Lab, San Diego, United States; Schmieder and Edwards, 2011) was 
used to remove low-quality reads with poly-Ns (>15 bp Ns), or > 75 bp 
bases with a quality score ≤ 3. The remaining reads were applied in de 
novo assembly using IDBA-UD (Peng et al., 2012), with minimum and 
maximum k values of 41 and 141 bp, respectively. Clean reads were 
mapped to the mitogenome that we assembled using Geneious version 
10.1.3 (Kearse et  al., 2012) to evaluate assembly accuracy. These 
mitogenomes were annotated using MitoZ (Meng et al., 2019) with 
the invertebrate mitochondrial genetic code, and further corrected by 
aligning their sequences with homologous genes of other reference 
mitogenome of Scolytinae published in GenBank using Geneious. The 
secondary structure of each tRNA gene was identified through 
tRNAscan-SE Search Server v.1.21 (Lowe and Eddy, 1997). Putative 
tRNA genes that could not be found by tRNAscan-SE were identified 
by comparing its sequence with that of other Scolytinae tRNA genes.

2.3. Comparative mitogenomic analyses

The nucleotide composition, codon usage, and relative 
synonymous codon usage (RSCU) of protein-coding genes were 
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calculated by MEGA 7.0 (Kumar et al., 2016). Strand asymmetry was 
calculated according to the following formulas: AT-skew = (A − T)/
(A + T); GC-skew = (G − C)/(G + C) (Perna and Kocher, 1995). For 
each PCG of Scolytinae mitogenomes, the number of synonymous 
substitutions per synonymous site (Ks) and the number of 
nonsynonymous substitutions per nonsynonymous site (Ka) were 
calculated with DnaSP 5.0 (Librado and Rozas, 2009). The analysis of 
the nucleotide diversity with a sliding window of 100 bp and step size 
of 20 bp was also conducted using DnaSP.

2.4. Phylogenetic analyses

Phylogenetic analyses were performed for 47 complete or 
nearly complete mitogenomes of bark and ambrosia beetles that 
have been published in GenBank. Three species from Curculioninae 
were used as outgroup according to previous studies (Pistone et al., 
2018). Accession numbers and references of all mitogenomes used 
in this study were listed in Supplementary Table 1. Each PCG was 
aligned individually based on codon-based multiple alignments 
using MAFFT algorithm implemented in TranslatorX with L-INS-i 
strategy (Abascal et al., 2010). Two rRNA genes were individually 
aligned using MAFFT 7.0 online server with G-INS-I strategy 
(Katoh and Standley, 2013). GBlocks v0.91b was used to filter the 
ambiguous positions in the alignment of rRNAs with default 
settings (Castresana, 2000). All aligned sequences were 
concatenated as a dataset that included 15 genes in Geneious 
(Kearse et al., 2012).

We generated two datasets in this study, i.e., (1) PCGR dataset, 
including all three codon positions of 13 PCGs and two rRNA genes; 
(2) PCG12R dataset, including the first and second codon position of 
13 PCGs and two rRNA genes. The heterogeneity of these two datasets 
was analyzed using AliGROOVE (Kück et al., 2014), following the 
parameter setting as employed in Song et  al. (2016) and Liu 
et al. (2018).

PartitionFinder 2.1.1 (Lanfear et al., 2017) was used to infer the 
optimal partitioning and select the best model according to the 
Bayesian Information Criterion (BIC) for each data matrix. 
Maximum likelihood (ML) analysis was implemented in RAxML 
8.2.8 with a GTR + G model and branch support for each node was 
evaluated with 1,000 replicates (Stamatakis, 2014). Bayesian 
inference (BI) analysis was performed using MrBayes 3.2.6 
(Ronquist et al., 2012) with the following parameters: 40 million 
generations with sampling every 10,000 generations, four chains 
(one cold chain and three hot chains) and a burn-in of 25% trees. 
Results of all runs were examined by Tracer 1.7 (Effective sample 
sizes >200; Rambaut et  al., 2018). Bayesian trees were also 
constructed using PhyloBayes MPI 1.4f (Lartillot et  al., 2013) 
under the site-heterogeneous mixture model CAT + GTR. Before 
the analysis, we performed Bayesian cross-validation to test the fit 
of the site-heterogeneous mixture models (GTR-CAT) and site-
homogeneous models (GTR). The result of cross-validation showed 
that the CAT + GTR model was the best fitting model for two 
datasets (Supplementary Table  4). Two independent trees were 
searched and the analysis was terminated after the two runs had 
satisfactory converged (maxdiff below 0.3). The initial 25% of each 
MCMC chain run was discarded as burn-in and a consensus tree 
was produced from the remaining trees combined from two runs. 

The final trees were visualized in Evolview 3 (Balakrishnan 
et al., 2019).

3. Results and discussion

3.1. Mitogenomic organization and base 
composition

The complete mitogenome sequence of E. fornicatus was 
16,265 bp, E. interjectus was 16,179 bp, E. similis was 15,419 bp, 
Xylosandrus sp. was 16,056 bp in length, respectively (Figure  1; 
Supplementary Table 2). Variations in the length of mitogenomes can 
be attributed to a variable number of repeats in the control regions. 
All the mitogenome contained 37 typical functional genes (i.e., 13 
PCGs, 22 tRNA genes, and two rRNAs) and a control region 
(A + T-rich region), except for E. similis, wherein the trnI was not 
detected (Guo et al., 2022b; Xing et al., 2022). There was no difference 
between mitochondrial genes in order and orientation from the 
putative ancestral insect mitogenome (Cameron, 2014). A total of 23 
genes (nine PCGs and 14 tRNAs) were located on the positive strand 
(N-strand), while the remaining 14 genes (four PCGs, eight tRNAs, 
and two rRNAs) were located on the reverse strand (J-strand).

The four mitogenomes exhibited a strong AT nucleotide bias, with 
an A + T% range from 70.7 to 73.4%: 73.4% in E. fornicatus, 72.0% in 
E. interjectus, 70.7% in E. similis, and 71.8% in Xylosandrus sp. 
(Supplementary Table 3). The composition skew analysis showed that 
all four Scolytinae species presented a positive AT skew and a negative 
GC skew in the whole mitogenome and had a higher AT content in 
tRNAs than in rRNAs. The AT content of control region was highest 
than PCGs, tRNAs, and rRNAs in all four mitogenomes, which was 
consistent with those comments that the control region is usually 
considered the most AT rich in mitogenomes (Cameron, 2014).

3.2. Protein-coding genes and codon 
usage

The PCGs of E. fornicatus, E. interjectus, E. similis, and 
Xylosandrus sp. were 11,105, 11,112, 11,125, and 11,131 bp in 
length, respectively. For the four newly sequenced mitogenomes, 
most PCGs initiated with the codon ATN (ATA/T/G), except for 
nad4 and nad1 initiating with the codon GTG and TTG, 
respectively. The complete termination codon TAA or TAG was 
utilized by most of the PCGs in these four mitogenomes, while the 
incomplete stop codon T was employed by nad4, nad5, cytb and 
cox3 (Supplementary Table 2). All three stop codons are common 
in the mitochondrial genomes of insects and the incomplete stop 
codons (TA/T) may be  converted to the complete stop codon 
(TAA) through RNA polyadenylation (Ojala et al., 1981).

In summary, the RSCU of the four mitogenomes showed a strong 
bias toward the nucleotides A and T, especially the third codon 
position for all PCGs (Figure 2). The most frequently encoded amino 
acids in these four mitogenomes of Scolytinae were Ser2, Val, Gly, 
Leu2, Pro, Thr, and Val, which had the highest RSCU values, and the 
most common codons were UCU, GUA, UUA, and CGA. The most 
frequently noted codons in all amino acids comprised solely A or T, 
which reflected the high AT content of PCGs.
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3.3. Transfer and ribosomal RNA genes, 
control region

A total of 22 tRNA genes were identified and found to 
be discontinuously scattered throughout the mitogenome in the same 
location as hypothesized for the ancestral insect mitogenome, except 
for E. similis (trnI was not detected). The size of each tRNA gene for 
these newly determined mitogenomes was hardly different, ranging 
from 57 to 72 bp (Supplementary Table 2). In all four mitogenomes of 
Scolytinae, 21 tRNAs displayed the classic clover-leaf secondary 
structure, whereas trnS1 lacks the dihydrouridine (DHU) arm and 
forms a simple loop, which was common in other metazoan 
mitogenomes (Guo et al., 2022a; Huang et al., 2023). The AT content 
of the tRNA genes was slightly higher than that of the PCGs, and the 
combined tRNA genes exhibited positive AT skew and negative GC 
skew (Supplementary Table 3).

As reported in other insect mitogenomes, the 16S and 12S rRNA 
genes in Scolytinae species were encoded on the J-strand and located 
at conserved positions between trnL1 and trnV and between trnV and 
the control region, respectively (Guo et al., 2022b). The length of 16S 

ranged from 1,284 bp in E. similis to 1,477 bp in E. interjectus, and that 
of 12S varied from 777 bp in Xylosandrus sp. to 842 bp in E. similis. The 
AT content of two rRNAs ranged from 72.8 to 76.7% and two rRNA 
in these four mitogenomes showed a positive AT skew and negative 
GC skew.

The largest noncoding region in these mitogenomes of Scolytinae 
beetles as well as most insects is usually located between 12S rRNA 
and trnI. It might be identified as the putative control region according 
to the conserved region aligned with other Coleoptera mitogenomes 
(Zhang et al., 2021). The length of the control regions of the four 
mitogenomes vary widely, ranging from 681 bp in E. similis to 1,004 bp 
in Xylosandrus sp. The AT content of this region (more than 85%) was 
one of the highest within the whole mitogenomes 
(Supplementary Table 3). The ploy-T element ranged from 12 to 26 bp 
in length has been detected in three out of four mitogeomes (Figure 3), 
which was generally thought to play a role in the replication 
mechanism (Saito et  al., 2005). Notably, three mitogenomes of 
Euwallacea new sequenced here have two ploy-T elements, whereas 
no ploy-T element has been found in mitogenome of Xylosandrus sp. 
The type of repeat unit was varied in these four control region of 

FIGURE 1

Mitochondrial maps of the four newly sequenced mitogenomes of Scolytinae. A standard abbreviation is used for the genes which encode proteins, 
ribosomes, and transfer RNA. Gene orientations are indicated by arrow directions.
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mitogenomes. Control region of two species contained only one type 
of repeat unit, while remaining two species contained two or three 
types (Figure 3). The longest repeat region in E. similis included three 
136 bp repeat units and a partial sequence (13 bp). However, in 
E. interjectus, the tandem repeats was relatively short. One kind of 
tandem repeat, including a length of 38 bp presenting three complete 
copies and one 5 bp partial copy has been detected in E. interjectus. As 
in the bark and ambrosia beetles and other insect mitogenomes, 
tandem repeat regions are common and the variable length and copy 
number of repeat units point to a conspicuous divergence of control 
region (Zhang et al., 1995; Huang et al., 2023).

3.4. Evolutionary rate, nucleotide diversity, 
and heterogeneity among mitogenomes of 
Scolytinae

The ratio of Ka/Ks was calculated to further analyze the 
evolutionary rate of 13 PCGs (Supplementary Figure 2). The ratio of 

Ka/Ks of most PCGs was less than 1, suggesting that these functional 
genes were all under strong purifying selection, which was consistent 
with previous reports in other insects (Du et al., 2021). However, the 
ratio of Ka/Ks value of nad4 was greater than 1, implying this gene 
under a positive selection. The NADH dehydrogenase subunits 
(nad1-6 and 4l) and ATP synthase subunits (atp8 and atp6) had higher 
Ka/Ks ratios than the cytochrome oxidase subunits (cox1, cox2, and 
cox3) and cytochrome b (cytb). This phenomenon suggested that 
different selection pressures have been exerted on various functional 
genes in the mitochondria of Scolytinae during the evolutionary 
process. Comparable patterns of mitochondrial gene evolution have 
also been reported in several insect clades, including Psilidae (Diptera; 
Zhou and Yang, 2022), Cicadellidae (Hemiptera; Xu et  al., 2020), 
Tortricidae (Lepidoptera; Huang et al., 2023), and Chrysomelidae 
(Coleoptera; Zhang et al., 2021), this suggests that the evolutionary 
pattern of mitochondrial genes may be  relatively conserved 
among insects.

The results of nucleotide diversity based on 13 PCGs for 52 
sequenced mitogenomes of Scolytinae indicated that nucleotide 

FIGURE 2

The relative synonymous codon usage (RSCU) in four mitogenomes of Scolytinae.
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diversity values range from 0.223 (cox1) to 0.400 (nad6; 
Supplementary Figure 3). Comparing each gene, nad6 (Pi = 0.400) 
presented the highest variability, followed by atp8 (Pi = 0.391) and 
nad2 (Pi = 0.362). However, cox1 (Pi = 0.223) and cox2 (Pi = 0.244) 
were the comparatively conserved genes in the 13 PCGs. As a result, 
cox1 could serve as a potential species identification marker since it 
was least variable (Hebert et al., 2003; Huang et al., 2020).

We examined the heterogeneity of pairwise sequence 
divergence (Figure 4) and found the PCGR datasets had a higher 
heterogeneous pairwise sequence divergence than the PCG12R 
datasets. Therefore, the third codon positions were the main 
reasons for such nucleotide heterogeneity, and consequently, 
excluding the third-codon positions from the datasets would 
reduce the degree of sequence heterogeneity. Moreover, some 
species possessed higher sequence heterogeneity in both datasets, 
including Corthylus rubricollis Blandford, 1904, Ips grandicollis 
(Eichhoff, 1868), and Xyleborus perforans (Wollaston, 1857). 
These species may be  uncertainly or incorrectly placed in the 
phylogenetic trees as a result of the divergences between these 
taxa, as reported by previous studies which assumed the 
compositional heterogeneity of mitogenomes in certain groups 
may result in the incorrect grouping of unrelated taxa (Guo et al., 
2022a). However, we  found that the positions of these three 
species were stable in all our phylogenetic analyses (see below), 
and high heterogeneity did not affect the results of our analyses. 
We assume that it is the missing data of these three species that 
makes them have high heterogeneity, because of the mitogenomes 
of these three species are incomplete, and only 8, 12 and 12 genes 
from C. rubricollis, I. grandicollis, and X. perforans were extracted, 
respectively.

3.5. Phylogenetic analyses

When we used the homogeneity model, both of analysis methods 
(RAxML and MrBayes) produced the same results, but these were 
inconsistent with the results using the heterogeneity model (Figures 5, 
6; Supplementary Figures 4, 5). The weevil subfamily Scolytinae has 
been revealed as a monophyletic group with high support in our most 
of analyses (BS = 95, PP = 1; Figures 5, 6; Supplementary Figure 4), 
which was consistent with the results of previous phylogenetic studies 
based on different types of molecular data (Jordal et al., 2011; Jordal 
and Cognato, 2012; Gohli et  al., 2017; Gohli and Jordal, 2017). 
However, the monophyly of Scolytinae was not recovered in the 
PhyloBayes analysis with PCG12R dataset (Supplementary Figure 5). 
The following seven genera with more than one species included in 
our study have also been recovered as monophyletic clades with strong 
support, i.e., Trypodendron Erichson 1836, Pityogenes Bedel, 1888, Ips 
De Geer, 1775, Scolytus Geoffroy 1762, Hypothenemus Westwood, 
1836, Xyleborus Eichhoff, 1864, and Xylosandrus Reitter, 1913. The 
genus Hylastes Erichson, 1836 formed a monophyletic group only in 
the PhyloBayes analyses based on PCGR or PCG12R dataset. Notably, 
the monophyly of Xylosandrus was supported in our phylogeny, which 
was consistent with previous morphological studies of Jordal et al. 
(2000) and Hulcr et al. (2007). However, Dole et al. (2010) conducted 
phylogenetic analysis of 43 specimens representing 15 Xylosandrus 
species based on multiple gene loci recovered this genus as a 
polyphyletic lineage. The polyphyly of Xylosandrus was also suggested 
in Cognato et al. (2011), with both molecular and morphological data, 
where this genus was split in four morphologically distinct clades. 
Detailed examination of the prosternal morphology conducted by 
Cognato and Sperling (2000) suggested that the gap between coxae 

FIGURE 3

Organization of the control region in four newly sequenced mitogenomes. The location and copy number of tandem repeats are shown in red, yellow, 
and green with roman numerals inside.
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FIGURE 4

AliGROOVE analysis for two mitogenomic datasets. The mean similarity score between sequences is represented by a colored square, based on 
AliGROOVE scores ranging from −1, indicating a large difference in sequence composition from the remainder of the dataset (red coloration), to +1, 
indicating similarity to all other comparisons (blue coloration).
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may have been derived from different modifications of prosternum, 
and is not necessarily homologous. Moreover, the precoxal and 
posterocoxal processes and the bridge between them are very different 
in different taxa. Hence, we cannot draw a definitive conclusion about 
their relationship.

The phylogenetic relationships within Ips were also controversial. 
There is uncertainty regarding the monophyly of Ips and its classification 
boundary with Orthotomicus (Cognato et al., 2011; Lv et al., 2017). In 
our study, five Ips species formed a clade with high node support 
(BS = 100, PP = 1) which had a sister relationship with Orthotomicus; this 
result was consistent with that in Lv et al. (2017). Jordal and Cognato 
(2012) applied nearly 4 kb sequence dataset including cox1, EF-1α, CAD, 
ArgK, and 28S and recovered three Ips species as a monophyletic clade, 
and a sister relationship between Pityogenes and Ips + Orthotomicus. 
These conclusions were accordance with our phylogenies inferred from 
mitogenomic sequences, which have also been reported in several recent 
phylogenetic studies (Gohli et al., 2017; Gohli and Jordal, 2017; Lv et al., 
2017). However, another phylogenetic relationship reconstructed with 
18 gene fragments and more sampling in Scolytinae recovered a sister 
relationship between Ips and Orthotomicus + Pityogenes (Pistone et al., 
2018). Therefore, additional data and more comprehensive sampling will 
be of major importance to illuminate the phylogenetic relationship of 
Ips, Orthotomicus and Pityogenes.

In our all analyses, the genus Euwallacea was found paraphyletic. 
Both Euwallacea species of E. interjectus and E. fornicatus formed a 
clade with high node support (BS = 100, PP = 1), while the species 
E. similis clustered together with two Xyleborus species with moderate 
support (Figure 5). Previous cladistics review of generic taxonomic 
characters in Xyleborina based on 39 morphological characters 
revealed Euwallacea as a polyphyletic group (Hulcr et  al., 2007). 
Similar conclusion was also brought up in Cognato and Sperling 
(2000), which indicated both morphological of flattened elytra and 
long pedicel were used to distinguished Euwallacea from other 
xyleborine genera is unreliable and vague. Moreover, characters 
associated with the elytra have been considered the least 
phylogenetically informative for generic-level relationships (Hulcr 
et al., 2007). Subsequently, to clarify generic boundary of Euwallacea 
and Wallacellus, Storer et al. (2015) tested reciprocal monophyly of the 
two genera using molecular phylogenetic. In their study, all species of 
Euwallacea and Wallacellus, as well as two species of Xyleborus, were 
monophyletic with high phylogenetic support. Therefore, all species 
of Wallacellus and two species of Xyleborus (formerly Xyleborus posticu 
and X. declivispinatus) have been transferred to Euwallacea, 
meanwhile Wallacellus was proposed as a junior synonym of 
Euwallacea according to the results of phylogenetic analysis and 
shared morphological characters. In fact, the species E. similis was 

FIGURE 5

Phylogenetic tree inferred from RAxML and MrBayes analysis based on the concatenation data of PCGR matrix. The support rate of the branch from 
left to right represents bootstrap values and Bayesian posterior probabilities. Species name with different colors indicate different tribes.
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transferred from Wallacellus (formerly Wallacellus similis) by Storer 
et al. (2015). In their presented results, the species E. similis formed a 
clade with E. posticus, a species transferred from Xyleborus (formerly 
X. posticu). Similar to our results inferred from mitogenome, the 
unexpected grouping of E. similis and two Xyleborus species, supported 
by our all analyses. Given our results, the phylogenetic hypotheses and 
taxonomic revisions suggested by Storer et  al. (2015) may 
be problematic and are required to reevaluate through sampling more 
molecular markers and specimens. Considering the globally 
distribution of Euwallacea (Hulcr et  al., 2015; Storer et  al., 2015), 
sampling more species from different geographical regions is required 
to increase our understanding of the phylogenetic relationships within 
this genus.

In conclusion, the results of phylogenetic analyses based on 
mitogenomic sequences present here most of nodes at deeper and 
shallow level are high supported, some nodes albeit are low supported 
may due to incomplete sampling within that clades. We assume a 
higher number of mitogenomes sequenced within the subfamily 
Scolytinae will improve the accuracy of phylogenetic relationships. 
Additionally, we  anticipate that future studies which combine 
morphological re-interpretation with dataset from more mitogenomes 
for larger samples will provide sufficient evidence on either tribe-level 
or genera-level of Scolytinae phylogenetic relationships.
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