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Simple Summary: The mitochondrial genome (mitogenome) has been used extensively to investigate
phylogenetic relationships at various taxonomic levels. Insect mitochondrial genomes are important
for understanding insect evolution and relationships. We performed complete mitogenome sequenc-
ing and annotation for nine Meconematinae species and combined the data with data from previously
assembled mitochondrial genomes in the family Tettigoniidae to conduct a phylogenetic analysis.
The monophyly of Xizicus, Xiphidiopsis, and Phlugiolopsis was not well supported in our findings.

Abstract: Currently, the subfamily Meconematinae encompasses 1029 species, but whole-mitochondrial-
genome assemblies have only been made available for 13. In this study, the whole mitochondrial
genomes (mitogenomes) of nine additional species in the subfamily Meconematinae were sequenced.
The size ranged from 15,627 bp to 17,461 bp, indicating double-stranded circular structures. The
length of the control region was the main cause of the difference in mitochondrial genome length
among the nine species. All the mitogenomes including 13 protein-coding genes (PCGs), 22 transfer
RNA genes (tRNAs), 2 ribosomal RNA genes (rRNAs) and a control region (CR). The majority strand
encoded 23 genes, and the minority strand encoded 14 genes. A phylogenetic analysis reaffirmed
the monophyletic status of each subfamily, but the monophysitism of Xizicus, Xiphidiopsis and
Phlugiolopsis was not supported.

Keywords: Orthoptera; Meconematinae; mitochondrial genome; phylogenetic analysis

1. Introduction

Meconematinae is a speciose subfamily of the Tettigoniidae which is mainly found in
Asia, Australia, and the Pacific Islands, and is a diverse group of organisms that also contain
the smallest katydids that live in tropical forests [1]. This subfamily was originally described
by Burmeister in 1838 based on the genus Meconema Serville, 1831 [2], which is a small genus
that primarily inhabits tropical and subtropical regions and has not received significant
attention [3]. The controversy over tribe or genus classification of Meconematinae has
never ceased [4,5]. However, the number of newly discovered Meconematinae genera and
species continues to increase [6–10].

Studies of DNA barcoding in invertebrates have shown that using only DNA bar-
coding data can be misleading regarding biodiversity when sampling is inadequate and
classifying is disputed [11,12]. In addition, there are uncertainties in the study of the evolu-
tionary process of speciation [13]. The cases in which a small number of metazoan animals
are genetically polylineal or polylineal cannot be distinguished by barcoding [14]. The
mitochondrial genome contains not only the information of DNA barcoding, but also other,
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more phylogenetic signals, which makes up for the shortcomings of DNA barcoding. The
advantages of small mitochondrial genomes, rapid rates of evolution, low sequence recom-
bination, and conserved gene products have been widely used as molecular markers for
phylogenetic analysis and evolutionary genome research [15–19]. Although mitochondrial
genomes can deeply solve phylogenies, their usefulness as markers for highly divergent
lineages is still controversial [20]. Insect mitochondrial genomes are circular, usually 14 kb
to 18 kb in length, and encode 37 genes: 13 protein-coding genes (PCGs), 2 rRNAs, and
22 tRNAs. In addition to the 37 genes, there is one control region (CR), which is the starting
point of replication and transcription and is also referred to as the A + T rich region in the
literature [18]. Due to the high mutation rate of mitochondrial DNA, it can be a very useful
molecule for high-resolution analysis of the evolutionary processes of species [21]. Mean-
while, the insertion of pseudogenes (that is, non-functional fragments) in mitochondrial
genes in Orthoptera is less likely, but they contain more effective information [22].

Research has found that Xizicus in the Meconematinae was the earliest differentiated
clade in Tettigoniidae [23]. Meanwhile, the Meconematinae is a sister to all other Tettigoni-
idae [23], but contrary to the results of other studies, the Nedubini may be a sister to all
Tettigoniidae [24]. Despite the large number of species in Meconematinae, the number of
assembled mitogenomes documented for species of this subfamily is still limited, and only
ten species belonging to seven genera have had their mitogenomes sequenced. Although
the monophyly of Meconematinae has been established, there is still some controversy
over the relationships among the genera within this subfamily [3,15,25–30]. Phylogenetic
analysis by Mao et al. (2020) revealed that (((Xizicus + Xiphidiopsis) + (Pseudokuzicus + Shov-
eliteratura)) + (Pseudocosmetura + Acosmetura) + Decma) [3], while phylogenetic conclusions
made by Han et al. (2019), such as (((Pseudocosmetura + Acosmetura) + (Xizicus + Xiphid-
iopsis)) + Pseudokuzicus) + Decma) [30], revealed that the relationships among different
genera were not well resolved. The monophyly of Xizicus has not been confirmed [3,30].
Previous studies have indicated that the phylogenetic positions of the genus Decma in
maximum likelihood (ML) and Bayesian inference (BI) trees are inconsistent [3,15]. Due
to the limited mitochondrial genome data available for Meconematinae, the inconsistent
results have not satisfied the need for phylogenetic analyses of different genera. In this
study, high-throughput sequencing technology was used to sequence and annotate the
genomes of nine species in the Meconematinae. A phylogenetic analysis of the mitochon-
drial genome data of Tettigoniidae downloaded from NCBI database was performed to
reveal the relationships among the genera of Meconematinae.

2. Materials and Methods
2.1. Specimen Extraction and Sequencing

In this study, total DNA was extracted from the hind femur muscles of nine species of
Meconematinae according to the TIANamp Genomic DNA Kit. The specimens extracted
this time were collected by the research team in the field and stored at Guangxi Normal
University. DNA samples were sent to Berry Genomics (Beijing, China) for Illumina
NovaSeq high-throughput sequencing.

2.2. Mitochondrial Genome Sequence Screening and Assembly

Nine new mitochondrial genomes were assembled via the CLC Genomics Workbench [31]
by comparing the high-throughput sequencing data with the whole-mitochondrial-genome
sequences of closely related species in the NCBI database [32]. The sequences with the
highest homology with the sequencing data were selected as the reference genes and then
assembled using NOVOPlasty4.1.2 [33].

2.3. Annotation and Analysis of the Mitochondrial Genome

MITOS2 of the Galaxy tool online service was used to identify tRNAs and predict
secondary structures [34]. Then, manual correction was performed according to the mito-
chondrial genomes of related species. Circular maps of the mitochondrial genome were
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created and constructed online via the CGView-Circular Genome Viewer website [35].
To predict tandem repeats in the control region, the Tandem Repeat Finder website was
utilized [36]. The total length of the mitochondrial genome, 13 PCGs, 2 rRNAs, 22 tRNAs,
and CR were calculated using MEGA11.0 software for base composition and base skew
rate [37]. The ratio of the number of synonymous substitutions per synonymous site (Ks)
and the number of nonsynonymous substitutions per nonsynonymous site (Ka) of 13 PCGs
was computed using DnaSP5 software [38]. PhyloSuite v1.2.3 was used to generate four
datasets [39]: (I) PCG123: PCGs with all three codon positions; (II) PCG12: PCGs with the
1st and 2nd codon positions; (III) PCG123R: PCG123 dataset plus two rRNAs; and (IV)
PCG12R: PCG12 dataset plus two rRNAs. Heterogeneity and substitution saturation were
assessed for each dataset using AliGROOVE v1.08 and DNAMBE v5 [40,41].

2.4. Construction of Phylogenetic Trees

The phylogenetic analysis were performed combining the nine newly sequenced
mitogenomes and 88 species of Tettigoniidae downloaded from GenBank. The outgroup
taxa were Sosibia gibba and Sosibia ovata.

MAFFT in PhyloSuite v1.2.3 software was used for auto multiple-sequence alignment [39,42],
and then the concatenation function of PhyloSuite v.1.2.3 was utilized to generate con-
catenated files for the genes. ModelFinder was used to refer to the Akaike information
standard to perform the optimal partitioning strategy and model selection for the concate-
nated data [43]. The “mrbayes” and “all” were selected for the model parameters, and
“linked branclengths” was selected to reduce the time. MrBayes was used for the BI tree,
and IQ-TREE was used for the ML tree [44,45], with both tools using the GTR model [46].
Bayesian inference analysis utilizing MrBayes was applied for phylogenetic reconstruction
with the following settings: 2,000,000 generations, four numbers of chains, trees sampled
every 1000 generations, and an initial 25% of trees discarded as burn-in [44]. Phylogenetic
analyses were conducted with IQ-TREE, employing the maximum likelihood (ML) method
with automatic model selection and 1000 standard bootstrap replicates for tree support [47].
The resulting phylogenetic tree was visually edited using the online website iTOL and is
presented as a phylogenetic tree diagram [48].

3. Results and Discussion
3.1. Comparison of Mitochondrial Genome Lengths

The nine newly assembled mitochondrial genome sequences were all circular struc-
tures, as shown in Figure S1. The size of the genomes ranged from 15,627 bp to 17,461 bp
(Figure 1), and the gene arrangement was the same as that of the inferred ancestral insect
mitochondrial genome [13]. The differences in the lengths of the mitochondrial genomes
among the nine species were mainly attributed to differences in the lengths of the control
regions. The relative position and transcription direction of each gene were consistent.

3.2. Mitochondrial Gene Interval and Overlapping Regions

The mitochondrial genes had interval and overlapping regions. There were 8 intergenic
spacers in Chandozhinskia hastaticercus; 9 in Paraphlugiolopsis jiangi, Phlugiolopsis punctata,
Phlugiolopsis brevis, and Phlugiolopsis tuberculata; 10 in Phlugiolopsis tribranchis, Grigoriora
cheni, and Xizicus fascipes; and 11 in Microconema sp. The intergenic spacers of the nine
mitogenomes ranged from 1 bp to 21 bp in size; the longest located between trnS2-nad1
in Grigoriora cheni was 21 bp and that in the other species was 16 bp. The length of the
trnS2-nad1 intergenic spacer in Chandozhinskia hastaticercus was 18 bp, while in the other
8 species, it was 17 bp. The trnP-nad6 intergenic spacers in all the species were 1 bp
in length.
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Paraphlugiolopsis jiangi; Pb: Phlugiolopsis brevis; Ppu: Phlugiolopsis punctata; Ptr: Phlugiolopsis tribran-
chis; Ptu: Phlugiolopsis tuberculata. 
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greater than the G + C content, indicating a bias towards the A + T content in the nucleotide 
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Figure 1. Size comparison of protein-coding genes (PCGs), transfer RNA genes (tRNAs), rrnL, rrnS,
and control region (CR) among 9 Meconematinae mitogenomes. Species are abbreviated as follows:
Xf: Xizicus fascipes; Ch: Chandozhinskia hastaticercus; Gc: Grigoriora cheni; Ms: Microconema sp.; Pj:
Paraphlugiolopsis jiangi; Pb: Phlugiolopsis brevis; Ppu: Phlugiolopsis punctata; Ptr: Phlugiolopsis tribranchis;
Ptu: Phlugiolopsis tuberculata.

Long intergenic noncoding spacers (100–500 bp) have also been found in Lepidoptera [49],
Coleoptera [50], and other orthopterans [15,19]. The number of overlapping regions in the
nine species was greater than the number of interval regions. There were 12 overlapping
regions in Microconema sp.; 13 in Phlugiolopsis punctata, Phlugiolopsis brevis, Xizicus fascipes,
and Phlugiolopsis tuberculata; 14 in Chandozhinskia hastaticercus and Paraphlugiolopsis jiangi;
15 in Phlugiolopsis tribranchis; and 17 in Grigoriora cheni. There were fewer overlapping bases
in the overlapping regions than in the spacer regions. The number of overlapping bases
in 11 overlapping regions in the nine species was consistent; that is, there was an overlap
of 1 bp between trnK-trnD, atp6-cox3, trnA-trnR, trnT-trnP, and nad6-cob; nad2-trnW and
cob-trnS2 overlapped 2 bp; trnI-trnQ overlapped 3 bp; atp8-atp6 overlapped 7 bp; and both
trnW-trnC and trnY-cox1 overlapped 8 bp.

3.3. Nucleotide Composition and Skew

The AT content and skew statistics are shown in Table S1. The base content of the
mitochondrial genomes from the nine species showed a significant A + T bias, with the
content ranging from 68.99% to 73.61%. The lowest content was found in Phlugiolopsis
tribranchis, and the highest content was found in Grigoriora cheni. The strong A + T-bias
might have stemmed from external environmental factors [51]. The A + T content in PCGs
(69.06–72.84%), tRNAs (74.12–75.15%), rRNAs (73.51–75.32%), and CRs (60.5–74.69%) was
greater than the G + C content, indicating a bias towards the A + T content in the nucleotide
composition of the nine species (Table S1). Additionally, the AT-skew had a positive value,
and the GC-skew had a negative value for the complete mitochondrial genome, which
implied that A was more abundant than T and that C was more abundant than G (Table S1).

PCGs usually use the typical initiator codon ATN, and the special initiator codon TTG
occurred only as the start codon of nad1 in seven of the species, with Phlugiolopsis tribranchis
and Xizicus fascipes being the exceptions. The complete terminator codon TAA and the
incomplete terminator codons T and TA often occurred, and the complete terminator
codon TAG occurred only for cob and nad1. The nad4l start codon was ATG, and the stop
codon was TAA. The cob start codon was ATG, and the end codon was TAG. Notably, an
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incomplete codon functions after post-transcription polyadenylation and is converted into
a full-stop codon [52]. The longest gene, nad5, was 1732 bp in length, except in the case of
Chandozhinskia hastaticercus, in which the length was 1733 bp. Some genes were constant,
such as nad2 at 1029 bp, atp6 at 678 bp, nad3 at 354 bp, nad4l at 297 bp, nad6 at 528 bp, and
cob at 1137 bp.

3.4. Protein-Coding Genes and Codon Usage

All the mitogenomes contained the typical gene content, including 13 PCGs, 22 tRNAs,
2 rRNAs, and a CR. Twenty-three genes were encoded on the majority strand, while the
remaining fourteen genes were encoded on the minority strand. Twenty-two tRNAs were
responsible for transporting 20 amino acids, and both serine and leucine were transported
by two tRNAs. The tRNAs ranged in size from 63 bp to 71 bp. Two rRNAs (rrnL and rrnS)
encoded 16S rRNA and 12S rRNA, respectively. The relative position and transcription
direction of each gene were consistent, and no gene rearrangement was detected.

3.5. tRNA and rRNA Genes

The use of the tRNA anticodon was the same for all nine species. Twenty-two tRNAs
ranged in size from 63 bp to 71 bp, and the lengths of some tRNAs were constant. For
example, the lengths of trnW, trnK, trnS1, trnS2, and trnV were 66 bp, 70 bp, 61 bp,
69 bp, and 71 bp, respectively (Figure S2). In addition to trnI, trnL2, trnN, trnS1, trnE,
and trnS2, G–U (or U–G) pairs were found in the secondary structures of other tRNAs.
There were 21 cases in Grigoriora cheni and Chandozhinskia hastaticercus, 24 cases in Xizicus
fascipes, 25 cases in Phlugiolopsis brevis and Phlugiolopsis tuberculata, 26 cases in Microconema
sp., 28 cases in Phlugiolopsis punctata, 30 cases in Paraphlugiolopsis jiangi, and 31 cases in
Phlugiolopsis tribranchis. There was a G-U pair on the anticodon arm of trnM, trnC, trnY,
trnV, trnP, trnG, trnH, trnF, and trnA for all nine species. The secondary structure of trnS1
in Phlugiolopsis tribranchis, Paraphlugiolopsis jiangi, Phlugiolopsis brevis, and Phlugiolopsis
tuberculata lacked a D arm. The secondary structure of trnS1 lacked a D loop and D arm in
Grigoriora cheni, Chandozhinskia hastaticercus, Microconema sp., Phlugiolopsis punctata, and
Xizicus fascipes (Figure S2).

rRNAs were encoded by minority strands. Notably, rrnL was located between trnL1
and trnV, and rrnS was located between trnV and the CR. The base length of rrnL ranged
from 1308 bp to 1316 bp, and that of rrnS ranged from 787 bp to 792 bp.

3.6. Control Region

Tandem duplication is when a piece of DNA is converted into two or more copies,
each of which follows the preceding one in a contiguous fashion [36]. There were tandem
repeats in the CRs of nine species. The repetition length and number of each species were
different, among which Grigoriora cheni had the longest repetition length of 230 bp, and
Phlugiolopsis tribranchis had the shortest repetition length of 13 bp (Figure 2). There was one
tandem repeat in the CR of Phlugiolopsis brevis and Xizicus fascipes. Two tandem repeats in
the CR were found in Phlugiolopsis tuberculata. Three were found in Microconema sp., Para-
phlugiolopsis jiangi, Chandozhinskia hastaticercus, and Phlugiolopsis punctata. Four were found
in Grigoriora cheni. There were five tandem repeats in the CR of Phlugiolopsis tribranchis.
Each sequence of repeats is under the influence of local and general biological activities that
determine its level of instability [53]. Repeating sequences are common in most metazoans,
and it has also been observed that the mitochondrial DNA of closely related species does
not share the same repeating sequence [54]. Therefore, the analysis of repeated sequences
between different individuals can reveal population structure information regarding the
species and provide clues to the phylogenetic relationships [55].
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Figure 2. Schematic diagram of tandem repeat arrangements in the CR of nine species of the subfamily
Meconematinae (A–I). Species names are annotated on the left side of the figure. Different colors in
the box represent different tandem repeat sequences, and the length and number of repetitions are
indicated in the box.

3.7. The Rate of Evolution of 13 PCGs

Non-synonymous substitutions can give rise to defects in respiratory-chain activity
that reduce the efficiency of metabolic processes and are generally harmful [56]. The harm-
ful effect of mitochondrial non-synonymous mutations triggers highly effective purifying
selection, which maintains the fitness of the mitogenome [57]. The ratio of the number of
synonymous substitutions per synonymous site (Ks) and the number of nonsynonymous
substitutions per nonsynonymous site (Ka) for 13 PCGs from the nine species were calcu-
lated to estimate the evolutionary rate of the PCGs (Figure 3). The results were all less than
1, indicating that purifying selection among the 13 PCGs played a major role. The Ka/Ks
value of cox1 was the lowest. This indicates that cox1 was subject to lower purification
selection and was not susceptible to environmental impact. It was the most conserved and
the slowest to evolve among the 13 PCGs, followed by cob and cox3. The Ka/Ks value of
nad6 was the highest, and it was susceptible to environmental impact, so the evolutionary
rate of nad6 was the fastest among the 13 PCGs, followed by those of atp8 and nad4.
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Locomotion is energy-consuming, and strongly locomotive organisms usually require
a more active metabolism than weakly locomotive organisms. Previous studies have shown
that those without flying ability accumulate more non-synonymous substitutions and have
higher Ka/Ks values than those with flying ability, and flightless species experienced more
relaxed evolutionary constraints [58]. Among the twenty species in the Meconematinae
subfamily (Table S2), the Ka/Ks value of atp8 in the macropterous region (from wing
to abdomen or longer than the abdomen) and brachypterous were the highest, with the
fastest evolution rate (Figures S3 and S4). The Ka/Ks values of the macropterous and
brachypterous cox1 genes were the lowest, followed by cox2 and cytb (Figures S3 and S4).
Moreover, the Ka/Ks value of cox2 in Pseudokuzicus pieli, a macropterous species, was the
highest (Figure S3). The average values of the two groups were all <1, which showed that
the mitogenomic evolution of different wing types was not neutral and was subjected to the
pressure of purifying selection. The Ka/Ks values of the brachypterous type were lower
than those of the macropterous type, and flightless insects accumulated fewer nonsyn-
onymous mutations (Figures S3 and S4). Contrary to the study by Chang et al., flightless
orthoptera insects accumulated more non-synonymous mutations than flying orthoptera
insects [59].

3.8. Substitution Saturation Tests and Nucleotide Heterogeneity

The index of substitution saturation (Iss) for the four nucleotide sequence datasets
of 99 species was significantly lower than that of the critical Iss (Iss.cSym and Iss.cAym
values in symmetrical and asymmetrical trees, respectively). It showed that the third
codons of 13 PCGs were not saturated and contained phylogenetic information (Table S3).
Heterogeneity in nucleotide divergence was evaluated via pairwise comparisons in multiple
sequence alignment. There was little heterogeneity among the four datasets (Figure S5).

Several studies have shown that the third codon position can be removed because
it is highly saturated and has fewer informative sites [60,61], whereas other studies have
suggested that the third codon position is phylogenetically informative and thus should
be considered in phylogenetic studies [62,63]. Our findings indicate that the third codon
position did not affect the topology of the phylogenetic tree. The results of BI tree topology
based on PCG123 and PCG12 were basically the same, and the BI tree based on PCG123
data set had high support among all subfamilies. Thus, the role of the third codon po-
sition requires consideration in phylogenetic studies and should not be excluded on the
assumption that it is not informative, as has been the case in many previous studies.

3.9. Phylogenetic Analysis of Meconematinae

Based on PCG123 and PCG123R in the mitochondrial genomes of 99 species, includ-
ing 9 newly described species, BI and ML phylogenetic trees were reconstructed. These
provided strong support for the monophyletic relationships between subfamilies, but the
relationships between each subfamily varied greatly. The BI tree (PPs: 1-0.849) and the ML
tree, which were based on PCG123R (BPs: 100): (Meconematinae + (Tettigoniinae + Brady-
porinae)) + Conocephalinae) + (Listroscelidinae + Lipotactinae)) (Figures 4, S6 and S7), are
consistent with the results of previous studies [3]. The ML tree was constructed based on
PCG123 (BPs: 46): (Meconematinae + (Listroscelidinae + (Conocephalinae + Lipotactinae))
+ (Tettigoniinae + Bradyporinae)) (Figure 5). Previous studies have shown that clades with
a BS of 50–69 or BPP of 0.85–0.89 are considered weakly supported, and clades with a BS
of <50 or BPP of <0.85 are considered unsupported [64]; therefore, the sister relationships
of the ML tree based on PCG123 are not tenable. Xiphidiopsis gurneyi was shown to be
closely related to Xizicus maculatus, which is consistent with the findings of previous re-
search [5,21]. Xizicus howardi did not cluster with other species of Xizicus, Xiphidiopsis, and
Paraphlugiolopsis when placed in the Xizicus and Phlugiolopsis complexes and failed to form
a clade. Paraphlugiolopsis was erected according to the apices of posttibiae with two pairs of
spines [65], while the monophyly of the genus was not well supported in our findings. The
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phylogenetic tree, which is based on PCG123, showed that Decma was the first to evolve,
which is consistent with the findings of previous research [3,25–27,30].
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4. Conclusions

The complete mitochondrial genomes of nine Meconematinae species were assembled
and annotated in this study. The Ka/Ks values of the brachypterous type were lower than
those of the macropterous type, and flightless insects accumulated fewer nonsynonymous
mutations. This research provides some reference for the study of different wing types of
Orthoptera. All four topological analyses confirmed that each subfamily was monophyletic.
However, the monophyly of Xizicus, Xiphidiopsis, and Phlugiolopsis was not supported. This
study will help to advance the study of Meconematinae phylogeny.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/insects15060413/s1, Figure S1. Circular visualization of the mitogenome
of nine species of the subfamily Meconematinae. Figure S2. Secondary structures of tRNA genes
in the mitogenome of the nine Meconematinae species. Figure S3. Ka/Ks values of 13 PCGs
in the macropterous of Meconematinae. The bar indicates each gene’s Ka/Ks value. Figure S4.
Ka/Ks values of 13 PCGs in the brachypterous of Meconematinae. The bar indicates each gene’s
Ka/Ks value. Figure S5. Heterogeneity of the sequence composition of the mitochondrial genomes
in different datasets. Figure S6. Phylogenetic tree obtained from BI analysis based on 13 PCGs
+ 2rRNA. Figure S7. Phylogenetic tree obtained from ML analysis based on 13 PCGs + 2rRNA. Table
S1. The nucleotide composition of complete mitochondrial genome of 9 species of the subfamily
Meconematinae. Table S2. 20 sequences were used for Ka/Ks value comparison of the subfamily
Meconematinae, of which 9 were sequenced with the latest sequencing and 11 were downloaded
from the GenBank database. Table S3. Substitution saturation tests of different datasets. Figure S8.
Sequencing base content distribution map for 9 species. Figure S9. Mass distribution of sequenced
base in 9 species.
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39. Zhang, D.; Gao, F.; Jakovlić, I.; Zhou, H.; Zhang, J.; Li, W.X.; Wang, G.T. PhyloSuite: An integrated and scalable desktop platform

for streamlined molecular sequence data management and evolutionary phylogenetics studies. Mol. Ecol. Resour. 2020, 20,
348–355. [CrossRef] [PubMed]

40. Kück, P.; Meid, S.A.; Groß, C.; Wägele, J.W.; Misof, B. AliGROOVE–visualization of heterogeneous sequence divergence within
multiple sequence alignments and detection of inflated branch support. BMC Biol. 2014, 15, 1–15. [CrossRef] [PubMed]

41. Xia, X.H. DAMBE5: A comprehensive software package fordata analysis in molecular biology and evolution. Mol. Biol. Evol.
2013, 30, 1720–1728. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1096-0031.2007.00174.x
https://doi.org/10.1146/annurev.ecolsys.34.011802.132421
https://doi.org/10.1016/j.ympev.2017.01.014
https://www.ncbi.nlm.nih.gov/pubmed/28188878
https://doi.org/10.1038/288404a0
https://www.ncbi.nlm.nih.gov/pubmed/6253835
https://doi.org/10.1186/1471-2164-14-114
https://www.ncbi.nlm.nih.gov/pubmed/23425263
https://doi.org/10.1146/annurev-ento-011613-162007
https://www.ncbi.nlm.nih.gov/pubmed/24160435
https://doi.org/10.7717/peerj.4002
https://www.ncbi.nlm.nih.gov/pubmed/29158966
https://doi.org/10.1016/S0169-5347(99)01660-2
https://www.ncbi.nlm.nih.gov/pubmed/10481201
https://doi.org/10.1073/pnas.76.4.1967
https://www.ncbi.nlm.nih.gov/pubmed/109836
https://doi.org/10.1371/journal.pone.0110508
https://www.ncbi.nlm.nih.gov/pubmed/25333882
https://doi.org/10.1111/cla.12116
https://www.ncbi.nlm.nih.gov/pubmed/34753270
https://doi.org/10.1093/aesa/saw030
https://doi.org/10.1080/23802359.2019.1693288
https://www.ncbi.nlm.nih.gov/pubmed/33366378
https://doi.org/10.1080/23802359.2018.1476073
https://www.ncbi.nlm.nih.gov/pubmed/33490525
https://doi.org/10.3897/zookeys.773.24156
https://www.ncbi.nlm.nih.gov/pubmed/30026660
https://doi.org/10.1007/s12041-012-0157-3
https://www.ncbi.nlm.nih.gov/pubmed/22942084
https://doi.org/10.1080/23802359.2019.1622468
https://www.ncbi.nlm.nih.gov/pubmed/33365425
https://www.ncbi.nlm.nih.gov
https://doi.org/10.1093/nar/gkw955
https://www.ncbi.nlm.nih.gov/pubmed/28204566
https://doi.org/10.1016/j.ympev.2012.08.023
https://www.ncbi.nlm.nih.gov/pubmed/22982435
https://doi.org/10.1093/nar/gkn179
https://www.ncbi.nlm.nih.gov/pubmed/18411202
https://doi.org/10.1093/nar/27.2.573
https://www.ncbi.nlm.nih.gov/pubmed/9862982
https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1093/bioinformatics/btp187
https://www.ncbi.nlm.nih.gov/pubmed/19346325
https://doi.org/10.1111/1755-0998.13096
https://www.ncbi.nlm.nih.gov/pubmed/31599058
https://doi.org/10.1186/1471-2105-15-294
https://www.ncbi.nlm.nih.gov/pubmed/25176556
https://doi.org/10.1093/molbev/mst064
https://www.ncbi.nlm.nih.gov/pubmed/23564938


Insects 2024, 15, 413 12 of 12

42. Katoh, K.; Misawa, K.; Kuma, K.; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Res. 2002, 30, 3059–3066. [CrossRef] [PubMed]

43. Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; Von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate
phylogenetic estimates. Nat. Methods 2017, 14, 587–589. [CrossRef] [PubMed]

44. Ronquist, F.; Teslenko, M.; Van, D.M.P.; Ayres, D.L.; Darling, A.; Höhna, S.; Larget, B.; Liu, L.; Suchard, M.A.; Huelsenbeck, J.P.
MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 2012, 61, 539–542.
[CrossRef] [PubMed]

45. Nguyen, L.T.; Schmidt, H.A.; Von, H.A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-
likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [CrossRef] [PubMed]

46. Gatto, L.; Catanzaro, D.; Milinkovitch, M.C. Assessing the applicability of the GTR nucleotide substitution model through
simulations. Evol. Bioinform. 2006, 2, 145–155. [CrossRef]

47. Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; Von Haeseler, A.; Lanfear, R. IQ-TREE 2: New models
and efficient methods for phylogenetic inference in the genomic era. Mol. Biol. Evol. 2020, 37, 1530–1534. [CrossRef] [PubMed]

48. Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL) v5: An online tool for phylogenetic tree display and annotation. Nucleic Acids
Res. 2021, 49, W293–W296. [CrossRef] [PubMed]

49. Cameron, S.L.; Whiting, M.F. The complete mitochondrial genome of the tobacco hornworm, Manduca sexta, (Insecta: Lepi-
doptera: Sphingidae), and an examination of mitochondrial gene variability within butterflies and moths. Gene 2008, 408, 112–123.
[CrossRef] [PubMed]

50. Sheffield, N.C.; Song, H.; Cameron, S.L.; Whiting, M.F. A comparative analysis of mitochondrial genomes in Coleoptera
(Arthropoda: Insecta) and genome descriptions of six new beetles. Mol. Biol. Evol. 2008, 25, 2499–2509. [CrossRef] [PubMed]

51. Foerstner, K.U.; Mering, C.V.; Hooper, S.D.; Bork, P. Environments shape the nucleotide composition of genomes. EMBO Rep.
2005, 6, 1208–1213. [CrossRef] [PubMed]

52. Ojala, D.; Montoya, J.; Attardi, G. tRNA punctuation model of RNA processing in human mitochondria. Nature 1981, 290, 470–474.
[CrossRef] [PubMed]

53. Debrauwere, H.; Gendrel, C.G.; Lechat, S.; Dutreix, M. Differences and similarities between various tandem repeat sequences:
Minisatellites and microsatellites. Biochimie 1997, 79, 577–586. [CrossRef] [PubMed]

54. Moritz, C.; Brown, W.M. Tandem duplications in animal mitochondrial DNAs: Variation in incidence and gene content among
lizards. Proc. Natl. Acad. Sci. USA 1987, 84, 7183–7187. [CrossRef] [PubMed]

55. Rand, D.M. Concerted evolution and RAPping in mitochondrial VNTRs and the molecular geography of cricket populations. In
Molecular Ecology and Evolution: Approaches and Applications; Birkhäuser: Basel, Switzerland, 1994; pp. 227–245. [CrossRef]

56. Cai, J.J.; Borenstein, E.; Chen, R.; Petrov, D.A. Similarly strong purifying selection acts on human disease genes of all evolutionary
ages. Genome Biol. Evol. 2009, 1, 131–144. [CrossRef] [PubMed]

57. Popadin, K.Y.; Nikolaev, S.I.; Junier, T.; Baranova, M.; Antonarakis, S.E. Purifying selection in mammalian mitochondrial protein-
coding genes is highly effective and congruent with evolution of nuclear genes. Mol. Biol. Evol. 2012, 30, 347–355. [CrossRef]
[PubMed]

58. Shen, Y.Y.; Shi, P.; Sun, Y.B.; Zhang, Y.P. Relaxation of selective constraints on avian mitochondrial DNA following the degeneration
of flight ability. Genome Res. 2009, 19, 1760–1765. [CrossRef] [PubMed]

59. Chang, H.; Qiu, Z.; Yuan, H.; Wang, X.; Li, X.; Sun, H. Evolutionary rates of and selective constraints on the mitochondrial
genomes of Orthoptera insects with different wing types. Mol. Phylogenet. Evol. 2020, 145, 106734. [CrossRef] [PubMed]

60. Castro, L.R.; Dowton, M. Mitochondrial genomes in the Hymenoptera and their utility as phylogenetic markers. Syst. Entomol.
2007, 32, 60–69. [CrossRef]

61. Pons, J.; Ribera, I.; Bertranpetit, J.; Balke, M. Nucleotide substitution rates for the full set of mitochondrial protein-coding genes in
Coleoptera. Mol. Phylogenet. Evol. 2010, 56, 796–807. [CrossRef] [PubMed]

62. Nie, R.E.; Breeschoten, T.; Timmermans, M.J.; Nadein, K.; Xue, H.J.; Bai, M.; Huang, Y.; Yang, X.K.; Vogler, A.P. The phylogeny of
Galerucinae (Coleoptera: Chrysomelidae) and the performance of mitochondrial genomes in phylogenetic inference compared to
nuclear rRNA genes. Cladistics 2018, 34, 113–130. [CrossRef] [PubMed]

63. Yan, L.; Xu, W.; Zhang, D.; Li, J. Comparative analysis of the mitochondrial genomes of flesh flies and their evolutionary
implication. Int. J. Biol. Macromol. 2021, 174, 385–391. [CrossRef] [PubMed]

64. Cai, C.Y.; Wang, Y.L.; Liang, L.; Yin, Z.W.; Thayer, M.K.; Newton, A.F.; Zhou, Y.L. Congruence of morphological and molecular
phylogenies of the rove beetle subfamily Staphylininae (Coleoptera: Staphylinidae). Sci. Rep. 2019, 9, 15137. [CrossRef] [PubMed]

65. Bian, X.; Xie, G.L.; Chang, Y.L.; Shi, F.M. One new genus and two new species of the tribe Meconematini (Orthoptera: Tettigoniidae:
Meconematinae) from Yunnan, China. Zootaxa 2014, 3793, 286–290. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/nar/gkf436
https://www.ncbi.nlm.nih.gov/pubmed/12136088
https://doi.org/10.1038/nmeth.4285
https://www.ncbi.nlm.nih.gov/pubmed/28481363
https://doi.org/10.1093/sysbio/sys029
https://www.ncbi.nlm.nih.gov/pubmed/22357727
https://doi.org/10.1093/molbev/msu300
https://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1177/117693430600200020
https://doi.org/10.1093/molbev/msaa015
https://www.ncbi.nlm.nih.gov/pubmed/32011700
https://doi.org/10.1093/nar/gkab301
https://www.ncbi.nlm.nih.gov/pubmed/33885785
https://doi.org/10.1016/j.gene.2007.10.023
https://www.ncbi.nlm.nih.gov/pubmed/18065166
https://doi.org/10.1093/molbev/msn198
https://www.ncbi.nlm.nih.gov/pubmed/18779259
https://doi.org/10.1038/sj.embor.7400538
https://www.ncbi.nlm.nih.gov/pubmed/16200051
https://doi.org/10.1038/290470a0
https://www.ncbi.nlm.nih.gov/pubmed/7219536
https://doi.org/10.1016/S0300-9084(97)82006-8
https://www.ncbi.nlm.nih.gov/pubmed/9466695
https://doi.org/10.1073/pnas.84.20.7183
https://www.ncbi.nlm.nih.gov/pubmed/3478691
https://doi.org/10.1007/978-3-0348-7527-1_13
https://doi.org/10.1093/gbe/evp013
https://www.ncbi.nlm.nih.gov/pubmed/20333184
https://doi.org/10.1093/molbev/mss219
https://www.ncbi.nlm.nih.gov/pubmed/22983951
https://doi.org/10.1101/gr.093138.109
https://www.ncbi.nlm.nih.gov/pubmed/19617397
https://doi.org/10.1016/j.ympev.2020.106734
https://www.ncbi.nlm.nih.gov/pubmed/31972240
https://doi.org/10.1111/j.1365-3113.2006.00356.x
https://doi.org/10.1016/j.ympev.2010.02.007
https://www.ncbi.nlm.nih.gov/pubmed/20152911
https://doi.org/10.1111/cla.12196
https://www.ncbi.nlm.nih.gov/pubmed/34645082
https://doi.org/10.1016/j.ijbiomac.2021.01.188
https://www.ncbi.nlm.nih.gov/pubmed/33529628
https://doi.org/10.1038/s41598-019-51408-1
https://www.ncbi.nlm.nih.gov/pubmed/31641139
https://doi.org/10.11646/zootaxa.3793.2.9
https://www.ncbi.nlm.nih.gov/pubmed/24870169

	Introduction 
	Materials and Methods 
	Specimen Extraction and Sequencing 
	Mitochondrial Genome Sequence Screening and Assembly 
	Annotation and Analysis of the Mitochondrial Genome 
	Construction of Phylogenetic Trees 

	Results and Discussion 
	Comparison of Mitochondrial Genome Lengths 
	Mitochondrial Gene Interval and Overlapping Regions 
	Nucleotide Composition and Skew 
	Protein-Coding Genes and Codon Usage 
	tRNA and rRNA Genes 
	Control Region 
	The Rate of Evolution of 13 PCGs 
	Substitution Saturation Tests and Nucleotide Heterogeneity 
	Phylogenetic Analysis of Meconematinae 

	Conclusions 
	References

