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Abstract
Aeschrocoris tuberculatus and A. ceylonicus (Hemiptera, Pentatomidae, Pentatominae) are mainly distrib-
uted in southern China, India, Myanmar, and Sri Lanka. Both species are also common agricultural pests. 
However, only the morphology of the genus Aeschrocoris has previously been studied, and molecular data 
have been lacking. In this study, the whole mitochondrial genomes of A. tuberculatus and A. ceylonicus are 
and annotated. The lengths of the complete mitochondrial genomes of the two species are 16,134 bp and 
16,142 bp, respectively, and both contain 37 typical genes, including 13 protein-coding genes (PCGs), 
two ribosomal RNA genes (rRNAs), 22 transfer RNA genes (tRNAs), and a control region. The mito-
chondrial genome structure, gene order, nucleotide composition, and codon usage of A. tuberculatus and 
A. ceylonicus are consistent with those of typical Pentatomidae. Most PCGs of both species use ATN as 
the start codon, except atp8, nad1, and cox1, which use TTG as the start codon. cox1, cox2, and atp6 use 
a single T, and nad1 use TAG as the stop codon; the remaining PCGs have TAA as the stop codon. The 
A+T contents of the two species are 73.86% and 74.08%, respectively. All tRNAs have a typical cloverleaf 
structure, with the exception of trnS1, which lacks a dihydrouridine arm. The phylogenetic tree is recon-
structed using the maximum-likelihood method based on the newly obtained mitochondrial genome 
sequences and 87 existing mitochondrial genomes of Pentatomoidea from the NCBI database and two 
species of Lygaeoidea as outgroups. The phylogenetic trees strongly support the following relationships: 
(Urostylididae + ((Acanthosomatidae + ((Cydnidae + (Dinidoridae + Tessaratomidae)) + (Scutelleridae + 
Plataspidae))) + Pentatomidae). This study enriches the mitochondrial genome database of Pentatomoidea 
and provides a reference for further phylogenetic studies.
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Introduction

The insect mitochondrial genome is a circular double-stranded DNA molecule with 
a length of about 16–18 kb, which code 37 genes: 13 protein-coding genes (PCGs), 
two ribosomal RNA (rRNA) genes, and 22 transfer RNA (tRNA) genes (Boore 1999). 
In addition, the mitochondrial genome usually includes a noncoding region of vari-
able length that plays a regulatory role in transcription and replication, known as the 
mitochondrial control region (Cameron 2014). In recent years, with the development 
of sequencing technology and the amplification through universal primers for mi-
tochondrial genes (Simon et al. 1994, 2006), the number of insect mitochondrial 
genomes has rapidly increased, and the characteristics and evolutionary patterns of 
insect mitochondrial genomes are becoming more and more clear; their applications 
in phylogenetic studies are gradually increasing. The mitochondrial genome contains 
important molecular evolutionary information such as base composition and codon 
usage (Yuan et al. 2022). It has been widely used in research on molecular evolution, 
phylogeny, genealogy, and population genetic structure because of its stable gene com-
position, relatively conserved order, matrilineal inheritance, and minimal recombina-
tion (Ballard and Whitlock 2004; Simon and Hadrys 2013; Cameron 2014).

Pentatomoidea (Hemiptera, Heteroptera, Pentatomomorpha) consists of more 
than 8,000 species in 18 families, of which Pentatomidae is the largest family contain-
ing 940 genera and about 5,000 species (Rider et al. 2018). Pentatomidae is a species-
rich group, so it is difficult to propose defining characteristics that can be applied to 
all groups. All stinkbugs of Pentatomidae are terrestrial insects, most of which are 
phytophagous; only Asopinae are predatory species, and some are used as biological 
control agents (De Clercq et al. 2003).

The tribe Aeschrocorini was first proposed by Distant (1902) and included two 
genera, Aeschrocoris Bergroth, 1887 and Scylax Distant, 1887. It remained little known 
until Cachan (1952) added a new genus to the tribe. The Aeschrocorini is still rela-
tively small, currently with only eight genera (Rider et al. 2018). Hassan et al. (2016) 
provided a brief record of Indian species of Aeschrocoris. Despite the complex taxo-
nomic relationships within the Aeschrocorini, numerous scholars have consistently 
assigned the genus Aeschrocoris to Aeschrocorini (Rider et al. 2018). Aeschrocoris was 
reported to have five species in China and eight in the world. Aeschrocoris tuberculatus 
(Stål, 1865) and A. ceylonicus Distant, 1899 are mainly distributed in southern China, 
India, Myanmar, and Sri Lanka, and both are also common agricultural pests (Fan 
2011). However, most studies of the genus Aeschrocoris have focused on morphological 
descriptions and lack molecular data.

In this study, we analyze the mitochondrial genomes of A. tuberculatus and 
A. ceylonicus in detail, including genome structure, nucleotide composition, and codon 
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usage. Meanwhile, we also construct the genome structure of RNA. In addition, we 
analyze the phylogenetic relationship of eight families of Pentatomoidea and explore 
the phylogenetic location of these two species. The results of this study will provide a 
reference for phylogenetic analyses and identification of the Pentatomoidea.

Materials and methods

Sample collection

Adult specimens of Aeschrocoris tuberculatus and A. ceylonicus were collected from 
Baihua Ling (Baoshan City, Yunnan Province, China; 25°16'43"N, 98°48'12"E) on 
13 August 2015 and from Guanlan Ting (Taohua Island, Zhoushan City, Zhejiang 
Province, China; 29°50'31"N, 122°14'13"E) on 4 August 2016. All samples were im-
mediately placed in anhydrous ethanol and stored in a refrigerator at –25 °C until 
DNA was extracted. The species were identified by Qing Zhao.

DNA extraction and sequencing

Whole-genome DNA was extracted from the thoracic muscle of the samples using 
the Genomic DNA Extraction Kit (BGI, Wuhan, Hubei, China). Concentrations of 
samples were detected using Qubit Fluorometer and microplate reader (Mardis and 
McCombie 2017). The integrity of the samples was tested by agarose gel electropho-
resis. High-throughput pair-ended sequencing (PE150) was performed on DNBSEQ 
platform for the complete mitochondrial genomes of the two species (Chen et al. 
2018). All the above operations were carried out in the high-throughput laboratory at 
Wuhan BGI Technology Services Co., Ltd. (Wuhan, Hubei, China).

Genome annotation and sequence analysis

When the assembly was complete, the complete mitogenomes were manually annotated 
using Geneious v. 11.0 software (Kearse et al. 2012). Two reference sequences (Eurydema 
gebleri and Brachymna tenuis) for annotation were obtained from the Basic Local Alignment 
Search tool (BLAST) in the NCBI database. The boundaries of the PCGs were determined 
using Open Reading Frame Finder on the NCBI website (http://www.ncbi.nlm.nih.gov/
gorf/gorf.html). MEGA v. 11.0 (Tamura et al. 2021) was used to translate the proteins to 
verify the start codons, stop codons, and amino acid sequences and to ensure the accuracy 
of the sequences. We annotated tRNA sequences using tRNAscan-SE 2.0 (http://lowelab.
ucsc.edu/tRNAscan-SE/; Lowe and Eddy 1997) or used automatic annotation done by 
MITOS (http://mitos.bioinf.uni-leipzig.de/index.py/; Bernt et al. 2013) with the inverte-
brate mitochondrial code. The boundaries of the rRNA genes were completed based on the 
positions of adjacent genes and published rRNA gene sequences (Boore 2006). The control 
region was identified through the boundary of the neighboring genes.

http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://lowelab.ucsc.edu/tRNAscan-SE/
http://lowelab.ucsc.edu/tRNAscan-SE/
http://mitos.bioinf.uni-leipzig.de/index.py/
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The base composition, codon usage (RSCU), and amino acid composition of the mi-
togenome were analyzed using MEGA v. 11.0. The skew of the nucleotide composition was 
calculated as follows: AT-skew = (A – T) / (A + T) and GC-skew = (G – C) / (G + C) (Perna 
and Kocher 1995; Hassanin et al. 2005; Bernt et al. 2013). DnaSP6 software (Rozas et al. 
2017) was used to count the non-synonymous substitutions (Ka) and synonymous substi-
tutions (Ks) of 13 PCGs of Pentatomoidea and to calculate the Ka/Ks values. The ratio Ka/
Ks indicated the rate of evolution, the higher the ratio, and the faster the rate of evolution.

Phylogenetic analyses

In this study, we used the two newly sequenced species, 87 species from other eight 
families of Pentatomoidea, and two species (Geocoris pallidipennis and Kleidocerys resedae 
as the outgroup) from Lygaeoidea to analyze the phylogenetic position of A. tuberculatus 
and A. ceylonicus and the phylogenetic relationships within Pentatomoidea (Table 1). 
DNA alignment was inferred from the amino-acid alignment of the 13 PCGs using 
MUSCLE with default settings in MEGA v. 11 (Edgar 2004).

Table 1. List of species used to construct the phylogenetic tree.

Classification Family Species Accession number Reference
Outgroup
Lygaeoidea Lygaeidae Geocoris pallidipennis EU427336 Hua et al. 2008

Kleidocerys resedae KJ584365 Li et al. 2016
Ingroup
Pentatomoidea Acanthosomatidae Acanthosoma labiduroides JQ743670 Li et al. 2017

Anaxandra taurina NC042801 Liu et al. 2019
Sastragala edessoides JQ743676 Li et al. 2017
Sastragala esakii MW847247 Xu et al. 2021

Cydnidae Adrisa magna NC042429 Liu et al. 2019
Aethus nigritus MW847231 Xu et al. 2021
Macroscytus gibbulus EU427338 Hua et al. 2008
Macroscytus subaeneus MW847241 Xu et al. 2021
Scoparipes salvazai NC042800 Liu et al. 2019

Dinidoridae Coridius brunneus MW899158 Unpublished
Cyclopelta parva NC037739 Jiang 2017
Megymenum gracilicorne NC042810 Liu et al. 2019

Pentatomidae Aeschrocoris ceylonicus OP526368 This study
Aeschrocoris tuberculatus OP526367 This study
Arma custos NC051562 Wu et al. 2020
Anaxilaus musgravei NC061538 Unpublished
Brachymna tenuis NC042802 Liu et al. 2019
Carbula sinica NC037741 Jiang 2017
Catacanthus incarnatus NC042804 Liu et al. 2019
Caystrus obscurus NC042805 Liu et al. 2019
Cazira horvathi NC042817 Liu et al. 2019
Dalpada cinctipes NC058967 Xu et al. 2021
Dalsira scabrata NC037374 Jiang 2017
Deroploa parva NC063299 Unpublished
Dinorhynchus dybowskyi NC037724 Zhao et al. 2018
Dolycoris baccarum NC020373 Zhang et al. 2013
Eocanthecona furcellata MZ440302 Unpublished
Eocanthecona thomsoni NC042816 Liu et al. 2019
Eurydema dominulus NC044762 Zhao et al. 2019b

http://www.ncbi.nlm.nih.gov/nuccore/EU427336
http://www.ncbi.nlm.nih.gov/nuccore/KJ584365
http://www.ncbi.nlm.nih.gov/nuccore/JQ743670
http://www.ncbi.nlm.nih.gov/nuccore/NC042801
http://www.ncbi.nlm.nih.gov/nuccore/JQ743676
http://www.ncbi.nlm.nih.gov/nuccore/MW847247
http://www.ncbi.nlm.nih.gov/nuccore/NC042429
http://www.ncbi.nlm.nih.gov/nuccore/MW847231
http://www.ncbi.nlm.nih.gov/nuccore/EU427338
http://www.ncbi.nlm.nih.gov/nuccore/MW847241
http://www.ncbi.nlm.nih.gov/nuccore/NC042800
http://www.ncbi.nlm.nih.gov/nuccore/MW899158
http://www.ncbi.nlm.nih.gov/nuccore/NC037739
http://www.ncbi.nlm.nih.gov/nuccore/NC042810
http://www.ncbi.nlm.nih.gov/nuccore/OP526368
http://www.ncbi.nlm.nih.gov/nuccore/OP526367
http://www.ncbi.nlm.nih.gov/nuccore/NC051562
http://www.ncbi.nlm.nih.gov/nuccore/NC061538
http://www.ncbi.nlm.nih.gov/nuccore/NC042802
http://www.ncbi.nlm.nih.gov/nuccore/NC037741
http://www.ncbi.nlm.nih.gov/nuccore/NC042804
http://www.ncbi.nlm.nih.gov/nuccore/NC042805
http://www.ncbi.nlm.nih.gov/nuccore/NC042817
http://www.ncbi.nlm.nih.gov/nuccore/NC058967
http://www.ncbi.nlm.nih.gov/nuccore/NC037374
http://www.ncbi.nlm.nih.gov/nuccore/NC063299
http://www.ncbi.nlm.nih.gov/nuccore/NC037724
http://www.ncbi.nlm.nih.gov/nuccore/NC020373
http://www.ncbi.nlm.nih.gov/nuccore/MZ440302
http://www.ncbi.nlm.nih.gov/nuccore/NC042816
http://www.ncbi.nlm.nih.gov/nuccore/NC044762
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Classification Family Species Accession number Reference
Pentatomoidea Pentatomidae Eurydema gebleri NC027489 Yuan et al. 2015

Eurydema liturifera NC044763 Zhao et al. 2019b
Eurydema maracandica NC037042 Zhao et al. 2017b
Eurydema oleracea NC044764 Zhao et al. 2019b
Eurydema qinlingensis NC044765 Unpublished
Eurydema ventralis MG584837 Unpublished
Erthesina fullo NC042202 Ji et al. 2019
Eysarcoris aeneus MK841489 Zhao et al. 2019a
Eysarcoris annamita MW852483 Li et al. 2021
Eysarcoris gibbosus MW846868 Li et al. 2021
Eysarcoris guttigerus NC047222 Chen et al. 2020
Eysarcoris montivagus MW846867 Li et al. 2021
Eysarcoris rosaceus MT165687 Li et al. 2021
Glaucias dorsalis NC058968 Xu et al. 2021
Gonopsis affinis NC036745 Chen et al. 2017
Graphosoma rubrolineatum NC033875 Wang et al. 2017
Halyomorpha halys NC013272 Lee et al. 2009
Hippotiscus dorsalis NC058969 Xu et al. 2021
Hoplistodera incisa NC042799 Liu et al. 2019
Menida violacea NC042818 Liu et al. 2019
Nezara viridula NC011755 Hua et al. 2008
Neojurtina typica NC058971 Xu et al. 2021
Palomena viridissima NC050166 Unpublished
Pentatoma metallifera NC058972 Xu et al. 2021
Pentatoma rufipes MT861131 Zhao et al. 2021
Pentatoma semiannulata NC053653 Unpublished
Picromerus griseus NC036418 Zhao et al. 2017a
Picromerus lewisi NC058610 Mu et al. 2022
Placosternum urus NC042812 Liu et al. 2019
Plautia crossota NC057080 Wang et al. 2019
Plautia fimbriata NC042813 Liu et al. 2019
Plautia lushanica NC058973 Xu et al. 2021
Priassus spiniger OK546352 Unpublished
Scotinophara lurida NC042815 Liu et al. 2019
Tholosanus proximus NC063300 Unpublished
Zicrona caerulea NC058303 Zhao et al. 2020

Plataspidae Brachyplatys subaeneus MW847232 Xu et al. 2021
Calacta lugubris MW847233 Xu et al. 2021
Coptosoma bifaria EU427334 Hua et al. 2008
Coptosoma variegatum OP123035 Zhu et al. 2022
Megacopta bituminata OP123020 Zhu et al. 2022
Megacopta caliginosa OP123022 Zhu et al. 2022
Megacopta centronubila OP123024 Zhu et al. 2022
Megacopta cribraria JF288758 Unpublished
Megacopta cribriella OP123025 Zhu et al. 2022
Megacopta distanti OP123028 Zhu et al. 2022
Megacopta horvathi OP123029 Zhu et al. 2022
Megacopta lobata OP123031 Zhu et al. 2022

Scutelleridae Cantao ocellatus MF497713 Liu et al. 2019
Chrysocoris stollii NC051942 Unpublished
Eurygaster testudinaria NC042808 Liu et al. 2019
Poecilocoris druraei MW847246 Xu et al. 2021

Tessaratomidae Dalcantha dilatata JQ910981 Li et al. 2017
Eusthenes cupreus NC022449 Song et al. 2013
Mattiphus splendidus NC053743 Xu et al. 2020
Pycanum ochraceum MW899159 Wang et al. 2021
Tessaratoma papillosa NC037742 Jiang 2017

Urostylididae Urostylis flavoannulata NC037747 Jiang 2017
Urolabida histrionica MW847249 Xu et al. 2021
Urochela quadrinotata NC020144 Li et al. 2012

http://www.ncbi.nlm.nih.gov/nuccore/NC027489
http://www.ncbi.nlm.nih.gov/nuccore/NC044763
http://www.ncbi.nlm.nih.gov/nuccore/NC037042
http://www.ncbi.nlm.nih.gov/nuccore/NC044764
http://www.ncbi.nlm.nih.gov/nuccore/NC044765
http://www.ncbi.nlm.nih.gov/nuccore/MG584837
http://www.ncbi.nlm.nih.gov/nuccore/NC042202
http://www.ncbi.nlm.nih.gov/nuccore/MK841489
http://www.ncbi.nlm.nih.gov/nuccore/MW852483
http://www.ncbi.nlm.nih.gov/nuccore/MW846868
http://www.ncbi.nlm.nih.gov/nuccore/NC047222
http://www.ncbi.nlm.nih.gov/nuccore/MW846867
http://www.ncbi.nlm.nih.gov/nuccore/MT165687
http://www.ncbi.nlm.nih.gov/nuccore/NC058968
http://www.ncbi.nlm.nih.gov/nuccore/NC036745
http://www.ncbi.nlm.nih.gov/nuccore/NC033875
http://www.ncbi.nlm.nih.gov/nuccore/NC013272
http://www.ncbi.nlm.nih.gov/nuccore/NC058969
http://www.ncbi.nlm.nih.gov/nuccore/NC042799
http://www.ncbi.nlm.nih.gov/nuccore/NC042818
http://www.ncbi.nlm.nih.gov/nuccore/NC011755
http://www.ncbi.nlm.nih.gov/nuccore/NC058971
http://www.ncbi.nlm.nih.gov/nuccore/NC050166
http://www.ncbi.nlm.nih.gov/nuccore/NC058972
http://www.ncbi.nlm.nih.gov/nuccore/MT861131
http://www.ncbi.nlm.nih.gov/nuccore/NC053653
http://www.ncbi.nlm.nih.gov/nuccore/NC036418
http://www.ncbi.nlm.nih.gov/nuccore/NC058610
http://www.ncbi.nlm.nih.gov/nuccore/NC042812
http://www.ncbi.nlm.nih.gov/nuccore/NC057080
http://www.ncbi.nlm.nih.gov/nuccore/NC042813
http://www.ncbi.nlm.nih.gov/nuccore/NC058973
http://www.ncbi.nlm.nih.gov/nuccore/OK546352
http://www.ncbi.nlm.nih.gov/nuccore/NC042815
http://www.ncbi.nlm.nih.gov/nuccore/NC063300
http://www.ncbi.nlm.nih.gov/nuccore/NC058303
http://www.ncbi.nlm.nih.gov/nuccore/MW847232
http://www.ncbi.nlm.nih.gov/nuccore/MW847233
http://www.ncbi.nlm.nih.gov/nuccore/EU427334
http://www.ncbi.nlm.nih.gov/nuccore/OP123035
http://www.ncbi.nlm.nih.gov/nuccore/OP123020
http://www.ncbi.nlm.nih.gov/nuccore/OP123022
http://www.ncbi.nlm.nih.gov/nuccore/OP123024
http://www.ncbi.nlm.nih.gov/nuccore/JF288758
http://www.ncbi.nlm.nih.gov/nuccore/OP123025
http://www.ncbi.nlm.nih.gov/nuccore/OP123028
http://www.ncbi.nlm.nih.gov/nuccore/OP123029
http://www.ncbi.nlm.nih.gov/nuccore/OP123031
http://www.ncbi.nlm.nih.gov/nuccore/MF497713
http://www.ncbi.nlm.nih.gov/nuccore/NC051942
http://www.ncbi.nlm.nih.gov/nuccore/NC042808
http://www.ncbi.nlm.nih.gov/nuccore/MW847246
http://www.ncbi.nlm.nih.gov/nuccore/JQ910981
http://www.ncbi.nlm.nih.gov/nuccore/NC022449
http://www.ncbi.nlm.nih.gov/nuccore/NC053743
http://www.ncbi.nlm.nih.gov/nuccore/MW899159
http://www.ncbi.nlm.nih.gov/nuccore/NC037742
http://www.ncbi.nlm.nih.gov/nuccore/NC037747
http://www.ncbi.nlm.nih.gov/nuccore/MW847249
http://www.ncbi.nlm.nih.gov/nuccore/NC020144
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To determine whether the sequences contained phylogenetic information, we 
tested nucleotide substitution saturation and plotted transition and transversion rates 
against the TN93 distances for two datasets: all codon positions of the 13 PCGs 
(PCG123) and first and second codon positions of PCGs (PCG12) using DAMBE to 
further validate the feasibility of constructing a phylogenetic tree (Xia and Xie 2001; 
Xia and Lemey 2009). Heterogeneity in sequence divergence in the two datasets was 
analyzed by using AliGROOVE with the default sliding window size (Kück et al. 
2014). PartitionFinder was used to provide the best fit model (Kalyaanamoorthy et 
al. 2017). IQtree v. 1.6.12 was used to construct the ML tree (Nguyen et al. 2015), 
and node confidence was assessed with 500,000 replications for bootstrap (Hoang et 
al. 2018). The phylogenetic trees were constructed using two datasets, PCG123 and 
PCG12. Finally, the generated phylogenetic trees were visualized using the online edit-
ing tool Chipolt (https://www.chiplot.online).

Results

Genomic features

The complete mitogenomes of Aeschrocoris tuberculatus (16,134 bp, GenBank acces-
sion no. OP56367) and A. ceylonicus (14,142 bp, GenBank accession no. OP56368) 
were obtained (Fig. 1). The mitogenomes of the two species contain a control region 
and 37 genes (13 PCGs, 22 tRNA genes, and two rRNA genes). The composition of 
genes is similar to those described in other pentatomid insects (Lee et al. 2009; Zhao 
et al. 2017a, 2017b; Chen et al. 2019). In addition, the mitochondrial genomes of 
both species have similar overlapping regions and gene spacer regions. In A. tubercu-
latus, the intergenic overlap region is 34 bp in length and contains seven overlapping 
regions of 1–8 bp in length. The longest overlapping regions are located between trnW/
trnC and nad6/cytb. The intergenic spacer is 127 bp in length and contains 17 spacers 
ranging from 1 to 25 bp in size. The longest spacer (25 bp) is located between trnS2 
and nad1. In A. ceylonicus, seven intergenic overlapping regions were examined with 
varying lengths of 1–8 bp, and the longest overlapping region is at the same position 
(between trnW and trnC, nad6, and cytb) as in A. tuberculatus. The intergenic spacers 
are the same in A. ceylonicus as in A. tuberculatus, and the longest spacer (33 bp) region 
is also situated between trnS2 and nad1 (Table 2).

Nucleotide composition and codon usage

The nucleotide composition of two species shows the predominance of A+T in the 
complete mitochondrial genome (Table 3). The order of base composition of the en-
tire sequence in A. tuberculatus and A. ceylonicus is A (42.32%) > T (31.55%) > C 
(15.20%) > G (10.94%) and A (42.36%) > T (31.72%) > C (14.94%) > G (10.98%), 
respectively. This bias was observed in the complete mitochondrial genome. The A+T 

https://www.chiplot.online
http://www.ncbi.nlm.nih.gov/nuccore/OP56367
http://www.ncbi.nlm.nih.gov/nuccore/OP56368
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content of the two species is 73.09% and 72.79% in PCGs, 76.11% and 76.63% 
in tRNAs, 75.97% and 76.60% in rRNAs and 73.99% and 77.35% in the control 
region, respectively. The complete genomes of both also show a clear AC skew (GC 
skew = –0.16, AT skew = 0.15, GC skew = –0.15, and AT skew = 0.14), suggesting a 
greater abundance of A than T and a higher abundance of C than G.

The composition of nucleotides is also reflected in the use of codons. The RSCUs 
of the two species show some differences and are compared to each other in Fig. 2. 
The most frequently used codons are UUA (Leu2), and most of the codons with 
high frequency ended in A/T. These results indicate that in the codon composition of 
Aeschrocoris mitogenomes, AT was superior to GC.

Table 2. Organization of the mitochondrial genomes of Aeschrocoris tuberculatus and A. ceylonicus.

A. tuberculatus A. ceylonicus
Gene Strand Anticodon Position Size 

(bp)
Initiation 

codon
Stop 

codon
Intergenic 
nucleotide

Position Size 
(bp)

Initiation 
codon

Stop 
codon

Intergenic 
nucleotide

trnI J GAT 1–71 71 0 1–71 71 0
trnQ N TTG 80–148 69 8 79–147 69 7
trnM J CAT 154–224 71 5 152–222 71 4
nad2 J 225–1208 984 ATA TAA 0 226–1206 981 ATA TAA 3
trnW J TCA 1226–1292 67 17 1223–1290 68 16
trnC N GCA 1285–1352 68 –8 1283–1350 68 –8
trnY N GTA 1366–1434 69 13 1364–1429 66 13
cox1 J 1450–2986 1537 TTG T 15 1445–2981 1537 TTG T 15
trnL2 J TAA 2987–3053 67 0 2982–3048 67 0
cox2 J 3054–3732 679 ATA T 0 3049–3727 679 ATA T 0
trnK J CTT 3733–3804 72 0 3728–3799 72 0
trnD J GTC 3808–3873 66 3 3803–3869 67 3
atp8 J 3874–4035 162 TTG TAA 0 3870–4031 162 TTG TAA 0
atp6 J 4029–4701 673 ATG T –7 4025–4697 673 ATG T –7
cox3 J 4702–5490 789 ATG TAA 0 4698–5486 789 ATG TAA 0
trnG J TCC 5490–5555 66 –1 5486–5550 65 –1
nad3 J 5556–5909 354 ATT TAA 0 5551–5904 354 ATT TAA 0
trnA J TGC 5914–5982 69 4 5909–5977 69 4
trnR J TCG 5991–6058 68 8 5988–6056 69 10
trnN J GTT 6064–6131 68 5 6061–6128 68 4
trnS1 J GCT 6133–6202 70 1 6130–6199 70 1
trnE J TTC 6207–6275 69 4 6200–6269 70 0
trnF N GAA 6274–6341 68 –2 6268–6335 68 –2
nad5 N 6346–8052 1707 ATG TAA 4 6340–8046 1707 ATG TAA 4
trnH N GTG 8055–8123 69 2 8049–8117 69 2
nad4 N 8127–9455 1329 ATG TAA 3 8121–9449 1329 ATG TAA 3
nad4l N 9449–9736 288 ATT TAA –7 9443–9730 288 ATT TAA –7
trnT J TGT 9739–9807 69 2 9733–9801 69 2
trnP N TGG 9808–9871 64 0 9802–9865 64 0
nad6 J 9880–10353 474 ATA TAA 8 9868–10347 480 TTG TAA 2
cytb J 10346–11482 1137 ATG TAA –8 10340–11476 1137 ATG TAA –8
trnS2 J TGA 11482–11550 69 –1 11476–11534 68 –1
nad1 N 11576–12499 924 TTG TAG 25 11568–12491 924 TTG TAG 33
trnL1 N TAG 12500–12565 66 0 12492–12557 66 0
rrnL N 12566–13874 1309 0 12558–13859 1302 0
trnV N TAC 13875–13942 68 0 13860–13927 68 0
rrnS N 13943–14751 809 0 13928–14740 813 0
OH J 14752–16134 1383 0 14741–16142 1402 0
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Figure 2. Relative synonymous codon usage (RSCU) within Aeschrocoris tuberculatus and A. ceylonicus. 
Codon families are shown on the x-axis and the frequency of RSCU on the y-axis.

Table 3. Nucleotide composition of the mitogenomes of Aeschrocoris tuberculatus and A. ceylonicus.

A. tuberculatus
Feature Length (bp) A% C% G% T% A+T% AT-skew GC-skew

Whole genome 16134 42.32 15.20 10.94 31.55 73.86 0.15 –0.16
PCGs 11036 32.63 13.54 13.37 40.46 73.09 –0.11 0.01
tRNA 1503 38.39 10.18 13.71 37.72 76.11 0.01 0.15
rRNA 2118 32.39 8.40 15.63 43.58 75.97 –0.15 0.30
Control region 1383 38.41 14.49 11.52 35.58 77.99 0.04 –0.11

A. ceylonicus
Feature Length (bp) A% C% G% T% A+T% AT-skew GC-skew

Whole genome 16142 42.36 14.94 10.98 31.72 74.08 0.14 –0.15
PCGs 11040 32.40 13.65 13.56 40.39 72.79 –0.11 0.00
tRNA 1502 38.08 9.85 13.52 38.55 76.63 –0.01 0.16
rRNA 2115 32.77 8.32 15.08 43.83 76.60 –0.14 0.29
Control region 1402 39.40 12.58 10.06 37.96 77.35 0.02 –0.11
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Protein-coding genes

The length of PCGs in A. tuberculatus and A. ceylonicus is 11,036 bp and 11,040 bp, re-
spectively. For the 13 PCGs, nine (cox1, cox2, cox3, atp6, atp8, nad2, nad3, nad6, and 
cytb) are encoded on the major strand (J-strand), whereas the other four are encoded 
on the minor strand (N-strand). The typical ATN (five with ATG, three with ATA, and 
two with ATT) are used as the start codon in most PCGs of these species, except for 
the atp8, nad1, and cox1 genes, which use TTG as the start codon. cox1, cox2, and atp6 
sequences terminate with a single T, the terminal codon of nad1 sequences is TAG, and 
the stop codon for the remaining genes was TAA.

In addition, we calculated non-synonymous substitutions (Ka), synonymous substi-
tutions (Ks), and Ka/Ks ratios for the 13 PCGs of the Pentatomoidea (Fig. 3), and the 
evolutionary rates of the 13 PCGs are compared. The results clearly show that atp8 evolved 
at the fastest rate (Ka/Ks = 0.75), cox1 evolved at the slowest rate (Ka/Ks = 0.06), and the 
other genes evolved in the order of nad6 > nad2 > nad4 > nad5 > nad4l > atp6 > nad3 > 
nad1 > cox2 > cox3 > cytb. Furthermore, all 13 PCGs have Ks values greater than Ka values 
and Ka/Ks ratios less than 1, indicating that these genes are affected by purifying selection.

Transfer and ribosomal RNAs

The total lengths of the tRNAs of A. tuberculatus and A. ceylonicus are 1,503 bp and 
1,502 bp, respectively. And the length of tRNA genes are from 64 bp to 72 bp. Four-
teen genes (trnA, trnE, trnD, trnG, trnK, trnI, trnL2, trnM, trnN, trnR, trnS1, trnS2, 

Figure 3. Evolutionary rates of 13 PCGs in Pentatomoidea. Rate of non-synonymous substitutions 
(Ka), rate of synonymous substitutions (Ks), and ratio of rate of non-synonymous substitutions to rate of 
synonymous substitutions (Ka/Ks) are calculated for each PCG.
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trnT, and trnW) are located on the J-strand, and other eight genes on the N-strand. 
Only trnS1 lacks a dihydrouridine (DHU) arm; the other tRNA genes all have the clas-
sic cloverleaf secondary structure. In addition to the typical base pairs (A-U and G-C), 
some wobble G-U pairs appear in these secondary structures, which can form stable 
chemical bonds between G and U (Fig. 4).

Figure 4. Predicted secondary structure of tRNA genes in Aeschrocoris tuberculatus. Conserved sites in 
Pentatomoidea are marked orange. Nonconserved sites in A. tuberculatus and A. ceylonicus are marked blue.
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The rrnL and rrnS genes have the same situation in the two species. The rrnL gene 
is located between trnL1 (CUN) and trnV, and the rrnS gene is located between trnV 
and the control region; they are encoded on the N-strand. The lengths of the two genes 
in A. tuberculatus are 1,309 bp (rrnL) and 809 bp (rrnS); the complete secondary struc-
tures are shown in Figs 5, 6. In A. ceylonicus, the two genes are 1,302 bp (rrnL) and 
813 bp (rrnS) in length. The order of the base content of the rRNA genes is T (43.58%) 
> A (32.39%) > G (15.63%) > C (8.40%) and T (43.83%) > A (32.77%) > G (15.08%) 
> C (8.32%), respectively. The AT-skews are negative, and the GC-skews are positive.

The control region

The control is the main regulatory region for replication and transcription of the mi-
tochondrial genome (Taanman 1999; Stewart and Beckenbach 2006; Cameron 2014). 
The variation in length of the control region is mainly caused by the lengths and num-
bers of repeating units. In conclusion, the sequence and structure of the mitochon-
drial control region is highly variable in Hemiptera (Moreno et al. 2010). The control 
region of A. tuberculatus, located between rrnS and trnI genes, is 1,383 bp in length, 
and the A + T content is 73.99%. The length of the control region of A. ceylonicus, at 
1,402 bp, is similar to A. tuberculatus, and the A + T content is 77.35%. Moreover, 
both species have a variety of different tandem repeat units (Fig. 7).

Figure 5. Predicted secondary structure of the rrnL in Aeschrocoris tuberculatus. Conserved sites in Pen-
tatomoidea are marked orange. Nonconserved sites in A. tuberculatus and A. ceylonicus are marked blue.
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Figure 6. Predicted secondary structure of the rrnS in Aeschrocoris tuberculatus. Conserved sites in Pen-
tatomoidea are marked orange. Nonconserved sites in A. tuberculatus and A. ceylonicus are marked blue.
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Tests of substitution saturation and heterogeneity

Before constructing the phylogenetic tree, we evaluated the substitution saturation of 
the PCG123 and PCG12 datasets. The results show that the Xia saturation index (Iss) is 
below the critical values for a symmetric (Iss.cSym) and asymmetric (Iss.cAsym) topolo-
gy (Fig. 8). Meanwhile, the conversion rate and modified genetic distance both increase 
linearly, indicating that the nucleotide sequences of two datasets are not saturated.

Our analysis of the heterogeneity of the base composition in the two datasets show 
that the heterogeneity of PCG123 is higher than in PCG12, thus indicating a higher 
heterogeneity of the third site of the codon. The degree of heterogeneity between the 
two datasets is certainly consistent with the construction of a phylogenetic tree, which 
can be used for phylogenetic analysis (Fig. 9).

Phylogenetic analyses

We constructed phylogenetic trees of Pentatomoidea based on the two datasets using the 
ML method (Figs 10, 11). The results show that the topological structure of the tree is re-
liable. The relationship is as follows: (Urostylididae + ((Acanthosomatidae + ((Cydnidae 
+ (Dinidoridae + Tessaratomidae)) + (Scutelleridae + Plataspidae))) + Pentatomidae)). All 
analyses also show that A. tuberculatus and A. ceylonicus are the earliest diverging lineage 
within Pentatomidae and cluster as a sister group. The monophyly of Pentatominae and 
Podopinae is rejected, as both are scattered within the Pentatomidae clade. However, we 
recovered the monophyly of Asopinae and Phyllocephalinae with strong support values 
and high internal node support values. The two subfamilies are nested in one of the Pen-
tatominae clades, so the subfamilies of Pentatomidae need further research.

Discussion and conclusions

In this study, we sequenced and annotated the complete mitogenomes of Aeschroco-
ris tuberculatus and A. ceylonicus using NGS technology and Geneious v. 11.0. Our 
analysis comparing of the mitochondrial genomes of the two species show that the 
gene arrangement is highly conserved, which is consistent with other published mito-
chondrial genomes of Hemiptera (Hua et al. 2008; Lee et al. 2009; Song et al. 2013). 

Figure 7. Organization of the control region in the mitochondrial genomes of Aeschrocoris tuberculatus 
and A. ceylonicus. The tandem repeats are shown by yellow ovals with repeat length inside. CR indicates 
the length of the sequence of the control region.
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Figure 8. The substitution saturation analysis of two datasets a PCG123 b PCG12.

Figure 9. AliGROOVE analysis of 89 Pentatomoidea species a based on PCG123 b based on PCG12. The 
mean similarity score between sequences is represented by colored squares, based on AliGROOVE scores 
ranging from –1, which indicates a great difference in rates from the remainder of the data set (= heterogene-
ity, red color) to +1, which indicates rates that matched all other comparisons (blue color, as in this case).
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The lengths of the mitochondrial genomes of A. tuberculatus and A. ceylonicus are 
16,134 bp and 16,142 bp, respectively. There were four overlapping regions in the 
mitochondrial genome of these two species. The positions of their overlapping regions 
re identical. One of the longest overlaps, located between trnW and trnC, is 8 bp in 
length, and the overlapping bases are AAGCTTTA, which is common in pentatomid 
species (Yuan et al. 2015; Zhao et al. 2019a). The other two pairs of genes, namely 
atp8/atp6 and nad4/nad4l, overlap by 7 bp, and both overlapping bases are ATGA-
TAA. Specifically, an overlap of 8 bp between nad6 and cytb was also observed, and 
the overlapping bases are ATGAATAA. This is different from that found in previous 
studies on Pentatomidae. Between trnS2 and nad1, the longest spacer region appeared 
in both, which is consistent with the findings of other studies (Hua et al. 2008; Zhao et 
al. 2019a). The difference of mitogenome size between A. tuberculatus and A. ceylonicus 
is due to the length difference of the noncoding region.

In most Pentatomidae mitochondrial genomes, only cox1 has TTG as its start co-
don, and the remaining 12 PCGs use ATN as their start codon (Hua et al. 2008; Li et 
al. 2012). However, there is a difference between A. tuberculatus and A. ceylonicus in that 

Figure 10. Phylogenetic tree using ML analyses based on PCG123. Numbers at the node are boot-
strap values.
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nine PCGs have the same start codons ATN, and four PCGs (nad1, cox1, atp8, and 
nad6) use TTG as the start codon. Most PCGs use the TAA as the stop codon; neverthe-
less, in some insects, nad1, cox2, and some other genes use the single T or TAG as the 
stop codon (Liu et al. 2012; Song et al. 2013). In this study, our results show most PCGs 
stop with TAA, and three PCGs (cox1, cox2, and atp6) stop with a single T. However, 
one PCG (nad1) stops with TAG. In PCGs, cox1 is commonly used for barcode analysis 
and genus or species identification due to its slow rate of evolution (Hebert et al. 2004).

The composition of the four bases in A. tuberculatus and A. ceylonicus is A>T>C>G. 
There is a clear AT preference in nucleotide composition. Most tRNAs have the typical 
cloverleaf secondary structure as observed in Hemiptera. However, the lack of a DHU 
arm in the trnS1 is common in hemipteran mitogenomes (Wolstenholme 1992; Shi et 
al. 2012). rrnL and rrnS in A. tuberculatus and A. ceylonicus lie between trnL1 (CUN) 
and trnV, and between trnV and the control region, respectively. In Pentatomoidea, 
rrnS contains 19.37% conserved sites and included three domains. The rrnL contains 
26.81% conserved sites and six domains (domain III is absent), and the IV and V do-
mains are relatively conservative.

Figure 11. Phylogenetic tree using ML analyses based on PCG12. Numbers at the node are boot-
strap values.
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Through the topological structure of the trees, the clade including Urostylididae is found 
to be the earliest clade lineage. It forms a sister group to the other families. The relationship 
of (Cydnidae + (Dinidoridae + Tessaratomidae)) was recovered in our phylogenetic results 
with high support; these results are consistent with previous studies (Grazia et al. 2008; 
Yuan et al. 2015; Wu et al. 2018; Zhao et al. 2018; Xu et al. 2021). Xu et al. (2021) used 
PCGRNA and PCG12RNA data sets to recover the sister-group relationship of (Plataspi-
dae + Scutelleridae) and (Dinidoridae + Tessaratomidae), and we also obtained this result. 
Of course, there are still other conclusions to be made based on the phylogenetic studies of 
Pentatomoidea. Previously, two sister groups (Plataspidae + Pentatomidae) and (Cydnidae 
+ Scutelleridae) were recovered (Zhao et al. 2018; Liu et al. 2019). Possible reasons include, 
for example, the number of samples, the selection of outliers, the selection of data sets, and 
the influence of branches. In addition, the saturation and heterogeneity of the third site of 
PCG has little effect on the topological structure of the trees. In the study of Hemiptera 
insects, retention of the third site of PCG does not reduce the reliability of the phylogenetic 
results (Fenn et al. 2008). Although in many studies, the results obtained from different 
data sets and inference methods show that there are some contradictions among the rela-
tionships among families, our results based on more species have higher reliability. This 
study also confirms that adding more mitochondrial genome sequences is the key to solve 
the phylogenetic relationships of Pentatomoidea at various different taxonomic levels.

We studied the genus Aeschrocoris at a molecular level for the first time and prelimi-
narily identified its taxonomic position and evolution in phylogenetic relationships. 
This study not only discusses the relationships among families, but it also adds new 
molecular data for Pentatomidae. These results demonstrate that mitochondrial ge-
nomes can effectively reveal the phylogenetic relationships among differing taxonomic 
hierarchies. We should sequence more mitochondrial genes to provide greater evidence 
for exploring the phylogenetic relationships among taxa.

Acknowledgements

This research was funded by the National Science Foundation Project of China (no. 
31872272 and 32100370); the Research Project Supported by Shanxi Scholarship 
Council of China (no. 2020-064 and 2020-065), Natural Science Research General 
Project of Shanxi Province (No.202103021224331 and 202103021224132).

References

Ballard JWO, Whitlock MC (2004) The incomplete natural history of mitochondria. Molecular 
Ecology 13(4): 729–744. https://doi.org/10.1046/j.1365-294X.2003.02063.x

Bernt M, Donath A, Jühling F, Externbrink F, Florentz C, Fritzsch G, Pütz J, Middendorf M, 
Stadler PF (2013) MITOS: Improved de novo metazoan mitochondrial genome annota-
tion. Molecular Phylogenetics and Evolution 69(2): 313–319. https://doi.org/10.1016/j.
ympev.2012.08.023

https://doi.org/10.1046/j.1365-294X.2003.02063.x
https://doi.org/10.1016/j.ympev.2012.08.023
https://doi.org/10.1016/j.ympev.2012.08.023


The mitochondrial genome research 163

Boore JL (1999) Animal mitochondrial genomes. Nucleic Acids Research 27(8): 1767–1780. 
https://doi.org/10.1093/nar/27.8.1767

Boore JL (2006) The use of genome-level characters for phylogenetic reconstruction. Trends in 
Ecology & Evolution 21(8): 439–446. https://doi.org/10.1016/j.tree.2006.05.009

Cachan P (1952) Les Pentatomidae de Madagascar (Hemipteres Heteropteres). Mémoires de 
l’Institut Scientifique de Madagascar (E) 1: 231–462.

Cameron SL (2014) Insect mitochondrial genomics: Implications for evolution and phylog-
eny. Annual Review of Entomology 59(1): 95–117. https://doi.org/10.1146/annurev-en-
to-011613-162007

Chen C, Wei J, Ji W, Zhao Q (2017) The first complete mitochondrial genome from the sub-
family Phyllocephalinae (Heteroptera: Pentatomidae) and its phylogenetic analysis. Mito-
chondrial DNA. Part B, Resources 2(2): 938–939. https://doi.org/10.1080/23802359.20
17.1413313

Chen Y, Chen Y, Shi C, Huang Z, Zhang Y, Li S, Li Y, Ye J, Yu C, Li Z, Zhang X, Wang J, 
Yang H, Fang L, Chen Q (2018) SOAPnuke: A MapReduce acceleration-supported soft-
ware for integrated quality control and preprocessing of high-throughput sequencing data. 
GigaScience 7(1): gix120. https://doi.org/10.1093/gigascience/gix120

Chen D-B, Zhang R-S, Bian H-X, Li Q, Xia R-X, Li Y-P, Liu Y-Q, Lu C (2019) Comparative 
mitochondrial genomes provide new insights into the true wild progenitor and origin of 
domestic silkworm Bombyx mori. International Journal of Biological Macromolecules 131: 
176–183. https://doi.org/10.1016/j.ijbiomac.2019.03.002

Chen Q, Niu X, Fang Z, Weng Q (2020) The complete mitochondrial genome of Eysarco-
ris guttigerus (Hemiptera: Pentatomidae). Mitochondrial DNA. Part B, Resources 5(1): 
687–688. https://doi.org/10.1080/23802359.2020.1714498

De Clercq P, Peeters I, Vergauwe G, Thas O (2003) Interaction between Podisus maculiventris 
and Harmonia axyridis two predators used in augmentative biological control in green-
house crops. BioControl 48(1): 39–55. https://doi.org/10.1023/A:1021219714684

Distant WL (1902) The Fauna of British India, Including Ceylon and Burma. In: Blanford WT 
(Ed.) Vol. 1. Heteroptera. Taylor & Francis, London, [xxxviii +] 438 pp.

Edgar RC (2004) MUSCLE: A multiple sequence alignment method with reduced time 
and space complexity. BMC Bioinformatics 5(1): 113. https://doi.org/10.1186/1471-
2105-5-113

Fan ZH (2011) The Study on Systematics of Pentatominae from China (Hemiptera: Heterop-
tera: Pentatomidae). PhD, Nankai University, Tianjin.

Fenn JD, Song H, Cameron SL, Whiting MF (2008) A preliminary mitochondrial genome 
phylogeny of Orthoptera (Insecta) and approaches to maximizing phylogenetic signal 
found within mitochondrial genome data. Molecular Phylogenetics and Evolution 49(1): 
59–68. https://doi.org/10.1016/j.ympev.2008.07.004

Grazia J, Schuh RT, Wheeler WC (2008) Phylogenetic relationships of family groups in Pen-
tatomoidea based on morphology and DNA sequences (Insecta: Heteroptera). Cladistics 
24(6): 932–976. https://doi.org/10.1111/j.1096-0031.2008.00224.x

Hassan M, Mukherjee P, Biswas B (2016) A new species of Aeschrocoris Bergroth (Hemiptera: 
Heteroptera: Pentatomidae: Pentatominae) from India. Munis Entomology & Zoology 
11: 246–249.

https://doi.org/10.1093/nar/27.8.1767
https://doi.org/10.1016/j.tree.2006.05.009
https://doi.org/10.1146/annurev-ento-011613-162007
https://doi.org/10.1146/annurev-ento-011613-162007
https://doi.org/10.1080/23802359.2017.1413313
https://doi.org/10.1080/23802359.2017.1413313
https://doi.org/10.1093/gigascience/gix120
https://doi.org/10.1016/j.ijbiomac.2019.03.002
https://doi.org/10.1080/23802359.2020.1714498
https://doi.org/10.1023/A:1021219714684
https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1016/j.ympev.2008.07.004
https://doi.org/10.1111/j.1096-0031.2008.00224.x


Wang Jia et al.  /  ZooKeys 1160: 145–167 (2023)164

Hassanin A, Leger N, Deutsch J (2005) Evidence for multiple reversals of asymmetric mu-
tational constraints during the evolution of the mitochondrial genome of Metazoa, and 
consequences for phylogenetic inferences. Systematic Biology 54(2): 277–298. https://doi.
org/10.1080/10635150590947843

Hebert PDN, Stoeckle MY, Zemlak TS, Francis CM (2004) Identification of birds through 
DNA barcodes. PLoS Biology 2(10): e312. https://doi.org/10.1371/journal.pbio.0020312

Hoang DT, Chernomor O, Von Haeseler A, Minh BQ, Vinh LS (2018) UFBoot2: Improving 
the ultrafast bootstrap approximation. Molecular Biology and Evolution 35(2): 518–522. 
https://doi.org/10.1093/molbev/msx281

Hua J, Li M, Dong P, Cui Y, Xie Q, Bu W (2008) Comparative and phylogenomic studies 
on the mitochondrial genomes of Pentatomomorpha (Insecta: Hemiptera: Heteroptera). 
BMC Genomics 9(1): 610. https://doi.org/10.1186/1471-2164-9-610

Ji H, Xu X, Jin X, Yin H, Luo J, Liu G, Zhao Q, Chen Z, Bu W, Gao S (2019) Using high-reso-
lution annotation of insect mitochondrial DNA to decipher tandem repeats in the control 
region. RNA Biology 16(6): 830–837. https://doi.org/10.1080/15476286.2019.1591035

Jiang P (2017) Studies on the comparative mitochondrial genomics and phylogeny of Heterop-
tera (insecta: Hemiptera). PhD, China Agricultural University, Beijing.

Kalyaanamoorthy S, Minh BQ, Wong TK, Von Haeseler A, Jermiin LS (2017) ModelFinder: 
Fast model selection for accurate phylogenetic estimates. Nature Methods 14(6): 587–589. 
https://doi.org/10.1038/nmeth.4285

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, Cooper A, 
Markowitz S, Duran C, Thierer T, Ashton B, Meintjes P, Drummond A (2012) Geneious 
Basic: An integrated and extendable desktop software platform for the organization and 
analysis of sequence data. Bioinformatics 28(12): 1647–1649. https://doi.org/10.1093/
bioinformatics/bts199

Kück P, Meid SA, Groß C, Wägele JW, Misof B (2014) AliGROOVE–Visualization of heterogene-
ous sequence divergence within multiple sequence alignments and detection of inflated branch 
support. BMC Bioinformatics 15(1): 294. https://doi.org/10.1186/1471-2105-15-294

Lee W, Kang J, Jung C, Hoelmer K, Lee SH, Lee S (2009) Complete mitochondrial genome 
of brown marmorated stink bug Halyomorpha halys (Hemiptera: Pentatomidae), and phy-
logenetic relationships of hemipteran suborders. Molecules and Cells 28(3): 155–165. 
https://doi.org/10.1007/s10059-009-0125-9

Li H, Jiang P, Song F, Ye Z, Yuan X, Chang J, Cai W (2012) Sequence and organization of the 
mitochondrial genome of an urostylidid bug, Urochela quadrinotata Reuter (Hemiptera: 
Urostylididae). Entomotaxonomia 34: 613–623.

Li T, Yi W, Zhang H, Xie Q, Bu W (2016) Complete mitochondrial genome of the birch 
catkin bug Kleidocerys resedae resedae, as the first representative from the family Lygaei-
dae (Hemiptera: Heteroptera: Lygaeoidea). Mitochondrial DNA. Part A, DNA Mapping, 
Sequencing, and Analysis 27: 618–619. https://doi.org/10.3109/19401736.2014.908372

Li H, Leavengood Jr JM, Chapman EG, Burkhardt D, Song F, Jiang P, Liu J, Zhou X, Cai W 
(2017) Mitochondrial phylogenomics of Hemiptera reveals adaptive innovations driving 
the diversification of true bugs. Proceedings of the Royal Society B, Biological Sciences 
284(1862): 20171223. https://doi.org/10.1098/rspb.2017.1223

https://doi.org/10.1080/10635150590947843
https://doi.org/10.1080/10635150590947843
https://doi.org/10.1371/journal.pbio.0020312
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1186/1471-2164-9-610
https://doi.org/10.1080/15476286.2019.1591035
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1186/1471-2105-15-294
https://doi.org/10.1007/s10059-009-0125-9
https://doi.org/10.3109/19401736.2014.908372
https://doi.org/10.1098/rspb.2017.1223


The mitochondrial genome research 165

Li R, Li M, Yan J, Bai M, Zhang H (2021) Five mitochondrial genomes of the genus Eysarcoris 
Hahn, 1834 with phylogenetic implications for the Pentatominae (Hemiptera: Pentatomi-
dae). Insects 12(7): 597. https://doi.org/10.3390/insects12070597

Liu L, Li H, Song F, Song W, Dai X, Chang J, Cai W (2012) The mitochondrial genome 
of Coridius chinensis (Hemiptera: Dinidoridae). Zootaxa 3537(1): 29–40. https://doi.
org/10.11646/zootaxa.3537.1.2

Liu Y, Li H, Song F, Zhao Y, Wilson JJ, Cai W (2019) Higher‐level phylogeny and evolutionary 
history of Pentatomomorpha (Hemiptera: Heteroptera) inferred from mitochondrial genome 
sequences. Systematic Entomology 44(4): 810–819. https://doi.org/10.1111/syen.12357

Lowe TM, Eddy SR (1997) tRNAscan-SE: A program for improved detection of transfer 
RNA genes in genomic sequence. Nucleic Acids Research 25(5): 955–964. https://doi.
org/10.1093/nar/25.5.955

Mardis E, McCombie WR (2017) Library quantification: fluorometric quantitation of double-
stranded or single-stranded DNA samples using the qubit system. Cold Spring Harbor 
Protocols 2017: pdb.prot094730. https://doi.org/10.1101/pdb.prot094730

Moreno M, Marinotti O, Krzywinski J, Tadei WP, James AA, Achee NL, Conn JE (2010) 
Complete mtDNA genomes of Anopheles darlingi and an approach to anopheline diver-
gence time. Malaria Journal 9(1): 127. https://doi.org/10.1186/1475-2875-9-127

Mu Y-L, Zhang C-H, Zhang Y-J, Yang L, Chen X-S (2022) Characterizing the complete 
mitochondrial genome of Arma custos and Picromerus lewisi (Hemiptera: Pentatomi-
dae: Asopinae) and conducting phylogenetic analysis. Journal of Insect Science 22(1): 6. 
https://doi.org/10.1093/jisesa/ieab105

Nguyen L-T, Schmidt HA, Von Haeseler A, Minh BQ (2015) IQ-TREE: A fast and effective 
stochastic algorithm for estimating maximum-likelihood phylogenies. Molecular Biology 
and Evolution 32(1): 268–274. https://doi.org/10.1093/molbev/msu300

Perna NT, Kocher TD (1995) Patterns of nucleotide composition at fourfold degenerate 
sites of animal mitochondrial genomes. Journal of Molecular Evolution 41(3): 353–358. 
https://doi.org/10.1007/BF01215182

Rider DA, Schwertner CF, Vilímová J, Rédei D, Kment P, Thomas DB (2018) Higher sys-
tematics of the Pentatomoidea. In: McPherson JE (Ed.) Invasive Stink Bugs and Related 
Species (Pentatomoidea): Biology, Higher Systematics, Semiochemistry, and Management. 
CRC Press, Boca Raton, 25–204. https://doi.org/10.1201/9781315371221-2

Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-Rico S, Librado P, Ramos-Onsins SE, Sánchez-
Gracia A (2017) DnaSP 6: DNA sequence polymorphism analysis of large data sets. Molecular 
Biology and Evolution 34(12): 3299–3302. https://doi.org/10.1093/molbev/msx248

Shi A, Li H, Bai X, Dai X, Chang J, Guilbert E, Cai W (2012) The complete mitochondrial ge-
nome of the flat bug Aradacanthia heissi (Hemiptera: Aradidae). Zootaxa 3238(1): 23–38. 
https://doi.org/10.11646/zootaxa.3238.1.2

Simon S, Hadrys H (2013) A comparative analysis of complete mitochondrial genomes 
among Hexapoda. Molecular Phylogenetics and Evolution 69(2): 393–403. https://doi.
org/10.1016/j.ympev.2013.03.033

Simon C, Frati F, Beckenbach A, Crespi B, Liu H, Flook P (1994) Evolution, weighting, and 
phylogenetic utility of mitochondrial gene sequences and a compilation of conserved poly-

https://doi.org/10.3390/insects12070597
https://doi.org/10.11646/zootaxa.3537.1.2
https://doi.org/10.11646/zootaxa.3537.1.2
https://doi.org/10.1111/syen.12357
https://doi.org/10.1093/nar/25.5.955
https://doi.org/10.1093/nar/25.5.955
https://doi.org/10.1101/pdb.prot094730
https://doi.org/10.1186/1475-2875-9-127
https://doi.org/10.1093/jisesa/ieab105
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1007/BF01215182
https://doi.org/10.1201/9781315371221-2
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.11646/zootaxa.3238.1.2
https://doi.org/10.1016/j.ympev.2013.03.033
https://doi.org/10.1016/j.ympev.2013.03.033


Wang Jia et al.  /  ZooKeys 1160: 145–167 (2023)166

merase chain reaction primers. Annals of the Entomological Society of America 87(6): 
651–701. https://doi.org/10.1093/aesa/87.6.651

Simon C, Buckley TR, Frati F, Stewart JB, Beckenbach AT (2006) Incorporating molecular evo-
lution into phylogenetic analysis, and a new compilation of conserved polymerase chain re-
action primers for animal mitochondrial DNA. Annual Review of Ecology, Evolution, and 
Systematics 37(1): 545–579. https://doi.org/10.1146/annurev.ecolsys.37.091305.110018

Song W, Li H, Song F, Liu L, Wang P, Xun H, Dai X, Chang J, Cai W (2013) The com-
plete mitochondrial genome of a tessaratomid bug, Eusthenes cupreus (Hemiptera: 
Heteroptera: Pentatomomorpha: Tessaratomidae). Zootaxa 3620(2): 260–272. https://doi.
org/10.11646/zootaxa.3620.2.4

Stewart J, Beckenbach A (2006) The complete mitochondrial genome sequence of a giant 
stonefly, Pteronarcys princeps, asymmetric directional mutation bias, and conserved plecop-
teran A+ T-region elements. Genome 49(7): 815–824. https://doi.org/10.1139/g06-037

Taanman J-W (1999) The mitochondrial genome: Structure, transcription, translation and 
replication. Biochimica et Biophysica Acta (BBA) –. Bioenergetics 1410(2): 103–123. 
https://doi.org/10.1016/S0005-2728(98)00161-3

Tamura K, Stecher G, Kumar S (2021) MEGA11: Molecular Evolutionary Genetics Analysis 
version 11. Molecular Biology and Evolution 38(7): 3022–3027. https://doi.org/10.1093/
molbev/msab120

Wang J, Zhang L, Yang X-Z, Zhou M-Q, Yuan M-L (2017) The first mitochondrial genome 
for the subfamily Podopinae (Hemiptera: Pentatomidae) and its phylogenetic implications. 
Mitochondrial DNA. Part B, Resources 2(1): 219–220. https://doi.org/10.1080/238023
59.2017.1310605

Wang Y, Duan Y, Yang X (2019) The complete mitochondrial genome of Plautia crossota 
(Hemiptera: Pentatomidae). Mitochondrial DNA. Part B, Resources 4(2): 2281–2282. 
https://doi.org/10.1080/23802359.2019.1627924

Wang Y-C, Li G-L, Liu X-Y, He Q-J, Yi C-H, Yang C, Zhu E-J (2021) The complete mitochondrial 
genome of Pycanum ochraceum Distant, 1893 (Hemiptera: Tessaratomidae). Mitochondrial 
DNA, Part B, Resources 6(12): 3383–3385. https://doi.org/10.1080/23802359.2021.1997659

Wolstenholme DR (1992) Animal mitochondrial DNA: Structure and evolution. International 
Review of Cytology 141: 173–216. https://doi.org/10.1016/S0074-7696(08)62066-5

Wu YZ, Rédei D, Eger Jr J, Wang YH, Wu HY, Carapezza A, Kment P, Cai B, Sun XY, Guo 
PL, Luo J-Y, Xie Q (2018) Phylogeny and the colourful history of jewel bugs (Insecta: 
Hemiptera: Scutelleridae). Cladistics 34(5): 502–516. https://doi.org/10.1111/cla.12224

Wu Y, Yang H, Zhou W, Song F, Cai W, Li H (2020) Characterization of the complete mito-
chondrial genome of Arma custos (Hemiptera: Pentatomidae). Mitochondrial DNA. Part 
B, Resources 5(3): 2624–2626. https://doi.org/10.1080/23802359.2020.1780985

Xia X, Lemey P (2009) Assessing substitution saturation with DAMBE. In: Lemey P, Salemi 
M, Vandamme AM (Eds) The Phylogenetic Handbook: a Practical Approach to DNA and 
Protein Phylogeny. 2nd edn. Cambridge University Press, Cambridge, 615–630. https://doi.
org/10.1017/CBO9780511819049.022

Xia X, Xie Z (2001) DAMBE: Software package for data analysis in molecular biology and evo-
lution. The Journal of Heredity 92(4): 371–373. https://doi.org/10.1093/jhered/92.4.371

https://doi.org/10.1093/aesa/87.6.651
https://doi.org/10.1146/annurev.ecolsys.37.091305.110018
https://doi.org/10.11646/zootaxa.3620.2.4
https://doi.org/10.11646/zootaxa.3620.2.4
https://doi.org/10.1139/g06-037
https://doi.org/10.1016/S0005-2728(98)00161-3
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1080/23802359.2017.1310605
https://doi.org/10.1080/23802359.2017.1310605
https://doi.org/10.1080/23802359.2019.1627924
https://doi.org/10.1080/23802359.2021.1997659
https://doi.org/10.1016/S0074-7696(08)62066-5
https://doi.org/10.1111/cla.12224
https://doi.org/10.1080/23802359.2020.1780985
https://doi.org/10.1017/CBO9780511819049.022
https://doi.org/10.1017/CBO9780511819049.022
https://doi.org/10.1093/jhered/92.4.371


The mitochondrial genome research 167

Xu S, Wu Y, Cai W, Song F (2020) The complete mitochondrial genome of the lychee stinkbug 
Mattiphus splendidus (Hemiptera: Tessaratomidae). Mitochondrial DNA, Part B, Resources 
5(1): 321–322. https://doi.org/10.1080/23802359.2019.1703609

Xu S, Wu Y, Liu Y, Zhao P, Chen Z, Song F, Li H, Cai W (2021) Comparative mitogenom-
ics and phylogenetic analyses of Pentatomoidea (Hemiptera: Heteroptera). Genes 12(9): 
1306. https://doi.org/10.3390/genes12091306

Yuan M-L, Zhang Q-L, Guo Z-L, Wang J, Shen Y-Y (2015) Comparative mitogenomic analy-
sis of the superfamily Pentatomoidea (Insecta: Hemiptera: Heteroptera) and phylogenetic 
implications. BMC Genomics 16(1): 460. https://doi.org/10.1186/s12864-015-1679-x

Yuan L, Liu H, Ge X, Yang G, Xie G, Yang Y (2022) A mitochondrial genome phylogeny of cleri-
dae (Coleoptera, cleroidea). Insects 13(2): 118. https://doi.org/10.3390/insects13020118

Zhang Q-L, Yuan M-L, Shen Y-Y (2013) The complete mitochondrial genome of Dolycoris 
baccarum (Insecta: Hemiptera: Pentatomidae). Mitochondrial DNA 24(5): 469–471. 
https://doi.org/10.3109/19401736.2013.766182

Zhao Q, Wei J, Zhao W, Cai B, Du X, Zhang H (2017a) The first mitochondrial genome for 
the subfamily Asopinae (Heteroptera: Pentatomidae) and its phylogenetic implications. 
Mitochondrial DNA, Part B, Resources 2(2): 804–805. https://doi.org/10.1080/238023
59.2017.1398599

Zhao W, Zhao Q, Li M, Wei J, Zhang X, Zhang H (2017b) Characterization of the complete 
mitochondrial genome and phylogenetic implications for Eurydema maracandica (Hemip-
tera: Pentatomidae). Mitochondrial DNA, Part B, Resources 2(2): 550–551. https://doi.or
g/10.1080/23802359.2017.1365649

Zhao Q, Wang J, Wang M-Q, Cai B, Zhang H-F, Wei J-F (2018) Complete mitochondri-
al genome of Dinorhynchus dybowskyi (Hemiptera: Pentatomidae: Asopinae) and phy-
logenetic analysis of Pentatomomorpha species. Journal of Insect Science 18(2): 44. 
https://doi.org/10.1093/jisesa/iey031

Zhao Q, Chen C, Liu J, Wei J (2019a) Characterization of the complete mitochondrial genome 
of Eysarcoris aeneus (Heteroptera: Pentatomidae), with its phylogenetic analysis. Mitochon-
drial DNA, Part B, Resources 4(2): 2096–2097. https://doi.org/10.1080/23802359.201
9.1622465

Zhao W, Zhao Q, Li M, Wei J, Zhang X, Zhang H (2019b) Comparative mitogenomic analysis 
of the Eurydema genus in the context of representative Pentatomidae (Hemiptera: Het-
eroptera) taxa. Journal of Insect Science 19(6): 20. https://doi.org/10.1093/jisesa/iez122

Zhao Q, Cassis G, Zhao L, He Y, Zhang H, Wei J (2020) The complete mitochondrial genome 
of Zicrona caerulea (Linnaeus) (Hemiptera: Pentatomidae: Asopinae) and its phylogenetic 
implications. Zootaxa 4747(3): 547–561. https://doi.org/10.11646/zootaxa.4747.3.8

Zhao L, Wei J, Zhao W, Chen C, Gao X, Zhao Q (2021) The complete mitochondrial ge-
nome of Pentatoma rufipes (Hemiptera, Pentatomidae) and its phylogenetic implications. 
ZooKeys 1042: 51–72. https://doi.org/10.3897/zookeys.1042.62302

Zhu X, Zheng C, Dong X, Zhang H, Ye Z, Xue H, Bu W (2022) Species boundary and phy-
logeographical pattern provide new insights into the management efforts of Megacopta 
cribraria (Hemiptera: Plataspidae), a bean bug invading North America. Pest Management 
Science 78(11): 4871–4881. https://doi.org/10.1002/ps.7108

https://doi.org/10.1080/23802359.2019.1703609
https://doi.org/10.3390/genes12091306
https://doi.org/10.1186/s12864-015-1679-x
https://doi.org/10.3390/insects13020118
https://doi.org/10.3109/19401736.2013.766182
https://doi.org/10.1080/23802359.2017.1398599
https://doi.org/10.1080/23802359.2017.1398599
https://doi.org/10.1080/23802359.2017.1365649
https://doi.org/10.1080/23802359.2017.1365649
https://doi.org/10.1093/jisesa/iey031
https://doi.org/10.1080/23802359.2019.1622465
https://doi.org/10.1080/23802359.2019.1622465
https://doi.org/10.1093/jisesa/iez122
https://doi.org/10.11646/zootaxa.4747.3.8
https://doi.org/10.3897/zookeys.1042.62302
https://doi.org/10.1002/ps.7108

	The complete mitochondrial genome of Aeschrocoris tuberculatus and A. ceylonicus (Hemiptera, Pentatomidae) and its phylogenetic implications
	Abstract
	Introduction
	Materials and methods
	Sample collection
	DNA extraction and sequencing
	Genome annotation and sequence analysis
	Phylogenetic analyses

	Results
	Genomic features
	Nucleotide composition and codon usage
	Protein-coding genes
	Transfer and ribosomal RNAs
	The control region
	Tests of substitution saturation and heterogeneity
	Phylogenetic analyses

	Discussion and conclusions
	Acknowledgements
	References

