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Abstract

Phasmatodea represents an order of hemimetabolous insects. This group includes species
with extreme forms of masquerade crypsis, whereby they imitate twigs, bark, lichen, moss,
and leaves. In this study, we sequenced and annotated three mitochondrial genomes (mito-
genomes) from Phasmatodea. The lengths of the novel mitogenomes range from 14,162 bp
to 15,879 bp. The gene content and organization correspond to those inferred for the ances-
tral insect. We conducted phylogenetic analyses together with the existing mitogenomes of
polyneopterans and mayflies. In most cases, the Phasmatodea was non-monophyletic, with
Embioptera and Zoraptera nested inside. The mitogenome sequences from Embioptera
and Zoraptera suffered from high substitution rates and displayed very long branches in
phylogenetic trees. The monophyletic Phasmatodea was recovered only when the analysis
employed the site-heterogeneous CAT-GTR model in PhyloBayes and used the nucleotide
dataset PCG_nt. The Euphasmatodea was well established by various data types and infer-
ence methods. In addition, the clade Heteropterygidae and the subfamilies Lonchodinae
and Necrosciinae were strongly supported. The Australasian clade Lanceocercata was
recovered across analyses. However, the Clitumninae was non-monophyletic.

Introduction

Phasmatodea represents an order of hemimetabolous insects, which are well-known as stick
and leaf insects. They mimic sticks and leaves remarkably. Some phasmid species are the
heaviest and largest extant insects [1]. For example, Phobaeticus chani is currently considered
to be the longest extant insect, with a body length up to 570 mm [2]. Concerning insect biodi-
versity, the Phasmatodea is a comparatively small insect order including approximately 3,000
extant species classified in more than 480 genera [3, 4]. The phylogenetic relationships of this
group remain contentious.

The monophyly of Phasmatodea is well supported by morphological traits [5, 6] and molec-
ular evidence [7-9]. Nevertheless, the assumption of monophyletic Phasmatodea has also been
challenged by some authors [10, 11]. Traditionally, Phasmatodea were divided into two
groups: “Areolatae” (Pseudophasmatinae) and “Anareolatae” (Diapheromerinae), on the basis
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of the presence or absence of a triangular field at the apex of the tibiae [12-16]. However, this
arrangement has never been supported by the phylogenetic analyses [3]. Tilgner (2002) [17]
recognized both Areolatae and Anareolatae as being non-monophyletic based on morphologi-
cal characters. Mitochondrial phylogenomic analyses have yet not corroborated the mono-
phyly of both groups [18-20].

The wingless Nearctic walking-stick genus Timema is often recovered as the sister group to
the remaining phasmids (the Euphasmatodea) 3, 5, 8, 9, 17-19, 21-28]. In contrast, some
authors considered the Timema as a separate lineage [6, 18, 20]. Zompro (2004) [6] classified
Phasmatodea into two suborders, namely Agathemerodea and Verophasmatodea. The Agathe-
merodea contains the sole family Agathemeridae, while the Verophasmatodea includes all
other recent phasmids and the extinct Archipseudophasmatidae [29]. A more recent molecular
analysis of transcriptome data retrieved three major clades of extant Phasmatodea, namely
Timematodea (Timema), Aschiphasmatodea (Aschiphasmatinae), and Neophasmatodea (all
remaining Phasmatodea) [9].

The phylogenetic placement of Phasmatodea in Polyneoptera is another highly controver-
sial issue. Polyneoptera is an assemblage including 10 insect orders, namely, the Dermaptera,
Embioptera, Grylloblattodea, Mantodea, Blattodea (including termites), Orthoptera, Plecop-
tera, Zoraptera, Mantophasmatodea and Phasmatodea [30]. Each given order within Poly-
neoptera was once presumed to be the sister group of Phasmatodea. In recent years, some
molecular studies identified Embioptera as the closest relative of Phasmatodea [8, 30-34]. The
sister-group relationship between Phasmatodea and Embioptera was supported by some mor-
phological studies [35, 36]. Phasmatodea and Embioptera constituted a monophyletic clade
named Eukinolabia [7]. However, other morphological data supported Phasmatodea as the sis-
ter group of Orthoptera [37, 38]. In addition, some authors suggested a close relationship
between Mantophasmatodea and Phasmatodea [39].

Currently, only 20 mitogenomes from Phasmatodea have been sequenced (GenBank Apr.
30, 2020). Further mitogenomic data and broader taxon sampling are needed to elucidate the
phylogeny of Phasmatodea. In the present study, we sequenced and annotated three mitogen-
omes from Necrosciinae (Micadina brachptera), Lonchodinae (Phraortes sp.) and Phasmatinae
(Pharnaciini spec. indet.). Combined with the existing mitogenome sequences of 66 polyneop-
terans and two mayflies, we reconstructed the phylogenetic relationships in Polyneoptera, with
emphasis on Phasmatodea.

Materials and methods

Sampling

Three stick insects, M. brachptera, Phraortes sp. and Pharnaciini spec. indet., were collected in
July 2016, from Guangshui (31.86°N, 113.94°E), Hubei province, China. The adult samples
were directly killed and fixed in 95% ethanol. The collected specimens were deposited at -20°C
until DNA extraction. The taxonomy of the sequenced species is based on morphological char-

acters, and on blasting matches to mitochondrial cox1 records from the BOLD database
(http://www.boldsystems.org/) and NCBI GenBank (http://www.ncbi.nlm.nih.gov/genbank/).

Genome data generation and assembly

DNA extraction, Illumina sequencing, and reads filtering were conducted as previously
described in [40]. De novo assembly for high-quality clean reads was performed using IDBA--
TRAN [41]. The assemblies were constructed with the following parameter settings: 200 for
the minimum size of contig, and 41 for an initial k-mer size, 10 for an iteration size, and 91 for
a maximum k-mer size.
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Mitogenome reconstruction and annotation

Mitogenome reconstructions mostly followed a bioinformatics pipeline in [42]. We firstly cre-
ated the BLAST databases with the assemblies from IDBA-TRAN [41]. The mitochondrial
contigs corresponding to the stick insects were identified by BLAST search against the prior-
sequenced bait gene fragments (coxI, cob and rrunS). The sequences of the oligonucleotide
primers used for the determination of bait genes are listed in S1 Table.

The preliminary mitogenome annotations were conducted in the MITOS [43] webserver,
under the reference of “RefSeq 63 Metazoa” and the “Invertebrate genetic code”. The gene
boundaries were further checked and refined by alignment with homologous sequences of
published phasmid species (see details in S2 Table) in MEGA 7 [44]. Mappings of the mito-
chondrial reads were proceeded with BWA v. 0.7.5 [45]. The reads were considered individu-
ally and not as pairs [46]. The SAM output was converted to a sorted BAM file by the program
SAMtools v. 0.1.19 [47]. Statistics for nucleotide coverage were generated with Qualimap
v.2.2.1 [48]. The classification information and accession numbers of the new mitogenome
sequences are shown in S2 Table, and the sequence files under GenBank format are available
in S1 File.

Multiple sequence alignments

Protein-coding genes were translated into amino acid sequences based on the invertebrate
mitochondrial genetic code, and aligned separately by using the MUSCLE [49] algorithm as
implemented in MEGA 7 [44]. The alignment was back-translated into the corresponding
nucleotide sequences. Each alignment was visually inspected, including manual removal of
stop codons. Moreover, ambiguously aligned sites were removed through Gblocks 0.91b [50],
with options for a “less stringent selection”. Finally, alignments were concatenated by using
FASconCAT_v1.0 [51] to construct the amino acid dataset PCG_aa and the nucleotide dataset
PCG_nt, respectively. Ribosomal and transfer RNA genes were aligned individually by using
the program MAFFT under the iterative refinement method of “E-INS-i” [52]. The alignments
were checked in MEGA 7 [44], and ambiguously aligned positions were excluded with Gblocks
0.91b [50] under the less stringent selections. Finally, all nucleotide alignments were
concatenated together to compile the dataset PCGRNA (including 13 protein-coding genes,
two rRNA genes and 22 tRNA genes), with FASconCAT_v1.0 [51]. All alignments used for the
phylogenetic analyses are available in S2 File.

We used the yn00 program in the PAML package [53] to calculate the nonsynonymous
(dN) and synonymous (dS) substitution rates of the concatenated protein-coding genes, with
the method of [54]. DAMBE 7 [55] was used to conduct tests for substitution saturation of each
data partition. Multiple sequence alignments were statistically scored by using AliStat [33].
Nucleotide compositions of the mitogenome sequences were estimated with MEGA 7 [44].

Phylogenetic reconstructions

A total of 69 species representative of ten orders in Polyneoptera were included to constitute
the ingroup taxa. Of which, 22 species represent nine subfamilies of Euphasmatodea and one
represents the Timema (Timematidae). In addition, two species of Ephemeroptera were cho-
sen as outgroups to root the polyneopteran tree.

Phylogenetic reconstructions were performed based on the datasets PCG_aa, PCG_nt and
PCGRNA, with both maximum likelihood (ML) and Bayesian inferences (BI). Partitioned ML
analyses were carried out with IQ-TREE v.1.6.10 [56]. We partitioned the matrices by genes,
and used the partition schemes and the corresponding best-fit models (S3 Table) as designated
by PartitionFinder 2 [57]. Branch support was evaluated with 30,000 ultrafast bootstrap
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replicates. BI analyses were performed on the same datasets with MrBayes v3.2.6 [58]. We
used the MrBayes blocks generated by PartitionFinder 2 [57] for each of MrBayes analyses. We
ran MrBayes by using four runs of Markov chain Monte Carlo (MCMC) chains for 10 million
generations. We checked the convergence of the runs by the program Tracer 1.7 [59]. Trees
were sampled every 1000, and the first 25% were discarded as burn-in.

In order to reduce the impact of long-branch attraction, we also used PhyloBayes-MPI [60]
to conduct the BI analyses. The CAT-GTR model was applied to the analyses on the nucleotide
datasets PCG_nt and PCGRNA, and the CAT-MTZOA model to the analysis on the protein
dataset PCG_aa. For each PhyloBayes analysis, two runs with two chains each were run for
20,000 generations, and started from a random topology, respectively. The programs of
bpcomp and tracecomp implemented in PhyloBayes package were used to check convergence
of the chains. When the bipartition (maxdiff) values are less than 0.1 and all effective sizes are
larger than 100, good runs are considered to be attained. Trees sampled after the burn-in from
the two runs were combined and used to build the majority rule consensus tree.

Hypothesis testing

In order to assess potential information contained in the dataset and to test for the alternative
hypotheses of phylogenetic relationships among the polyneopteran orders, we carried out four-
cluster likelihood mapping (FcLM) analyses [61] based on the datasets PCG_aa, PCG_nt and
PCGRNA in IQ-TREE v.1.6.10 [56]. The partition schemes and the corresponding best-fit models
were the same as those in the ML phylogenetic reconstruction. We binned species into four clus-
ters: (1) Plecoptera (5 species), (2) Orthoptera (14 species), (3) Phasmatodea (23 species), and (4)
Dictyoptera (22 species). The remaining species were included in the IGNORED cluster.

Results
Assembling mitogenomes

The Illumina sequencing yielded 81,772,168 paired-end 150 bp reads for the library containing
Pharnaciini spec. indet., 64,299,118 for Phraortes sp., and 63,221,855 for M. brachptera, respec-
tively. After filtering, 81,189,879 clean reads were obtained for the library containing Pharna-
ciini spec. indet., 58,984,030 for Phraortes sp., and 57,181,127 for M. brachptera. The mtDNA
sequence of M. brachptera was assembled into a single scaffold with a length of 15,879 bp. A
gap was detected in the control region. In addition, there were 28 bp and 26 bp missing nucle-
otides in the coxI and cox2 genes, respectively. Each of Pharnaciini spec. indet. and Phraortes
sp. was identified in two separate contigs. The mitogenome of Pharnaciini spec. indet. had a
length of 15,192 bp, with two gap regions identified. One gap occurred in the control region,
another was present in the nad2 gene. Alignment with other phasmid species showed a
12-nucleotides missing sequence in nad2. The mitogenome of Phraortes sp. was 14,162 bp
length, which contained three gap regions. The largest gap was located between rrnS and nad2.
The second gap occurred in the atp6 gene, which contained a 147-bp missing sequence. The
third gap was present in the nadl gene, where a 44-bp missing sequence was identified as com-
pared with other phasmid insects.

The coverage analysis of the mitogenome sequences demonstrated that the distribution of
reads was not uniform across the mitogenome. There were sharp declines in the nad2, nad4l,
nad6 genes and the gap sequence of the control region. The mean coverage values were 70-fold
for the mitogenome of M. brachptera, 53-fold for that of Pharnaciini spec. indet., and 60-fold
for that of Phraortes sp.. The statistics for the Illumina sequencing of protein-coding genes and
rRNA genes are shown in Table 1. For the same gene, different species had the similar coverage
values. The cox1-3 and cob genes had a greater coverage than other genes.
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Table 1. Statistics for the assembling of protein-coding genes and rRNA genes of three new mitogenomes.

Genes Micadina brachptera Pharnaciini spec. indet. Phraortes sp.
Mapped bases Mean coverage Mapped bases Mean coverage Mapped bases Mean coverage

nad2 28050 28 4500 5 600 2
coxl 241952 185 239400 156 248105 161
cox2 47543 69 49650 72 49501 72
atp6 49651 73 11250 17 33451 54
cox3 90302 114 64651 82 26249 35
nad3 12450 35 13200 38 13201 38
nad>5 138012 81 78150 45 80101 47
nad4 74707 56 50700 38 61050 46
nad4l 900 3 3450 13 750 3
nad6 2850 6 1200 3 2401 5
cob 165450 146 103650 91 63751 56
nadl 25652 27 20700 22 41997 45
rrnl 24752 20 26772 22 54602 46
rrnS 21751 28 15000 20 30452 41

Note: The analyses from Qualimap did not yield the statistics on the atp8 gene and each of tRNA genes, due to their short sequence lengths (< 150 bp).

https://doi.org/10.1371/journal.pone.0240186.t001

In the mitogenome of Pharnaciini spec. indet., we identified the typical 37 mitochondrial
genes: 13 protein-coding genes, 22 tRNA genes and two rRNA genes (Fig 1 and 54 Table). The
trnN was missing in M. brachptera, while the trnl, trnM and trnQ were missing in Phraortes
sp.. In addition, the sequences were incomplete in the genes of nad2 and atp6 for Phraortes sp..
The gene organizations of the novel mitogenomes are consistent with the ancestral insect [62].

Base composition and strand asymmetry

The A+T content of mitogenome was 78.0% for Pharnaciini spec. indet., 76.3% for M. brachp-
tera, and 76.9% for Phraortes sp., respectively. These values were similar to those found in the
published phasmatodean mitogenomes (mean A+T content of 76.4%). Distinct parts of the

KD ARNS1E
W/
. ) | M w L2 G ‘ L S2
Pharnaciini spec. indet.  cr |[|I| nad2 |I coxt | coz WEL a6 | cos Inad3-| || racs | con || @
15,192 bp nads 1 nags || nad1
Q F H nad4l P L \Z
cy
KD AR‘S1E
. o M w L2 G H ‘ T S2
Micadina brachptera | ree coxt cox2 cox3 [Jracd] ] | rads w ]
15,879 bp nads 1 nad4 nad1
Q E H nad4/ P L v
cYy
KD ARNS1E
N
Phraortes sp. w L2 G T s2
nad2] coxt B coe WE a6 | cox3 [nacs ] [ nads | cob 1
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F H nadd4| P L1 \%

cYy

Fig 1. The structures of the mitochondrial genomes of Pharnaciini spec. indet., Micadina brachptera and Phraortes sp. The abbreviations of mitochondrial gene
names are following those in MITOS webserver. The detailed annotations of the mitochondrial genomes are shown in S4 Table.

https://doi.org/10.1371/journal.pone.0240186.9001
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mitogenome displayed an A+T content that varied from 68.6% (trnK) to 92.4% (trnE) in Phar-
naciini spec. indet., from 64.7% (trnM) to 92.3% (trnE) in M. brachptera and from 70.0%
(cox1) to 89.2% (trnE) in Phraortes sp.. Protein-coding genes had an A+T content ranging
from 74.7% (M. brachptera) to 79.0% (Pharnaciini spec. indet.), which was less than those in
tRNA genes (M. brachptera: 77.8%, Phraortes sp.: 79.3%, and Pharnaciini spec. indet.: 80.0%).
The A+T content of rRNA genes was 78.2% for M. brachptera, 76.7% for Phraortes sp., and
77.7% for Pharnaciini spec. indet..

The mean G+C content for the heavy (H) strand protein-coding genes ranged from 21.1%
(Pharnaciini spec. indet.) to 24.9 (M. brachptera), while the mean G+C content for light (L)
strand protein-coding genes was largely identical (21.1% for Pharnaciini spec. indet. and
Phraortes sp. respectively, 21.5% for M. brachptera). We estimated GC-skew values [GC-skew
= (G - C)/(G + C)] and obtained negative scores for all species’ protein-coding genes in the H-
strand (-0.1392 for Pharnaciini spec. indet., -0.1448 for M. brachptera, and -0.1823 for
Phraortes sp.). In contrast, all GC-skew values were positive for the L-strand protein-coding
genes (0.0678 for Pharnaciini spec. indet., 0.2381 for M. brachptera, and 0.2622 for Phraortes
sp.). The AT-skews [AT-skew = (A — T)/(A + T)] were contrary to the GC-skews in that H-
strand had a positive AT-skew (0.0892 for Pharnaciini spec. indet., 0.1018 for M. brachptera,
and 0.2520 for Phraortes sp.) and L-strand had a negative AT-skew (-0.3728 for Pharnaciini
spec. indet., -0.3612 for M. brachptera, and -0.3703 for Phraortes sp.). The results indicated the
asymmetric usage of four base pairs between the H- and L-strands, namely that G was prefer-
entially located in the L-strand and A was richer in the H-strand.

Codon usage

All 13 protein-coding genes used ATN (ATG, ATT or ATA) as an initiation codon. The most
frequent termination codons used were TAA and TAG. The incomplete stop codon T was
used in the genes cox2 (Pharnaciini spec. indet., M. brachptera and Phraortes sp.), nad3 (Phar-
naciini spec. indet. and M. brachptera) and nad5 (M. brachptera). In addition, the nad5 gene
in Phraortes sp. ended with the incomplete stop codon TA. The post-transcriptional polyade-
nylation is thought to create a complete TAA termination codon, as observed in other insects.
Codon usage analyses showed that ATA for methionine, ATT for isoleucine and TTA for
leucine were the three most represented codons in the H-strand of the Pharnaciini spec. indet.
mitogneome. TTT for phenylalanine, TTA for leucine and ATT for isoleucine were the three
most represented codons in the L-strand. The mitogenomes of Phraortes sp. and M. brachptera
had the same codon usage patterns as Pharnaciini spec. indet.. The codon usage patterns indi-
cated that the mitogenomes were highly skewed towards codons with high A+T content.

Transfer RNA and ribosomal RNA genes

All tRNA genes had the standard anticodons, and ranged in size from 62 bp to 70 bp. The
inferred secondary structures for tRNA genes can be folded into canonical clover-leaf model,
except for trnS1 and trnR. With regard to the trnS1 gene in M. brachptera and Phraortes sp.,
the dihydrouridine (DHU) arm formed a simple loop. In the trnR gene of M. brachptera, the
TWYC arm was incomplete, with only a simple T loop structure inferred. All secondary struc-
tures for tRNA genes are presented in S1 Fig.

Two rRNA genes (rrnL and rrnS) were present in the novel mitogenomes, and these were
located between trnL1 and trnV and between trnV and the control region, respectively (Fig 1
and S4 Table). The lengths of rrnL genes ranged from 1,217 bp (Phraortes sp.) to 1,247 bp (M.
brachptera), while rrnS ranged from 746 bp (Phraortes sp.) to 767 bp (Pharnaciini spec. indet.).
The predicted rRNA secondary structures (S2 Fig) illustrated that the rrnL molecules
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contained five domains (labeled I, II, IV, V and VI; lacking domain III) and 44-45 helices, and
the rrnS molecules were comprised of three domains (labeled I, I1, IIT) and 27-29 helices.

Substitution saturation and genetic divergence

The substitution saturation tests showed no significant level of saturation in the alignments of
PCG_nt, trn and rrn (Iss < Iss.cSym and Iss < Iss.cAsym, S5 Table). There were substantial dif-
ferences in dN values among polyneopteran groups (Table 2). The rate of sequence evolution
of Embioptera was obviously higher than other lineages. In contrast, dS values were similar
among groups. The ratio of nonsynonymous to synonymous substitutions (dN/dS) showed the
same distribution pattern as dN values. Within Polyneoptera, the Embioptera, Zoraptera and
Dermaptera had the relatively high dN/dS values.

Phylogenetic analyses

In this study, a total of nine phylogenetic trees were reconstructed for the phylogeny of Poly-
neoptera (Fig 2 and S3-S5 Figs), and each resulted in somewhat different relationships. Cur-
rent mitogenomic data supported the monophyly of Plecoptera, Orthoptera, Mantodea, and
Blattodea. However, the Phasmatodea was not monophyletic in most cases, because the
Embioptera + Zoraptera clade was the sister group to Euphasmatodea (S4 and S5 Figs). Within
Polyneoptera, Mantodea and Blattodea formed the group Dictyoptera. Moreover, the sister-
group relationship between Mantodea and Blattodea was strongly supported by all trees

(BP =100, PP > 0.94).

Tree topologies between analyses were different in three ways: (1) the relative branching
order between the two early-diverging lineages of polyneopterans, namely Dermaptera and
Plecoptera; (2) the placements of Orthoptera and Dictyoptera; (3) the monophyly of
Phasmatodea.

Both Dermaptera and Plecoptera were supported as the earliest diverging lineages of Poly-
neoptera. But different data types resulted in the different branching sequence. The nucleotide
datasets PCG_nt and PCGRNA placed Dermaptera as the most basal clade (Fig 2 and S3 and
S4 Figs), whereas the amino acid dataset PCG_aa retrieved Plecoptera as the first splitting line-
age (S5 Fig).

In the ML analyses and the BI analyses under the homogeneous GTR model, data type
influenced the placements of Orthoptera and Dictyoptera. The nucleotide datasets PCG_nt
and PCGRNA more frequently recovered Orthoptera as the sister group of a clade including

Table 2. The non-synonymous (dN) substitutions and synonymous (dS) substitutions estimated by yn00 imple-
mented in PAML.

Order dN ds dN/dS
Blattodea 0.1815 4.1455 0.0438
Dermaptera 0.2676 5.3809 0.0497
Embioptera 0.3481 4.1151 0.0846
Ephemeroptera 0.1989 5.2814 0.0377
Grylloblattodea 0.1843 4.7984 0.0384
Mantodea 0.1963 5.1902 0.0378
Mantophasmatodea 0.2009 4.9451 0.0406
Orthoptera 0.1980 4.3637 0.0454
Phasmatodea 0.1965 4.5389 0.0433
Plecoptera 0.1889 4.9672 0.0380
Zoraptera 0.3521 4.1131 0.0856

https://doi.org/10.1371/journal.pone.0240186.t002
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Fig 2. The simplified Bayesian tree inferred from the dataset PCG_nt by using PhyloBayes, under the site-heterogeneous CAT-GTR model. Node
numbers show the poster probability values (> 0.9). Green lines indicate the Phasmatodea lineages. For the full tree, see S3C Fig.

https://doi.org/10.1371/journal.pone.0240186.9002

Phasmatodea, Embioptera and Zoraptera. The amino acid dataset PCG_aa presented a tree
distinct from those on the nucleotide datasets, where the Orthoptera was placed in a more
basal position, with Dictyoptera forming the sister group to a clade consisting of Phasmatodea.
The FcLM analyses revealed a large amount of conflicting signals in the datasets. Only the
amino-acid dataset PCG_aa showed weak support for the tree topology of (Phasmatodea + Dic-
tyoptera) + (Orthoptera + Plecoptera) (Fig 3, 51.0% of quartets). The PhyloBayes analyses
under the site-heterogeneous CAT-GTR or CAT-MTZOA models consistently recovered a
close relationship of Dictyoptera to Phasmatodea, irrespective of the data type. The FcLM
results when analyzing the nucleotide datasets showed some weaker signal for the branching
pattern (Fig 3, 38.0% and 38.3% of quartets, PCG_nt and PCGRNA respectively).

The monophyly of Phasmatodea was only recovered by the dataset PCG_nt under the Phy-
loBayes inference using the site-heterogeneous CAT-GTR model (Fig 2 and S3C Fig).
Although the PhyloBayes analyses on the datasets PCGRNA and PCG_aa (S4C and S5C Figs)
did not support a monophyletic Phasmatodea, the single clade comprising the long-branched
taxa (i.e., Zoraptera and Embioptera) has been distracted under the site-heterogeneous
CAT-GTR or CAT-MTZOA model.

The monophyly of Euphasmatodea was well supported, although relationships among the
constituent subfamilies varied across analyses. We found significant support for the mono-
phyly of Lonchodinae and Necrosciinae. However, the Clitumninae was not monophyletic in
all trees, with respect to the Phobaeticus. Three species, namely Phobaeticus serratipes (Phas-
matinae), Megacrania alpheus adan (Platycraninae) and Extatosoma tiaratum (Tropidoderi-
nae), were always clustered together in a single clade. Especially, the PhyloBayes trees resolved
the branching order of (Phasmatinae + (Platycraninae + Tropidoderinae)). Several analyses
placed Orestes mouhotii (Dataminae) as the closest sister group to Heteropteryx dilatata (Het-
eropteryginae), both of which formed the family Heteropterygidae. Four trees inferred from
the datasets PCG_nt and PCG_aa under the homogeneous GTR model suggested that the
Phylliinae was the most primitive subfamily in Euphasmatodea. In contrast, trees from the

PCG_aa PCG_nt PCGRNA

P Dictyopt (Orthoptera,Plecoptera)

(Phasmatodea,Plecoptera)-(Dictyoptera,Orthoptera) (Phasmatodea,Orthoptera)-(Dictyoptera,Plecoptera)

Fig 3. Results obtained from the four-cluster likelihood-mapping analysis showing support for the hypotheses of conflict nodes. The left triangle picture shows the
possible relationships of four clusters as defined in the section of materials and methods. The above triangle pictures on the right are the three posterior probabilities for
the three possible unrooted trees of four clusters from each dataset. The below triangle pictures on the right show the seven areas supporting different evolutionary
information from each dataset.

https://doi.org/10.1371/journal.pone.0240186.9g003
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remaining analyses (PCGRNA-ML, PCGRNA-MrBayes, PCG_nt-PhyloBayes, PCGRNA-Phy-
loBayes and PCG_aa-PhyloBayes) recovered Phylliinae as a more derived clade. Most analyses
showed that the Necrosciinae included the species situated at the tips of terminal branches.

In the PhyloBayes analyses, the newly determined species Pharnaciini spec. indet. (Phasma-
tinae) formed the sister group to the main clade of Clitumninae (Fig 2; S3C, S4C and S5C
Figs). Other two species sequenced in this study can also be assigned to the group to related
taxa unambiguously (i.e., Phraortes sp. in Lonchodinae, and M. brachptera in Necrosciinae).
These results demonstrated that the present mitogenome data can be useful in resolving the
lower level relationships of Phasmatodea.

Discussion

The polyneopterans represent the relatively old groups of winged insects. They display complex
features of lifestyles and external morphology across lineages. Although the phylogeny derived
from the most recent analysis contains a range of nodes that are well supported (e.g., [30]), some
relationships within Polyneoptera remain poorly resolved [63]. In this study, the Phasmatodea
was in most cases retrieved to be a non-monophyletic assemblage, with respect to Embioptera
and Zoraptera. In contrast, the analyses of transcriptomes [9, 30, 33] recovered a monophyletic
Phasmatodea comprising Timema and Euphasmatodea. The non-monophyletic Phasmatodea
returned by the present mitogenome data may be an artifact of long-branch attraction.

The monophyly of Phasmatodea

Recent studies on the Phasmatodea phylogeny often supported the monophyly of this group
[9, 19, 30]. But the studies of [18, 34] retrieved a non-monophyletic Phasmatodea based on the
mitogenome sequence data. Most analyses in this study yielded a similar result as those in [18,
34]. Despite with this, some lines of evidence have shown that the clade Zoraptera + Embiop-
tera clustering with Euphasmatodea is misplaced because of long-branch attraction. First, the
evolutionary rates of different polyneopteran lineages were highly divergent, and it has been
shown that the faster evolving Zoraptera and Embioptera tended to group together and form
highly unstable long branches in phylogenetic trees. Second, the use of more realistic models
of sequence evolution was also known to attenuate the impact of long-branch attraction,
which led to a recovery of the monophyletic Phasmatodea (Fig 2 and S3C Fig) and the long-
branch distraction (S4C and S5C Figs). The CAT-series models implemented in the program
PhyloBayes were developed to account for the heterogeneous sequence evolution and reduce
the negative effects of compositional and mutational bias [64-67]. Previous studies have dem-
onstrated the power of these models in suppressing the long-branch attraction artefacts in the
animal phylogeny [40, 65-69]. In the present study, the analyses also showed that the site-het-
erogeneous CAT-GTR and CAT-MTZOA models are significantly more robust against long-
branch attraction, compared to the homogeneous GTR models. Therefore, the resultant trees
from the PhyloBayes analyses under the site-heterogeneous CAT-GTR or CAT-MTZOA
model more closely reflected the phylogenetic relationships of Phasmatodea and Polyneoptera.

The phylogenetic relationships among stick and leaf insects

Within Euphasmatodea, different methods of analysis produced different branching patterns.
The trees inferred for the Euphasmatodea phylogeny were characterized by a plethora of short
internodes, which was consistent with the hypothesis of an early and rapid radiation of major
phasmatodean lineages [3, 70].

The Phylliinae, or the true leaf insects, have an extreme form of morphological features,
with a dorsoventrally flattened body and the broadly expanded legs, thus giving these insects a
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leaf-like appearance. Their morphological distinctiveness has led to suggestions that they
might have an origin independent from the stick insects [1, 11, 71]. However, this view has
recently been overturned by new morphological and molecular data [7-9, 22-24, 27, 34, 35,
72, 73]. More and more analyses have tended to place Phylliinae as a subordinate taxon within
Euphasmatodea [9, 22, 23]. Fossil evidence also suggested that leaf insects descended from the
stick insect-like ancestors [74]. However, the exact phylogenetic position of Phylliinae is still
under debate [9, 18, 27, 73]. Different data and analysis yielded highly conflicting results [9,
72]. In this study, five out of nine analyses recovered Phylliinae as a more derived clade. This is
consistent with the view that Phylliinae has a subordinate position within Euphasmatodea [9,
15].

Previous studies have indicated that the traditional anareolate subfamily ‘Phasmatinae’,
comprising Clitumnini, Medaurini, Pharnaciini and Phasmatini, is a polyphyletic group [2, 23,
35]. Based on the morphological similarity, Hennemann and Conle (2008) [2] established the
subfamily Clitumninae, comprising Clitumnini, Medaurini and Pharnaciini. The monophyly
of Clitumninae was confirmed by the study of [9]. But many previous authors found Clitumni-
nae to be polyphyletic [23, 24, 27, 73, 75, 76]. The present analyses consistently recovered a
non-monophyletic Clitumninae. Because the Phobaeticus (Pharnaciini) was distantly related
to the main clade of Clitumninae. Hennemann and Conle (2008) [2] suggested a close relation-
ship between Lonchodinae and Clitumninae. But this hypothesis has not yet been corrobo-
rated by recent phylogenetic analyses [9, 27]. The current mitogenomic data offered no clear
support for a stable placement of Clitumninae within Euphasmatodea.

The Australasian clade Lanceocercata is proposed by [77, 78], comprising genera from the
subfamilies Tropidoderinae, Xeroderinae, “Pachymorphinae”, “Phasmatinae” and “Platycrani-
nae”. In this study, two species representing Lanceocercata are included: E. tiaratum (Tropido-
derinae) and M. alpheus adan (Platycraninae). Both species formed a monophyletic clade in
most analyses.

Conclusions

The three additional mitogenome sequences of stick insects presented in this study contribute
to make sense of phasmatodean phylogeny. Our estimate of the Phasmatodea phylogeny
largely supports the subfamilial classification previously proposed for this group. However, the
non-monophyly of Phasmatodea reconstructed by most analyses conflicts with recent studies
[30, 33]. The Zoraptera and Embioptera were the sister groups of Euphasmatodea, which ren-
dered Timema as a separate lineage. This arrangement may be a consequence of long-branch
attraction artifact, because the mitogenomes of Zoraptera and Embioptera have rapid rates of
sequence evolution. Further refinement of gene sequences and analytical methods are needed
to allow accurate estimation of phylogeny for Phasmatodea. Due to the data availability, the
New World clade Occidophasmata and the subfamily Aschiphasmatinae are missing in this
study. Future mitogenome studies should cover the species of both groups to comprehensively
assess the phylogeny of the Euphasmatodea.

Supporting information

S1 Fig. The inferred tRNA secondary structures for the newly sequenced mitochondrial
genomes. (A) Pharnaciini spec. indet., (B) Micadina brachptera, and (C) Phraortes sp.. Wat-
son-Crick base pairs are indicated by lines, and wobble G-U base pairs are indicated by dots.
The non-canonical base pairs are not marked.

(TTF)
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S2 Fig. The inferred rRNA secondary structures the newly sequenced mitochondrial
genomes. (A-1) rrnL of Pharnaciini spec. indet., (A-2) rrnS of Pharnaciini spec. indet., (B-1)
rrnL of Micadina brachptera, (B-2) rrnS of Micadina brachptera, (C-1) rrnL of Phraortes sp.
and (C-2) rrnS of Phraortes sp.. Watson-Crick base pairs are indicated by lines, and wobble
G-U base pairs are indicated by dots. The non-canonical base pairs are not marked. The num-
bers I, II, IV, V and VI represent the five domains in the rrnL gene. The numbers I-III repre-
sent the three domains in the rrnS gene.

(TIF)

S3 Fig. Phylogenetic trees from the dataset PCG_nt. (A) ML tree was reconstructed by
IQ-TREE. The partition schemes and best-fitting models were selected by PartitionFinder.
Node numbers show bootstrap support values. (B) Bayesian tree was reconstructed by
MrBayes. The partition schemes and best-fitting models were selected by PartitionFinder.
Node numbers show the poster probability values. (C) Bayesian tree was reconstructed by Phy-
loBayes. The CAT-GTR model were used in this analysis. Node numbers show the poster
probability values.

(TIF)

S4 Fig. Phylogenetic trees from the dataset PCGRNA. (A) ML tree was reconstructed by
IQ-TREE. The partition schemes and best-fitting models were selected by PartitionFinder. Node
numbers show bootstrap support values. (B) Bayesian tree was reconstructed by MrBayes. The
partition schemes and best-fitting models were selected by PartitionFinder. Node numbers show
the poster probability values. (C) Bayesian tree was reconstructed by PhyloBayes. The CAT-GTR
model were used in this analysis. Node numbers show the poster probability values.

(TIF)

S5 Fig. Phylogenetic trees from the dataset PCG_aa. (A) ML tree was reconstructed by
IQ-TREE. The partition schemes and best-fitting models were selected by PartitionFinder.
Node numbers show bootstrap support values. (B) Bayesian tree was reconstructed by
MrBayes. The partition schemes and best-fitting models were selected by PartitionFinder.
Node numbers show the poster probability values. (C) Bayesian tree was reconstructed by Phy-
loBayes. The CAT-MTZOA model were used in this analysis. Node numbers show the poster
probability values.

(TIF)

S1 Table. The primers used for amplifying and sequencing the bait genes.
(XLSX)

S2 Table. Taxa included in this study.
(XLSX)

S3 Table. A. The partitioning schemes and best-fitting modes selected by PartitionFinder for
the dataset PCG_nt. B. The partitioning schemes and best-fitting modes selected by Partition-
Finder for the dataset PCGRNA. C. The partitioning schemes and best-fitting modes selected
by PartitionFinder for the dataset PCG_aa.

(XLSX)

$4 Table. Organization of the newly determined stick insects’ mitogenomes.
(XLSX)

S5 Table. Substitution saturation tests conducted in DAMBE.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0240186  October 6, 2020 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s010
https://doi.org/10.1371/journal.pone.0240186

PLOS ONE

Mitogenomes of stick insects

S1 File.
(ZIP)

S2 File.
(ZIP)

Author Contributions

Conceptualization: Nan Song, Risong Na.

Data curation: Nan Song, Risong Na.

Formal analysis: Nan Song, Xinghao Li, Risong Na.

Funding acquisition: Nan Song.

Investigation: Nan Song, Xinghao Li.

Methodology: Nan Song, Xinghao Li.

Project administration: Nan Song.

Resources: Xinghao Li.

Software: Nan Song.

Validation: Nan Song, Xinghao Li.

Visualization: Nan Song, Xinghao Li.

Writing - original draft: Nan Song.

Writing - review & editing: Nan Song, Risong Na.

References
1. Zompro O. A Key to the stick-insect genera of the ‘Anareolatae’ of the new world, with descriptions of
several new taxa (Insecta: Phasmatodea). Stud Neotrop Fauna Environ. 2004; 39(2):133-144.
2. Hennemann FH, Conle OV. Revision of Oriental Phasmatodea: The tribe Pharnaciini Gunther, 1953,
including the description of the world’s longest insect, and a survey of the family Phasmatidae Gray,
1835 with keys to the subfamilies and tribes (Phasmatodea:“Anareolatae”: Phasmatidae). Zootaxa.
2008; 1906:1-316.
3. Bradler S, Buckley TR. Biodiversity of Phasmatodea. In: Insect Biodiversity: Science and Society Vol 2
—eds Foottit RG, Adler PH( John Wiley & Sons). 2018:281-313.
4. Brock PD, Marshall J. Order Phasmida Leach, 1815. P. 198. In Zhang Z.-Q(ed). Animal biodiversity: An
outline of higher level classification and survey of taxonomic richness. Zootaxa. 2011; 3148:1-237.
5. Friedemann K, Wipfler B, Bradler S, Beutel RG. On the head morphology of Phyllium and the phyloge-
netic relationships of Phasmatodea (Insecta). Acta Zool. 2012; 93(2):184-199.
6. Zompro O. Revision of the Areolatae, including the status of Timema and Agathemera (Insecta: Phas-
matodea). Abhandlungen des Naturwissenschaftlichen Vereins in Hamburg (NF). 2004; 37:85—-116.
7. Terry MD, Whiting MF. Mantophasmatodea and phylogeny of the lower neopterous insects. Cladistics.
2005; 21:240-257.
8. Whiting MF, Bradler S, Maxwell T. Loss and recovery of wings in stick insects. Nature. 2003; 421:264—
267. https://doi.org/10.1038/nature01313 PMID: 12529642
9. Simon S, Letsch H, Bank S, Buckley TR, Donath A, Liu S, et al. Old world and new world Phasmatodea:
phylogenomics resolve the evolutionary history of stick and leaf insects. Front Ecol Evol. 2019; 7:345.
10. Kjer KM, Carle FL, Litman J, Ware J. A molecular phylogeny of Hexapoda. Arthropod Syst Phylo. 2006;
64:35-44.
11.  Zompro O, Adis J. Eine generische Revision der Insektenordnung Phasmatodea: Areolatae, eins-

chlieBlich der Einfiihrung einer neuen Ordnung der Insekten. Doctoral dissertation, Christian-Albrechts-
Universitat Kiel. 2003.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240186  October 6, 2020 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240186.s012
https://doi.org/10.1038/nature01313
http://www.ncbi.nlm.nih.gov/pubmed/12529642
https://doi.org/10.1371/journal.pone.0240186

PLOS ONE

Mitogenomes of stick insects

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Brunner von Wattenwyl K. Die insektenfamilie der phasmiden, vol. 2. Phasmidae Anareolatae (Clitum-
nini, Lonchodini, Bacunculini). Verlag von Wilhelm Engelmann, Leipzig. 1907.

Redtenbacher J. Die Insektenfamilie der Phasmiden, vol. 1. Phasmidae Areolatae. Verlag von Wilhelm
Engelmann, Leipzig. 1906.

Redtenbacher J. Die Insektenfamilie der Phasmiden, vol. 3. Phasmidae Anareolatae (Phibalosomini,
Acrophyllini, Necrosciini). Verlag von Wilhelm Engelmann, Leipzig. 1908.

Gunther K. Uber die taxonomische Gliederung und die geographische Verbreitung der Insektenordnung
der Phasmatodea. Beitrage zur Entomologie = Contributions to Entomology. 1953; 3(5):541-563.

Beier M. Phasmida (Stab- oder Gespenstheuschrecken). Handbuch der Zoologie, 1V, 2, Volume 10.
Walter de Gruyter & Company, Berlin, Germany. 56 pp. 1968.

Tilgner EH. Systematics of phasmida. PhD dissertation, University of Georgia. 2002.

Kdmoto N, Yukuhiro K, Ueda K, Tomita S. Exploring the molecular phylogeny of phasmids with whole
mitochondrial genome sequences. Mol Phylogenet Evol. 2011; 58:43-52. https://doi.org/10.1016/j.
ympev.2010.10.013 PMID: 21029786

Tomita S, Yukuhiro K, Kbmoto N. The mitochondrial genome of a stick insect Extatosoma tiaratum
(Phasmatodea) and the phylogeny of polyneopteran insects. J Insect Biotechnol Sericol. 2011; 80:79-
88.

Zhou Z, Guan B, Chai J, Che X. Next-generation sequencing data used to determine the mitochondrial
genomes and a preliminary phylogeny of Verophasmatodea insects. J Asia-Pac Entomol. 2017; 20
(2):713-719.

Bradler S. On the systematic position of Agathemera Stal 1875 within the Phasmatodea (Insecta). Zool-
ogy. 2000; 103(suppl 3):99.

Phasmatodea Bradler S., Gespenstschrecken. Lehrbuch der Speziellen Zoologie. 2003; 5:251-261.

Bradler S, Robertson JA, Whiting MF. A molecular phylogeny of Phasmatodea with emphasis on
Necrosciinae, the most species-rich subfamily of stick insects. Syst Entomol. 2014; 39(2):205-222.

Buckley TR, Attanayake D, Bradler S. Extreme convergence in stick insect evolution: phylogenetic
placement of the Lord Howe Island tree lobster. P Roy Soc B: Biol Sci. 2009; 276:1055—-1062.

Kristensen NP. The phylogeny of hexapod “orders”. A critical review of recent accounts. J Zool Syst
Evol Res. 1975; 13(1):1-44.

Tilgner EH, Kiselyova TG, McHugh JV. A morphological study of Timema cristinae Vickery with implica-
tions for the phylogenetics of Phasmida. Deutsche Entomologische Zeitschrift. 1999; 46(2):149-162.

Robertson JA, Bradler S, Whiting MF. Evolution of oviposition techniques in stick and leaf insects
(Phasmatodea). Front Ecol Evol. 2018; 6:216.

Bradler S. The vomer of Timema Scudder, 1895 (Insecta: Phasmatodea) and its significance for phas-
matodean phylogeny. Courier Forschungsinstitut Senckenberg. 1999; 215:43-47.

Zompro O. A key to the genera of the Phasmatodea: Areolatae (Insecta). Phasmida studies. 2005;
12:11-24.

Wipfler B, Letsch H, Frandsen PB, Kapli P, Mayer C, Bartel D, et al. Evolutionary history of Polyneop-
tera and its implications for our understanding of early winged insects. Proc Natl Acad Sci USA. 2019;
116(8):3024—-3029. https://doi.org/10.1073/pnas.1817794116 PMID: 30642969

Ishiwata K, Sasaki G, Ogawa J, Miyata T, Su ZH. Phylogenetic relationships among insect orders
based on three nuclear protein-coding gene sequences. Mol Phylogenet Evol. 2011; 58(2):169-180.
https://doi.org/10.1016/j.ympev.2010.11.001 PMID: 21075208

Letsch H, Simon S. Insect phylogenomics: new insights on the relationships of lower neopteran orders
(Polyneoptera). Syst Entomol. 2013; 38(4):783-793.

Misof B, Liu S, Meusemann K, Peters RS, Donath A, Mayer C, et al. Phylogenomics resolves the timing
and pattern of insect evolution. Science. 2014; 346:763—767. https://doi.org/10.1126/science.1257570
PMID: 25378627

Kdmoto N, Yukuhiro K, Tomita S. Novel gene rearrangements in the mitochondrial genome of a web-
spinner, Aposthonia japonica (Insecta: Embioptera). Genome. 2012; 55:222—-233. https://doi.org/10.
1139/g2012-007 PMID: 22376045

Bradler S. Die Phylogenie der Stab- und Gespenstschrecken (Insecta: Phasmatodea). Spec Phylo
Evol. 2009; 2:3—139.

Jintsu Y, Uchifune T, Machida R. Structural features of eggs of the basal phasmatodean Timema moni-
kensis Vickery & Sandoval, 1998 (Insecta: Phasmatodea: Timematidae). Arthropod Syst Phylo. 2010;
68:71-78.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240186  October 6, 2020 14/16


https://doi.org/10.1016/j.ympev.2010.10.013
https://doi.org/10.1016/j.ympev.2010.10.013
http://www.ncbi.nlm.nih.gov/pubmed/21029786
https://doi.org/10.1073/pnas.1817794116
http://www.ncbi.nlm.nih.gov/pubmed/30642969
https://doi.org/10.1016/j.ympev.2010.11.001
http://www.ncbi.nlm.nih.gov/pubmed/21075208
https://doi.org/10.1126/science.1257570
http://www.ncbi.nlm.nih.gov/pubmed/25378627
https://doi.org/10.1139/g2012-007
https://doi.org/10.1139/g2012-007
http://www.ncbi.nlm.nih.gov/pubmed/22376045
https://doi.org/10.1371/journal.pone.0240186

PLOS ONE

Mitogenomes of stick insects

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Engel MS, Grimaldi DA. A winged Zorotypus in Miocene amber from the Dominican Republic (Zorap-
tera: Zorotypidae), with discussion on relationships of and within the order. Acta Geologica Hispanica.
2000; 35:149-164.

Yoshizawa K. Monophyletic Polyneoptera recovered by wing base structure. Syst Entomol. 2011;
36:377-394.

Klass KD, Zompro O, Kristensen NP, Adis J. Mantophasmatodea: a new insect order with extant mem-
bers in the Afrotropics. Science. 2002; 296:1456—1459. https://doi.org/10.1126/science.1069397
PMID: 11964441

Song N, Li X, Yin X, Li X, Yin J, Pan P. The mitochondrial genomes of palaeopteran insects and insights
into the early insect relationships. Sci Rep. 2019; 9:17765. https://doi.org/10.1038/s41598-019-54391-9
PMID: 31780743

Peng Y, Leung HCM, Yiu SM, Chin FY. IDBA-UD: a de novo assembler for single-cell and metagenomic
sequencing data with highly uneven depth. Bioinformatics. 2012; 28:1420—-1428. https://doi.org/10.
1093/bioinformatics/bts174 PMID: 22495754

Gillett CPDT, Crampton-Platt A, Timmermans MJTN, Jordal BH, Emerson BC, Vogler AP. Bulk de novo
mitogenome assembly from pooled total DNA elucidates the phylogeny of weevils (Coleoptera: Curcu-
lionoidea). Mol Biol Evol. 2014; 31:2223-2237. https://doi.org/10.1093/molbev/msui54 PMID:
24803639

Bernt M, Donath A, Juhling F, Externbrink F, Florentz C, Fritzsch G, et al. MITOS: Improved de novo
metazoan mitochondrial genome annotation. Mol Phylogenet Evol. 2013; 69:313-319. https://doi.org/
10.1016/j.ympev.2012.08.023 PMID: 22982435

Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics analysis version 7.0 for big-
ger datasets. Mol Biol Evol. 2016; 33(7):1870-1874. https://doi.org/10.1093/molbev/msw054 PMID:
27004904

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.
2009; 25:1754—1760. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

Rubinstein ND, Feldstein T, Shenkar N, Botero-Castro F, Griggio F, Mastrototaro F, et al. Deep
sequencing of mixed total DNA without barcodes allows efficient assembly of highly plastic ascidian
mitochondrial genomes. Genome Biol Evol. 2013; 5(6):1185-1199. https://doi.org/10.1093/gbe/evt081
PMID: 23709623

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence alignment/map format
and SAMtools. Bioinformatics. 2009; 25:2078-2079. https://doi.org/10.1093/bioinformatics/btp352
PMID: 19505943

Okonechnikov K, Conesa A, Garcia-Alcalde F. Qualimap 2: advanced multisample quality control for
high-throughput sequencing data. Bioinformatics. 2016; 32:292—-294. https://doi.org/10.1093/
bioinformatics/btv566 PMID: 26428292

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 2004; 32:1792—-1797. https://doi.org/10.1093/nar/gkh340 PMID: 15034147

Talavera G, Castresana J. Improvement of phylogenies after removing divergent and ambiguously
aligned blocks from protein sequence alignments. Syst Biol. 2007; 56:564—577. https://doi.org/10.1080/
10635150701472164 PMID: 17654362

Kuck P, Meusemann K. FASconCAT: Convenient handling of data matrices. Mol Phylogenet Evol.
2010; 56(3):1115-1118. https://doi.org/10.1016/j.ympev.2010.04.024 PMID: 20416383

Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: improvements in per-
formance and usability. Mol Biol Evol. 2013; 30:772-780. https://doi.org/10.1093/molbev/mst010
PMID: 23329690

Yang Z. PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol Evol. 2007; 24:1586—1591.
https://doi.org/10.1093/molbev/msm088 PMID: 17483113

Yang Z, Nielsen R. Estimating synonymous and nonsynonymous substitution rates under realistic evo-
lutionary models. Mol Biol Evol. 2000; 17:32—43. hitps://doi.org/10.1093/oxfordjournals.molbev.
2026236 PMID: 10666704

Xia X. DAMBES5: a comprehensive software package for data analysis in molecular biology and evolu-
tion. Mol Biol Evol. 2013; 30:1720—1728. https://doi.org/10.1093/molbev/mst064 PMID: 23564938

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effective stochastic algorithm
for estimating maximume-likelihood phylogenies. Mol Biol Evol. 2015; 32:268-274. https://doi.org/10.
1093/molbev/msu300 PMID: 25371430

Lanfear R, Calcott B, Ho SY, Guindon S. Partitionfinder: combined selection of partitioning schemes
and substitution models for phylogenetic analyses. Mol Biol Evol. 2012; 29(6):1695—1701. https://doi.
org/10.1093/molbev/mss020 PMID: 22319168

PLOS ONE | https://doi.org/10.1371/journal.pone.0240186  October 6, 2020 15/16


https://doi.org/10.1126/science.1069397
http://www.ncbi.nlm.nih.gov/pubmed/11964441
https://doi.org/10.1038/s41598-019-54391-9
http://www.ncbi.nlm.nih.gov/pubmed/31780743
https://doi.org/10.1093/bioinformatics/bts174
https://doi.org/10.1093/bioinformatics/bts174
http://www.ncbi.nlm.nih.gov/pubmed/22495754
https://doi.org/10.1093/molbev/msu154
http://www.ncbi.nlm.nih.gov/pubmed/24803639
https://doi.org/10.1016/j.ympev.2012.08.023
https://doi.org/10.1016/j.ympev.2012.08.023
http://www.ncbi.nlm.nih.gov/pubmed/22982435
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/gbe/evt081
http://www.ncbi.nlm.nih.gov/pubmed/23709623
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1093/bioinformatics/btv566
https://doi.org/10.1093/bioinformatics/btv566
http://www.ncbi.nlm.nih.gov/pubmed/26428292
https://doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1080/10635150701472164
http://www.ncbi.nlm.nih.gov/pubmed/17654362
https://doi.org/10.1016/j.ympev.2010.04.024
http://www.ncbi.nlm.nih.gov/pubmed/20416383
https://doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
https://doi.org/10.1093/molbev/msm088
http://www.ncbi.nlm.nih.gov/pubmed/17483113
https://doi.org/10.1093/oxfordjournals.molbev.a026236
https://doi.org/10.1093/oxfordjournals.molbev.a026236
http://www.ncbi.nlm.nih.gov/pubmed/10666704
https://doi.org/10.1093/molbev/mst064
http://www.ncbi.nlm.nih.gov/pubmed/23564938
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1093/molbev/mss020
https://doi.org/10.1093/molbev/mss020
http://www.ncbi.nlm.nih.gov/pubmed/22319168
https://doi.org/10.1371/journal.pone.0240186

PLOS ONE

Mitogenomes of stick insects

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Ronquist F, Teslenko M, Mark P, Ayres DL, Darling A, Hohna S, et al. MrBayes 3.2: efficient Bayesian
phylogenetic inference and model choice across a large model space. Syst Biol. 2012; 61:539-542.
https://doi.org/10.1093/sysbio/sys029 PMID: 22357727

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior summarization in Bayesian phylo-
genetics using Tracer 1.7. Syst Biol. 2018; 67:901-904. https://doi.org/10.1093/sysbio/syy032 PMID:
29718447

Lartillot N, Rodrigue N, Stubbs D, Richer J. PhyloBayes MPI: phylogenetic reconstruction with infinite
mixtures of profiles in a parallel environment. Syst Biol. 2013; 62(4):611-615. https://doi.org/10.1093/
sysbio/syt022 PMID: 23564032

Strimmer K, von Haeseler A. Likelihood-mapping: A simple method to visualize phylogenetic content of
a sequence alignment. Proc Natl Acad Sci USA. 1997; 94:6815-6819. https://doi.org/10.1073/pnas.94.
13.6815 PMID: 9192648

Cameron SL. Insect mitochondrial genomics: implications for evolution and phylogeny. Ann Rev Ento-
mol. 2014; 59:95-117.

Trautwein MD, Wiegmann BM, Beutel R, Kjer KM, Yeates DK. Advances in insect phylogeny at the
dawn of the postgenomic era. Ann Rev Entomol. 2012; 57:449-468.

Lartillot Nicolas & Lepage Thomas & Blanquart, Samuel. (2009). PHYLOBAYES 3: a Bayesian software
package for phylogenetic reconstruction and molecular dating. Bioinformatics (Oxford, England). 2009;
25:2286—-2288.

LiH, Shao R, Song N, Song F, Jiang P, Li Z, et al. Higher-level phylogeny of paraneopteran insects
inferred from mitochondrial genome sequences. Sci Rep. 2015; 5:8527. https://doi.org/10.1038/
srep08527 PMID: 25704094

Lartillot N, Brinkmann H, Philippe H. Suppression of long-branch attraction artefacts in the animal phy-
logeny using a site-heterogeneous model. BMC Evol Biol. 2007; 7(S4).

Timmermans MJTN, Barton C, Haran J, Ahrens D, Culverwell CL, Ollikainen A, et al. Family-level sam-
pling of mitochondrial genomes in Coleoptera: compositional heterogeneity and phylogenetics.
Genome Biol Evol. 2016; 8:161-175.

Liu'Y, Song F, Jiang P, Wilson JJ, Cai W, Li H. Compositional heterogeneity in true bug mitochondrial
phylogenomics. Mol Phylogenet Evol. 2018; 18:135-144.

Song F, Li H, Jiang P, Zhou XG, Liu JP, Sun CH, et al. Capturing the phylogeny of Holometabola with
mitochondrial genome data and Bayesian site-heterogeneous mixture models. Genome Biol Evol.
2016; 8:1411-1426. https://doi.org/10.1093/gbe/evw086 PMID: 27189999

Bradler S. Der phasmatodea tree of life: Uberraschendes und Ungeklartes in der Stabschrecken-Evolu-
tion. Entomologie heute. 2015; 27:1-23.

Crampton GC. The lines of descent of the lower pterygotan insects, with notes on the relationships of
other forms. Entomological News. 1916; 27:244—258.

Goldberg J, Bresseel J, Constant J, Kneubuhler B, Leubner F, Michalik P, et al. Extreme convergence
in egg-laying strategy across insect orders. Sci Rep. 2015; 5:7825. https://doi.org/10.1038/srep07825
PMID: 25592976

Bradler S, Cliquennois N, Buckley TR. Single origin of the Mascarene stick insects: ancient radiation on
sunken islands? BMC Evol Biol. 2015; 15:196. https://doi.org/10.1186/s12862-015-0478-y PMID:
26377339

Wedmann S, Bradler S, Rust J. The first fossil leaf insect: 47 million years of specialized cryptic mor-
phology and behavior. Proc Natl Acad Sci USA. 2007; 104:565-569. https://doi.org/10.1073/pnas.
0606937104 PMID: 17197423

Buckley TR, Attanayake D, Nylander JAA, Bradler S. The phylogenetic placement and biogeographical
origins of the New Zealand stick insects (Phasmatodea). Syst Entomol. 2010; 35:207-225.

Buscher TH, Buckley TR, Grohmann C, Gorb SN, Bradler S. The evolution of tarsal adhesive micro-
structures in stick and leaf insects (Phasmatodea). Front Ecol Evol. 2018; 6:69.

Bradler S. The Australian stick insects, a monophyletic group within the Phasmatodea? Zoology. 2001;
104 (Suppl. IV):69.

Bradler S. Phylogeny of the stick and leaf insects (Insecta: Phasmatodea). Species, Phylogeny and
Evolution. 2009; 2:3-139.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240186  October 6, 2020 16/16


https://doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
https://doi.org/10.1093/sysbio/syy032
http://www.ncbi.nlm.nih.gov/pubmed/29718447
https://doi.org/10.1093/sysbio/syt022
https://doi.org/10.1093/sysbio/syt022
http://www.ncbi.nlm.nih.gov/pubmed/23564032
https://doi.org/10.1073/pnas.94.13.6815
https://doi.org/10.1073/pnas.94.13.6815
http://www.ncbi.nlm.nih.gov/pubmed/9192648
https://doi.org/10.1038/srep08527
https://doi.org/10.1038/srep08527
http://www.ncbi.nlm.nih.gov/pubmed/25704094
https://doi.org/10.1093/gbe/evw086
http://www.ncbi.nlm.nih.gov/pubmed/27189999
https://doi.org/10.1038/srep07825
http://www.ncbi.nlm.nih.gov/pubmed/25592976
https://doi.org/10.1186/s12862-015-0478-y
http://www.ncbi.nlm.nih.gov/pubmed/26377339
https://doi.org/10.1073/pnas.0606937104
https://doi.org/10.1073/pnas.0606937104
http://www.ncbi.nlm.nih.gov/pubmed/17197423
https://doi.org/10.1371/journal.pone.0240186

