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To explore the variation and phylogenetic utility of mitogenomes among lineages of the diverse hemipteran su-
perfamily Membracoidea, we sequenced four new mitogenomes of four treehopper species of the subfamily
Centrotinae (Membracidae): Hypsauchenia hardwichii, Leptocentrus albolineatus, Maurya qinlingensis, and
Tricentrus brunneus. The mitogenomes are 15,508 to 16,467 bp in size, and comprise the typical set of 37 mito-
chondrial genes and a large non-coding region (AT-rich region). Gene organization, nucleotide composition
and codon usage of protein-coding genes (PCGs) are similar to those of most other sequenced Membracidae
mitogenomes. All PCGs start with a typical ATN or TTG and end with TAA/G or the incomplete stop codon (a sin-
gle T). All transfer RNA genes can be folded into typical clover-leaf secondary structures, except for trnS1. The lo-
cation, length and AT content of the rrnS and rrnL genes are highly conserved in theMembracidaemitogenomes.
In contrast, theAT-rich control region is highly variable in length and in numbers of tandem repeats present. Phy-
logenetic analyses based on the nucleotide and amino acid sequence data of 13 PCGs from 59 species of
Membracoidea and four outgroups (Cercopoidea and Cicadoidea species) recoveredMembracoidea asmonophy-
leticwith strong support, andCicadellidae as paraphyleticwith respect to Aetalionidae+Membracidae, in agree-
mentwith previous analyses. Relationships amongmembracoid subfamilieswere also in general agreementwith
results from prior studies. The monophyly of Centrotinae is strongly supported, with relationships among tribes
recovered as ((Centrotini+ (Tricentrini + Antialcidini)) + ((Leptobelini + Hypsauchenini) + Leptocentrini).

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The treehopper family Membracidae is one of the largest and most
morphologically diverse groups of Hemiptera. The variety of bizarre ex-
ternal forms, diverse behaviors, and complex life histories of these sap-
sucking insects have long attracted the interest of naturalists [1–6]. So
far, a total of 3224 species in 412 genera of Membracidae have been re-
corded worldwide [7–10]. Centrotinae is the only cosmopolitan sub-
family of Membracidae and is also the largest, comprising about 216
genera and 1350 species [5]. The remaining membracid subfamilies
are restricted to the New World, except for the buffalo treehopper,
Stictocephala bisonia Kopp & Yonke (Smiliinae), accidentally introduced
and nowwidespread in Eurasia. Improved knowledge of the phylogeny
of Centrotinae is needed not only to better understand their global bio-
geography, but also for studies of the evolution of parental care behavior
and the management of plant pests [5,6,9]. Previous studies of this
group have focused primarily on morphology-based taxonomy of the
subfamily Centrotinae in particular geographical areas [6,11–16]. Phylo-
genetic studies of the Centrotinae began with Ahmad [17], and
subsequent studies either included onlymorphological data, or incorpo-
rated only a few Centrotinae taxa into broader molecular phylogenetic
studies [1,2,4,6–9,18]. As a result, even the monophyly of Centrotinae
remains contentious, and the phylogeny and taxonomy of the
Centrotinae tribes are unstable. Data from additional sources, such as
complete mitogenomes, may help improve phylogenetic resolution
within this group.

The insect mitogenome is typically a covalently closed circular
double-stranded DNA molecule, usually 15–18 kb in length and
encoding 37 genes, including 13 protein-coding genes (PCG), 2 ribo-
somal RNA genes (rRNA) and 22 transfer RNA genes (tRNA) [19,20].
The mitogenome also includes a non-coding region of variable length
that plays a regulatory role in transcription and replication, namely,
the mitochondrial control region [19,21]. The mitogenome, in whole
or part, has been widely used as a molecular marker to study the popu-
lation genetics, phylogeny and evolution of insects [20,22,23].

Currently, there are only five complete or nearly complete
mitogenomes of Centrotinae in GenBank (as of 28 February 2019). To
facilitate comparative studies and phylogenetic analyses of Centrotinae,
we sequenced the mitogenomes of four additional Centrotinae species
representing four additional tribes, Hypsauchenia hardwichii
(Hypsauchenini), Leptocentrus albolineatus (Leptocentrini), Maurya
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qinlingensis (Antialcidini), and Tricentrus brunneus (Tricentrini), and an-
alyzed their mitogenome characteristics in detail. Combining these new
sequences with previously available mitogenomes of Membracoidea,
we reconstructed phylogenetic relationships among major lineages of
this superfamily. This enabled us to test the monophyly of Centrotinae,
explore relationships within Centrotinae, and examine as broader evo-
lutionary patterns in Membracoidea.

2. Materials and methods

2.1. Sample collection and DNA extraction

Table S1 provides detailed collection information for the adult spec-
imens used in this study. All adult specimens were preserved in 100%
ethyl alcohol and stored in a−20 °C freezer in the laboratory at the In-
stitute of Entomology of Northwest A&F University, Yangling, Shaanxi,
China. Identification of adult specimens was based on morphological
characteristics [6]. Total DNA was extracted from the thoracic muscles
using the Biospin Insect Genomic DNA Extraction Kit (BioFlux) follow-
ing manufacturer's instructions. Voucher specimens are deposited in
the entomological collection of Northwest A&F University.

2.2. Sequencing, assembly and annotation

The complete mitogenomes of four centrotine treehoppers were se-
quenced by next-generation sequencing (NGS) (Illumina HiSeq X10;
5.46 Gb raw data; Biomarker Technologies Corporation, Beijing, China.).
For each species, raw data was trimmed with default parameters, and
clean reads were preliminarily assembled using de novo assembly with
the minimum contig length N8000 bp in the CLC Genomics Workbench
v10.0.1 (CLC Bio, Aarhus, Denmark). The reads were assembled into the
complete circular mitogenome in Geneious 8.1.3 (Biomatters, Auckland,
New Zealand), with Leptobelus gazella (Membracidae: Centrotinae;
GenBank: JF801955) [24] as a reference (Table S2, an example is shown
in Fig. S1). Genome annotation was conducted in a similar fashion,
using Geneious 8.1.3 and Le. gazella as a reference: 13 PCGs were pre-
dicted byfinding theORFs (employing the invertebratemitochondrial ge-
netic codon Table S5); two ribosomal RNA genes (rrnS and rrnL) and
control (AT-rich) regions were identified based on the locations of adja-
cent genes and by comparison with the homologous sequences from
other Centrotinae mitogenomes. tRNA genes were identified using the
MITOS Web Server (http://mitos.bioinf.uni-leipzig.de/index.py) [25] and
secondary structures were manually plotted with Adobe Illustrator
CC2017 according to the MITOS predictions. Mitogenomic circular maps
were depicted using Organellar Genome DRAW (OGDRAW) (https://
chlorobox.mpimp-golm.mpg.de/OGDraw.html) [26].

2.3. Bioinformatic analyses

Analyses of the four sequenced mitogenomes, including base com-
position, composition skew, codon usage of PCGs, relative synonymous
codon usage (RSCU), and comparativemitogenomic organization tables
were conducted using PhyloSuite v1.1.15 [27]. Tandem repeat units of
the AT-rich region were determined using the Tandem Repeats Finder
online server [28]. Gene arrangements were investigated by comparing
the newly sequenced genomes with those of five Centrotinae species
available from GenBank (one species from Centrotini, two species
from Tricentrini and two species from Leptobelini).

2.4. Phylogenetic analysis

A total of 63mitogenomes of Cicadomorpha insects were used in the
phylogenetic analysis, including 10 treehoppers (four newly sequenced
mitogenomes and six fromGenBank) and 49 leafhoppers. Two froghop-
pers (Phymatostetha huangshanensis and Cosmoscarta bispecularis) and
two cicadas (Meimuna opalifera and Tettigades auropilosa)were selected
as outgroups (Table 1). The included centrotine treehoppers represent
six tribes: Centrotini, Tricentrini, Antialcidini, Leptobelini,
Hypsauchenini, and Leptocentrini. Because rrnS and rrnL genes were
not found in many partial mitogenomes and are also difficult to align,
phylogenetic relationships were reconstructed using only the
concatenated 13 PCGs (nucleotide and amino acid sequences).

Sequences of 13 PCGs of 63 species were aligned in batches with
MAFFT integrated into PhyloSuite v1.1.15. Nucleotide sequences were
aligned using the G-INS-i (accurate) strategy and codon alignment
mode, and amino acid sequences were aligned using —auto strategy and
normal alignment mode. Poorly aligned regions in the alignments were
removed using Gblocks v0.91b [49]. Individual gene alignments were
then concatenated using PhyloSuite v1.1.15. Bayesian inference (BI) phy-
logenetic analyses were conducted using amino acid sequence data and
PHYLOBAYES MPI v.1.5a [50], which employs the site-heterogeneous
model CAT + GTR. Two independent Markov chain Monte Carlo
(MCMC) chains were run, and the analysis was stopped when the two
runs had satisfactorily converged (maxdiff. fell below 0.3). A consensus
tree was computed from the remaining trees combined from two runs
after the initial 25% trees from each MCMC chain run were discarded as
burn-in. For nucleotide sequence data, the best partitioning scheme and
nucleotide substitution model for maximum likelihood (ML) and BI phy-
logenetic analyses were determined with PartitionFinder2 [51] using the
Bayesian information criterion (BIC) and a greedy search algorithm with
branch lengths linked (Tables S3–S4). Maximum likelihood phylogenies
were inferred by IQ-TREE [52] using the ultrafast bootstrap (UFB) approx-
imation approach [53] with 10,000 replicates, as well as the Shimodaira–
Hasegawa–like approximate likelihood-ratio test [54] with 10,000 repli-
cates. Bayesian inference was conducted using MrBayes 3.2.6 [55] with
the following conditions: two independent runs of 10,000,000 genera-
tions were conducted with sampling every 1000 generations, four inde-
pendent Markov chains, with the initial 25% of sampled data discarded
as burn-in. Stationaritywas assumed after the average standard deviation
of split frequencies fell below 0.01.

3. Results and discussion

3.1. Mitogenome organization and nucleotide composition

The mitogenomes of H. hardwichii (15,618 bp), L. albolineatus
(15,508 bp), M. qinlingensis (16,011 bp), and T. brunneus (16,467 bp)
are single, covalently closed circular double-stranded DNA molecules
(Tables S5–S8, Fig. 1). The mitogenomes of H. hardwichii,
L. albolineatus are medium-sized compared to those of other
Membracidae, which range from 15,201 bp (Leptobelus sp.) [45] to
16,007 bp (Le. gazella) [24]. The mitogenomes of M. qinlingensis and
T. brunneus are larger than all other sequenced Membracidae species.
Length variation of Membracidae mitogenomes occurs mainly due to
variation in the size of the AT rich region. Each mitogenome includes
the 37 typical animal mitochondrial genes (13 PCGs, 22 tRNAs, and 2
rRNAs) and a large non-coding control region (AT-rich region), which
are usually present in bilaterian animals [20]. The gene order of the
four newly sequenced centrotine treehoppers is consistent with the
presumed ancestral arrangement of insects [56]. A majority of genes
(9 PCGs and 14 tRNAs) are encoded on the majority strand (J-strand),
while 14 genes (4 PCGs, 8 tRNAs and 2 rRNAs) are encoded on the mi-
nority strand (N-strand). There are two gene overlaps conserved
among the four mitogenomes: atp8-atp6 (7 bp: ATGATAA) and nad4-
nad4L (7 bp: C/TATCAT) (Tables S5–S8). These overlaps are also found
in other Membracidae species [24,32,44,45].

The AT nucleotide content of the fourmitogenomes is similar: an av-
erage of 78.7% A + T in H. hardwichii, 78.1% in L. albolineatus, 77.6% in
M. qinlingensis, and 78.6% in T. brunneus (Table 2), indicating strong AT
bias, similar to that of other Membracidae insects [24,32,44,45]. The
PCGs have the lowest AT content (76.1%–77.3%), and the AT-rich region
has the highest (81.5%–86.5%) (Table 2), as in all previously sequenced
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Table 1
Mitogenomes of the 63 Cicadomorpha insects used in this study.

Superfamily Family Subfamily Species Accession number Reference

Membracoidea Cicadellidae Idiocerinae Populicerus populi NC_039427 [29]
Idioscopus nitidulus NC_029203 [30]
Idiocerus laurifoliae NC_039741 [29]
Idioscopus clypealis NC_039642 [31]
Idioscopus myrica MH492317 [29]

Iassinae Trocnadella arisana NC_036480 Unpublished
Evacanthinae Sophonia linealis KX437723 [32]
Megophthalminae Japanagallia spinosa NC_035685 [33]

Durgades nigropicta NC_035684 [33]
Coelidiinae Taharana fasciana NC_036015 [34]

Olidiana sp. KY039119 Unpublished
Ledrinae Petalocephala ochracea KX437734 [32]
Typhlocybinae Empoasca sp. KX437737 [32]

Empoasca onukii NC_037210 [35]
Empoasca vitis NC_024838 [36]
Illinigina sp. KY039129 [37]
Typhlocyba sp. KY039138 [37]

Deltocephalinae Japananus hyalinus NC_036298 [38]
Maiestas dorsalis NC_036296 [38]
Macrosteles quadrilineatus NC_034781 [39]
Macrosteles quadrimaculatus NC_039560 [40]
Tambocerus sp. KT827824 [41]
Nephotettix cincticeps NC_026977 Unpublished
Hishimonus phycitis KX437727 [32]
Psammotettix sp.1. KX437742 [32]
Psammotettix sp.2. KX437725 [32]
Cicadula sp. KX437724 [32]
Exitianus sp. KX437722 [32]
Phlogotettix sp.1. KX437721 [32]
Phlogotettix sp.2. KY039135 [37]
Dryadomorpha sp. KX437736 [32]
Osbornellus sp. KX437739 [32]
Agellus sp. KX437738 [32]
Scaphoideus varius KY817245 [42]
Scaphoideus nigrivalveus KY817244 [42]
Scaphoideus maai KY817243 [42]
Yanocephalus yanonis NC_036131 [37]
Alobaldia tobae KY039116 [37]
Exitianus indicus KY039128 [37]
Orosius orientalis KY039146 [37]
Deltocephalinae sp. KX437726 [32]
Norvellina sp. KY039131 [37]
Drabescoides nuchalis NC_028154 [43]

Cicadellinae Bothrogonia ferruginea KU167550 Unpublished
Cuerna sp. KX437741 [32]
Graphocephala sp. KX437740 [32]
Cicadella viridis KY752061 Unpublished
Homalodisca coagulata AY875213 Unpublished
Cicadellinae sp. KX437743 [32]

Membracidae Smiliinae Entylia carinata NC_033539 [44]
Centrotinae Centrotus cornutus KX437728 [32]

Tricentrus sp. KY039118 Unpublished
Leptobelus gazella JF801955 [24]
Leptobelus sp. JQ910984 [45]
Hypsauchenia hardwichii MK746135 This study
Leptocentrus albolineatus MK746137 This study
Maurya qinlingensis MK746136 This study
Tricentrus brunneus MK746138 This study

Aetalionidae Aetalioninae Darthula hardwickii NC_026699 [46]
Cicadoidea Cicadidae Cicadinae Meimuna opalifera KY039112 [37]

Tibicininae Tettigades auropilosa KM000129 Unpublished
Cercopoidea Cercopidae Cercopinae Cosmoscarta bispecularis KP064511 [47]

Phymatostetha huangshanensis MG878381 [48]
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mitogenomes of membracid treehoppers [24,32,44,45]. The four new
mitogenomes exhibit negative GC-skews (−0.207 to−0.120) and pos-
itive AT-skews (0.091–0.143), which is also common for centrotine
treehoppers and the Hemiptera in general [57–59].

3.2. Protein-coding genes

The newly sequenced mitogenomes include the usual set of 13
PCGs. Most are initiated by a typical start codon ATN (ATA/T/G/C)
and end with the TAA stop codon, or its incomplete form T–. Such in-
complete stop codons are common in insects, and believed to be
completed by posttranscriptional polyadenylation [60]. The nad5
gene in all four mitogenomes uses TTG as the start codon
(Tables S5–S8), as in the previously sequenced membracids Entylia
carinata (NC_033539) [44] and Le. sp. (JQ910984) [45]. Furthermore,
nad2 and cob of H. hardwichii, nad4L of L. albolineatus, nad4 of
M. qinlingensis, and cob of T. brunneus use TAG as the stop codon
(Tables S5–S8), as in other membracid mitogenomes [24,44,45].

ncbi-n:JF801955


Fig. 1. Circular maps of the mitogenomes of H. hardwichii, L. albolineatus, M. qinlingensis, T. brunneus.
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The AT-skews of the PCGs are similar (−0.151 to−0.135) among the
four treehoppers (Table 2). Relative synonymous codon usage
(RSCU) is summarized in Fig. 2, indicating that the three most fre-
quently utilized amino acids were Leu, Ser, and Ile. Each species in-
cludes all 62 available codons (excluding TAA and TAG). In the four
new mitogenomes, as well as other reported Membracidae
mitogenomes [24,32,44,45], the four most frequently used codons
are UUA (Leu), AUU (Ile), UUU (Phe) and AUA (Met). All of them
are composed solely of A or U, reflecting the high A + T content of
PCGs.
Table 2
Base composition and skewness of mitogenomes of H. hardwichii, L. albolineatus, M. qinlingensi

Feature Length A + T%

H. hardwichii, L. albolineatus, M. qinlingensis and T. brunneus
Whole genome 15,618/15508/16011/16467 78.8/78.1/77.6/78.6
PCGs 10,923/10929/10929/10914 77.3/77.0/76.1/77.1
tRNAs 1403/1419/1420/1412 79.4/79.0/79.4/79.8
rRNAs 1916/1910/1918/1904 81.4/80.1/81.1/81.4
AT-rich region 1433/1271/1789/2261 86.5/83.4/81.5/83.3
3.3. Transfer and ribosomal RNA genes

Each of the sequenced mitogenomes includes 22 tRNA genes
(Tables S5–S8). The AT content of tRNA genes is slightly higher than
that of the PCGs, ranging from 79.0% to 79.8% (Table 2). The arrange-
ment of tRNAs is identical to those of previously sequenced
Membracoidea, with the exception of three species of deltocephaline
leafhoppers, which reported to have minor tRNA rearrangements
[38–40]. Length of the 22 tRNAs ranges from 59 bp (trnR of
L. albolineatus) to 72 bp (trnKs of H. hardwichii, M. qinlingensis, and
s and T. brunneus.

AT-skew GC-skew

0.091/0.143/0.114/0.132 −0.125/−0.207/−0.12/−0.125
−0.15/−0.135/−0.151/−0.147 0.009/−0.033/0.003/0.002
0.007/0.008/0.013/0.018 0.183/0.154/0.181/0.168
−0.158/−0.183/−0.209/−0.215 0.298/0.279/0.262/0.266
0.096/0.064/0.018/0.094 0.041/0.005/0.057/0.141
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T. brunneus) (Tables S5–S8). The tRNAs can be folded into the common
clover-leaf secondary structures, except for trnS1, in which the
dihydrouridine (DHU) arm is replaced by a simple loop (Figs. S2–S5).
The missing DHU arm of trnS1 gene appeared very early in theMetazoa
[61], and is common in insectmitogenomes. Based on the predicted sec-
ondary structure, we recognized a total of six types of unmatched base
pairs (G-U, U-U, A-A, G-A, U-C, and A-C) in the arm structures of
tRNAs of the four new mitogenomes. In some cases, there are also
extra single A/U nucleotides in the stem structures.

The rrnS and rrnL genes have an AT nucleotide content ranging from
80.1% to 81.4% (Table 2). The rrnL gene, located between trnL1 and trnV,
ranges from1163 bp to 1187 bp in length, and the rrnS gene, located be-
tween trnV and the AT-rich region, ranges from 727 bp to 741 bp
(Tables S5–S8), similar to other sequenced membracids [24,32,44,45].
Therefore, the location, length and AT content of rRNAs are highly con-
served in the Membracidae.
3.4. AT-rich region

The AT-rich region is believed to be involved in regulating the
transcription and replication of DNA in insects [19,20]. All AT-rich
Fig. 2. Relative synonymous codon usage (RSCU) of the mitogenom
regions of the four mitogenomes are located between rrnS and trnI,
and their size ranges from 1271 bp to 2261 bp (Table 2). Analyses
of the AT-rich regions indicate that the four taxa have different num-
bers of absolute tandem repeat units. Two types of absolute tandem
repeats are present in H. hardwichii (nucleotide positions 114 to 335
and 1104 to 1364) and T. brunneus (positions 171 to 519 and 975 to
1189). The AT-rich regions of L. albolineatus and M. qinlingensis have
only one kind of absolute tandem repeat, located at positions 84 to
363, and 218 to 586, respectively (Fig. 3). As in most insect
mitogenomes, tandem repeats are common, and the size of tandem
repeat regions varies depending on the number of copies of the re-
peating units [62]. Tandem repeats are thought to play an important
role in the control of DNA methylation, gene transcription and repli-
cation [63,64].
3.5. Phylogenetic relationships

Phylogenetic analyses of 63 species of Cicadomorpha, including
four outgroups, based on ML and BI analyses of nucleotide sequence
data of 13 PCGs, yielded largely congruent topologies, with most
branches receiving strong support (Figs. 4–5). Overall, the
es of four centrotine treehoppers. The stop codon is not shown.



Fig. 3. Structures of AT-rich regions in the four centrotine treehopper mitogenomes. The location and copy number of absolute tandem repeat units are displayed by blue and red ovals.
Green boxes indicate non-repeat regions.
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relationships recovered in our analyses are similar to those found by
Du et al. [40], but our taxon sample is much larger and overall branch
support is higher. Nevertheless, as in other recent phylogenetic anal-
yses of Membracoidea [e.g., 18], some deep internal nodes within
Cicadellidae were not consistently resolved among analyses and re-
ceived less than maximal branch support. For example, in the BI
tree (Fig. 5) Coelidiinae and Iassinae are sister to the remaining
Membracoidea except Deltocephalinae, while in the ML tree
(Fig. 4), Coelidiinae and Iassinae are sister to a clade comprising
Idiocerinae, Megophthalminae and the treehoppers. The latter result
was also obtained from analysis of amino acid sequences using
Phylobayes (Fig. S6), but with less than maximum support (PP =
0.76). Deltocephaline leafhoppers were sister the remaining
Membracoidea both in ML and BI trees (SH-aLRT = 100; BS = 100;
PP = 1.00), consistent with some previous studies [18,29,40].

All analyses consistently supported the monophyly of
Membracoidea and the included membracoid subfamilies repre-
sented by more than one species (Deltocephalinae, Typhlocybinae,
Cicadellinae, Coelidiinae, Idiocerinae, Megophthalminae, and
Centrotinae) with strong support (SH-aLRT N 96.2; BS N 93; PP N

0.97). The relationships among Idiocerinae, Megophthalminae,
Smiliinae, Aetalionidae, and Centrotinae were congruent among re-
sults (Figs. 4–5; Fig. S6), but support for some branches was not
very high (SH-aLRT b 70; BS b 75; PP b 0.90). The recovered relation-
ships generally agree with previously published phylogenies based
on the 28S rRNA gene and mitogenomes [29,40,65], although place-
ment of Smiliinae as sister to the remaining treehoppers has not
been suggested previously and may be due to the absence of other
non-centrotine membracids in the dataset. Treehoppers
(Membracidae and Aetalionidae) are monophyletic and originate
from paraphyletic Cicadellidae, as indicated by previous molecular
phylogenetic analyses [18,29,32,38,40,42,65]. Monophyly of
Centrotinae received strong support (SH-aLRT = 100; BS = 100;
PP = 1.00), but more data, especially for representatives of
Centronodinae are needed to better understand the monophyly of
Centrotinae [66]. In Centrotinae, the relationships among included
tribes are inferred as (Centrotini + (Tricentrini + Antialcidini)) +
((Leptobelini + Hypsauchenini) + Leptocentrini). Although the
sister-group relationship of Tricentrini and Antialcidini was also re-
covered by previous analyses of morphological data [6,9], other
aspects of the phylogeny differ from these prior results. This may
be due, in part, to the very limited taxon sample in the present
study. Nevertheless, our overall results suggest that sequences of mi-
tochondrial PCGs are informative of relationships at different levels
within the taxonomic hierarchy of Membracoidea. Therefore, se-
quencing of additional mitogenomes may help improve phyloge-
netic resolution of this group.

4. Conclusion

Mitogenomes of H. hardwichii, L. albolineatus, M. qinlingensis, and
T. brunneus are highly conservative in overall structure and AT content
and similar to those of other Membracidae. Bayesian inference and
maximum likelihood analysis of concatenated alignments of all mito-
chondrial PCGs yielded well-resolved phylogenies largely congruent
with previous studies and with most branches receiving strong boot-
strap support except a few deep internal nodes within Cicadellidae.
Membracoidea are recovered as monophyletic with strong support,
and Cicadellidae as paraphyletic with respect to Aetalionidae +
Membracidae.Within theMembracoidea, currently recognized subfam-
ilies for which more than one representative was available were recov-
ered as monophyletic. This suggests that further sequencing of
mitogenomes can contribute to resolving phylogenetic relationships at
various levels within the taxonomic hierarchy of Membracoidea.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2019.08.064.
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Fig. 4. ML tree inferred using IQ-TREE and the PCG123 dataset. SH-aLRT values and Bootstrap support values (BS) are indicated on branches.
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Fig. 5. Bayesian tree inferred using MrBayes and the PCG123 dataset. Bayesian posterior probabilities (PP) are indicated on branches.
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