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Abstract. The hemipteran suborder Auchenorrhyncha is a highly diverse, ecologi-
cally and agriculturally important group of primarily phytophagous insects which has
been a source of phylogenetic contention for many years. Here, we have used tran-
scriptome sequencing to assemble 2139 orthologues from 84 auchenorrhynchan species
representing 27 families; this is the largest and most taxonomically comprehensive phy-
logenetic dataset for this group to date. We used both maximum likelihood and multi-
species coalescent analyses to reconstruct the evolutionary history in this group using
amino acid, nucleotide, and degeneracy-coded nucleotide orthologue data. Although
many relationships at the superfamily level were consistent between analyses, several
differing, highly supported topologies were recovered using different datasets and recon-
struction methods, most notably the differential placement of Cercopoidea as sister
to either Cicadoidea or Membracoidea. To further interrogate the recovered topolo-
gies, we explored the contribution of genes as partitioned by third-codon-position
guanine-cytosine (GC) content and heterogeneity. We found consistent support for sev-
eral relationships, including Cercopoidea + Cicadoidea, most often in genes that would
be expected to be enriched for the true species tree if recombination-based dynamics in
GC content have contributed to the observed GC heterogeneity. Our results provide a
generally well-supported framework for future studies of auchenorrhynchan phylogeny
and suggest that transcriptome sequencing is likely to be a fruitful source of phyloge-
netic data for resolving its clades. However, we caution that future work should account
for the potential effects of GC content heterogeneity on relationships recovered in
this group.
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Introduction

Insects of the order Hemiptera Linné, 1758 are of consid-
erable scientific interest due to their abundance, ecological
significance, economic importance in agricultural systems, and
relevance to human health. The earliest fossils of this group are
from the Carboniferous (Nel et al., 2013), although molecular
divergence time estimates place its origin in the Devonian
(Johnson et al., 2018). Hemiptera became one of the dominant
insect groups in the Permian (Shcherbakov, 1996) and remains
one of the most diverse and abundant groups with over 100 000
extant species (Zhang, 2011). Additionally, the diversity of
ecological roles and interactions, novel morphological char-
acteristics, and behavioural patterns exhibited by hemipterans
make them ideal model systems for studies of comparative trait
evolution (e.g. Lin et al., 2004; Weirauch & Schuh, 2011; Evan-
gelista et al., 2017; Li et al., 2017). Phylogenetic relationships
within Hemiptera, however, have frequently been contentious,
with Hemiptera, Homoptera Latreille, 1810, and Heteroptera
Latreille, 1810 assigned different taxonomic ranks over time.
Some authors have considered Heteroptera and Homoptera as
separate orders (e.g. Comstock, 1924), whereas others have
used Hemiptera in a broad sense to include both groups (e.g.
Tillyard, 1919; Hennig, 1981). Current evidence supports a
monophyletic Hemiptera (sensu lato) including a paraphyletic
‘Homoptera’ and the monophyletic groups Heteroptera, Stern-
orrhyncha, Coleorrhyncha, Fulgoromorpha, and Cicadomorpha
(Bourgoin & Campbell, 2002). However, many aspects of the
classification within Hemiptera remain unstable, and the lack
of comprehensive, well-supported hypotheses of relationships
among and within these groups hinders the advancement of
comparative evolutionary studies.

Some of the most prominent relationships in question
have been those among the superfamilies and families of the
infraorders Fulgoromorpha and Cicadomorpha, which together
make up the suborder Auchenorrhyncha. This suborder is an
exceptionally speciose group (>43000 described species)
whose members display diverse morphological, behavioural
and ecological characteristics (Bartlett ez al., 2018). Addition-
ally, many members of the Auchenorrhyncha are important
or emerging agricultural pests in both their native and intro-
duced ranges, such as the spotted lanternfly (Dara et al., 2015),
glassy-winged sharpshooter (Hoddle, 2004) and brown plan-
thopper (Bottrell & Schoenly, 2012). Auchenorrhynchan pests
infest a wide variety of crops and ornamentals and can cause
substantial economic damage through direct harm to plants
(e.g. hopper-burn) or by serving as vectors of agents of plant
disease, including viruses (Ammar & Nault, 2002) and various
bacteria such as phytoplasmas (Wilson & Weintraub, 2007),
spiroplasmas (Golino & Oldfield, 1990) and Xylella fastidiosa
(Redak et al., 2004).

The monophyly of Auchenorrhyncha has been questioned
in the past on the basis of morphological (Goodchild, 1966;
Bourgoin, 1987, 1993) and molecular studies (Campbell et al.,
1995; Sorensen et al., 1995; von Dohlen & Moran, 1995; Xie
et al., 2008; Song et al., 2012, 2016), but recent molecular
evidence suggests that Auchenorrhyncha is a monophyletic

group (Cryan & Urban, 2012; Misof et al., 2014; Johnson et al.,
2018). Morphological synapomorphies include the presence of
a tymbal acoustic system on the first abdominal segment and
an aristoid antennal flagellum (Kristensen, 1975), as well as by
the insertion of the labium posteroventrally on the head surface
(Carver et al., 1991). Emelyanov (1987) also lists a further four
exclusive synapomorphies of the Auchenorrhyncha and five
apomorphies that are widely distributed throughout Auchen-
orrhyncha but lost in some lineages. Presence of Candidatus
Sulcia muelleri, a primary intracellular bacterial endosymbiont
apparently restricted to Auchenorrhyncha and present in nearly
all tested species, also constitutes evidence for the monophyly
of the suborder (Moran et al., 2005; Takiya et al., 2006). As cur-
rently constructed, Auchenorrhyncha consists of two infraorders
comprising four superfamilies. The infraorder Fulgoromorpha
contains one superfamily, Fulgoroidea (planthoppers), and
20 recognized families, and the infraorder Cicadomorpha
includes the superfamilies Cicadoidea (cicadas, two families),
Cercopoidea [spittlebugs, five families recognized here, but
three in Hamilton (2001)], and Membracoidea (leathoppers and
treehoppers, five families).

Morphological, fossil and molecular evidence has been
used previously to propose hypotheses of relationships
within Auchenorrhyncha. Evans (1963) presented an intu-
itive morphology-based hypothesis in which Auchenorrhyncha,
Fulgoroidea, Cercopoidea, Cicadoidea and Membracoidea were
regarded as monophyletic groups. He suggested that Cicadoidea
and Membracoidea are sister clades, with Cercopoidea sister
to Cicadoidea+ Membracoidea (Fig. 1A). He later regarded
Membracoidea as sister to Cercopoidea + Cicadoidea (Evans,
1977), but noted that there was uncertainty regarding these
relationships. Hennig (1981) regarded Fulgoromorpha and
Cicadomorpha as sister groups, but remarked that the relation-
ships between Membracoidea, Cicadoidea and Cercopoidea
were not yet confirmed.

Using head characters, Hamilton (1981) placed Cicadoidea as
sister to Membracoidea + Cercopoidea (Fig. 1B), but later sug-
gested, based on more extensive character sampling and fossil
evidence (Hamilton, 1996, 1999), that Cercopoidea was sister
to Membracoidea + Cicadoidea and Fulgoroidea was sister to
Cicadomorpha + Sternorrhyncha (Fig. 1C). At the family level,
Hamilton (1999) used characters primarily of the head, legs
and genitalia to place Myerslopiidae (previously considered a
tribe of Cicadellidae) as sister to the remaining extant membra-
coids, and regarded Membracidae and Aetalionidae as derived
from within Cicadellidae, rendering Cicadellidae paraphyletic.
Blocker (1996) synthesized several previous morphologically
based phylogenies to propose a monophyletic Auchenor-
rhyncha, with Fulgoroidea sister to [Cicadidae (Cercopi-
dae + Membracoidea)] (Fig. 1B). Blocker (1996) also noted that
there was disagreement as to whether Tettigometridae should
be placed in a basal or derived position within Fulgoroidea.
Emelyanov (1987) examined an extensive suite of external and
internal morphological characters, as well as symbiont rela-
tionships, to propose Cicadoidea as sister to Cercopoidea, with
Membracoidea sister to Fulgoroidea (Fig. 1D). Szwedo (2002)
used fossil evidence to propose that Cercopoidea was sister to
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Fig. 1. Previous hypotheses of relationship proposed for the auchenorrhynchan superfamilies. (A) Topology consistent with Evans (1963). (B)
Topology consistent with Hamilton (1981) and Blocker (1996). (C) Topology consistent with Hamilton (1996) (fossil evidence) and Hamilton (1999).
(D) Topology consistent with Emelyanov (1987) and Song et al. (2017). (E) Topology consistent with Szwedo (2002). (F) Topology consistent with
Campbell et al. (1995), von Dohlen & Moran (1995), Sorensen et al. (1995) and Ouvrard et al. (2000). (G) Consistent with Bourgoin & Campbell
(2002). (H) Consistent with Cryan & Urban (2012) and Johnson et al. (2018). (I) Consistent with Li et al. (2017).

[(Cicadoidea + Myerslopiidae) Membracoidea], while placing
Fulgoroidea sister to Heteroptera + Coleorrhyncha (Fig. 1E).

Characters of the Malpighian tubules were used by Rakitov
(2002) to support Cercopoidea as sister to Cicadoidea. This
relationship was also supported by Liang & Fletcher (2002)
on the basis of antennal characteristics. However, both studies
had highly limited taxon sampling. Parsimony analysis of
wing base characters from 13 auchenorrhynchan families by
Yoshizawa & Wagatsuma (2012) also recovered Cercopoidea
and Cicadoidea as sister groups. However, the relationships of
the cercopoid families were not resolved, because the placement
of either Aphrophoridae or Cercopidae as sister to the remaining
cercopoids was equally parsimonious.

Early molecular phylogenies of Hemiptera based on partial
18S rDNA sequences (Campbell et al., 1995; Sorensen et al.,
1995; von Dohlen & Moran, 1995) recovered Fulgoromorpha
and Cicadomorpha as monophyletic groups, but placed Fulgo-
roidea sister to Heteroptera, thus rendering Auchenorrhyncha
paraphyletic (Fig. 1F). These analyses were not able to con-
fidently reconstruct relationships among the cicadomorphan
superfamilies in relation to one another. Ouvrard et al. (2000)
incorporated secondary structural folding data into their 18S
analysis and recovered a monophyletic Cicadomorpha and
Fulgoromorpha (Fig. 1F). They also found low support for a
sister relationship between Cicadoidea and Cercopoidea, but
were unable to resolve relationships of members of Auchenor-
rhyncha with Heteroptera and Coleorrhyncha. In the Ouvrard
et al. (2000) study, Membracoidea was recovered as mono-
phyletic, but three families (Melizoderidae, Myerslopiidae

and Aetalionidae) were not represented and the relationship
between membracids and cicadellids was unresolved. Bour-
goin & Campbell (2002) proposed a hypothesis that placed
Cercopoidea + Cicadoidea as sister to Membracoidea and
Cicadomorpha sister to Heteroptera+ Coleorrhyncha, with
Fulgoroidea sister to that entire clade (Fig. 1G). However,
they did not perform a formal phylogenetic analysis, basing
their hypothesis on the existing morphological and molecular
evidence, the latter of which was then limited to 18S sequence
data. Cryan & Urban’s (2012) analysis using seven nuclear and
mitochondrial genes recovered Fulgoroidea sister to [Mem-
bracoidea (Cercopoidea+ Cicadoidea)] (Fig. 1H), although
maximum likelihood bootstrap support for the monophyly of
Cercopoidea + Cicadoidea was only moderate.

Several other molecular phylogenetic studies have examined
relationships among major lineages (e.g. families, subfami-
lies) within the auchenorrhynchan superfamilies Membracoidea
(Dietrich et al., 2001, 2017), Fulgoroidea (Urban & Cryan,
2007), Cercopoidea (Cryan & Svenson, 2010) and Cicadoidea
(Marshall et al., 2018). Although most of these studies used
only a few genes and often recovered low branch support for
deep relationships, one study using data from hundreds of genes
(Dietrich et al., 2017) was still unable to resolve several deep
internal branches with confidence.

The advent of next-generation sequencing has recently
facilitated analyses incorporating many more genes. Song
etal. (2012) used complete mitochondrial genomes to infer
hemipteran phylogeny and placed Membracoidea as sister
to Cercopoidea and Fulgoroidea as sister to Sternorrhyncha.
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However, the analysis did not include representatives of
Cicadoidea, so their placement relative to Membracoidea
and Cercopoidea remained ambiguous. Another analysis
of a broader sample of hemipterans using mitochondrial
genomes, including representatives of all auchenorrhynchan
superfamilies (Li eral., 2017), recovered Fulgoromorpha
as sister to Coleorrthyncha and Membracoidea as sister
to Cicadoidea + Cercopoidea (Fig. 1I). A later analysis of
Cicadomorpha using mitochondrial genomes (Song et al.,
2017) included representatives from all auchnorrhynchan
superfamilies and recovered Fulgoroidea as sister to [Membra-
coidea + (Cicadoidea + Cercopoidea)] (Fig. 1H).

Misof et al.’s (2014) analysis of all insect orders using
transcriptomes recovered a monophyletic Auchenorrhyncha
as sister to Coleorrhyncha. Within Auchenorrhyncha, Ful-
goroidea was placed sister to a Cercopoidea + Cicadoidea,
but the analysis included only three auchenorrhynchan rep-
resentatives and no membracoids. Most recently, Johnson
etal’s (2018) transcriptome-based analysis of Parane-
optera found high support for {Fulgoroidea [Membracoidea
(Cicadoidea + Cercopoidea)]} (Fig. 1H), but included only 34
auchenorrhynchan specimens, representing approximately half
of the recognized auchenorrhynchan families. Because previous
analyses have not yet achieved consensus, denser taxonomic
sampling is needed to adequately resolve relationships between
families within each superfamily and test the stability of the
placements of Cicadoidea and Cercopoidea.

In addition to increased access to genetic data, the phyloge-
nomic era has also highlighted the possibility of potential biases
that may be exacerbated by inclusion of numerous genes in a
single dataset. Notably, guanine-cytosine (GC) content hetero-
geneity across taxa and/or across genes included in a phyloge-
nomic analysis can introduce conflicting signal due to biological
mechanisms tied to overall GC content. When GC content varies
among taxa in a study, phylogenetic analyses may group taxa
together because they have similar GC content, and not because
they are phylogenetically related (Weisburg et al., 1989; Lock-
hart et al., 1992; Hasegawa & Hashimoto, 1993; Collins et al.,
2005; Simon et al., 2006). Unfortunately, there are few meth-
ods to account for variation across taxa in GC composition, and
most of the methods that exist are computationally extremely
intensive, especially for large datasets. However, some of these
difficulties can be ameliorated using codon-based degeneracy
coding (Simmons, 2017).

In the case of variation among genes, regions of the genome
with high GC content have been shown to possess greater
conflict in signal and longer branch lengths than genes with
low GC content in vertebrates (Romiguier et al., 2013; Jarvis
etal., 2014) and in Hymenoptera (Romiguier et al., 2013;
Bossert et al., 2017). The widely accepted explanation is linked
to a process that occurs during meiotic recombination called
GC-biased gene conversion. This process acts to increase GC
content in regions of the genome with high recombination
rates by preferentially overwriting GC-poor alleles with GC-rich
alleles. Although first described in mammals (Galtier et al.,
2001) and birds (Weber et al., 2014), and for the first time in
invertebrates in a eusocial hymenopteran (Kent et al., 2012),

GC-biased gene conversion is now thought to be widespread
and responsible for recombination-based dynamics in genomic
GC content across most metazoans, including invertebrates
such as crustaceans, lepidopterans and isopterans (Pessia et al.,
2012; Robinson et al., 2013; Galtier et al., 2018). In species
where GC-biased gene conversion occurs, GC content, and
especially third-codon-position GC content (GC3), is correlated
with relative recombination rate in that region of the genome
(Romiguier et al., 2010; Mugal et al., 2015) and overall variance
in GC3 content and average GC3 content are correlated; thus
high recombination rates tend to affect a given locus in a subset
of taxa rather than universally (Weber et al., 2014; Figuet et al.,
2015).

The GC-biased gene conversion itself could cause difficulties
in adequately modelling sequence evolution because it may pro-
mote the accumulation of multiple substitutions at the same site
due to AT compensatory mutations after recombination hotspots
have shifted, as is known to occur commonly, especially across
evolutionary time in some taxa (Coop et al., 2008; Comeron
et al.,2012; Romiguier & Roux, 2017). These regions could also
contain genes that do not reflect the true species topology simply
due to their frequent recombination. Areas of the genome with
high recombination are also the most likely to have introgressed
alleles (Martin et al., 2019) and remnant alleles surviving from
incomplete lineage sorting (Hobolth ef al., 2011) because of
their higher effective population sizes. By contrast, areas of the
genome with low recombination rates tend to resolve the most
accurate species tree as they possess smaller effective popula-
tion sizes due to hitchhiking from linked loci under selection.
These regions tend to exhibit lower rates of incomplete lineage
sorting, as well as having fewer introgressed alleles (Li et al.,
2018). Even in species without direct evidence of GC-biased
gene conversion, high GC regions of the genome are still asso-
ciated with high rates of recombination, e.g. in Drosophila auto-
somes (Singh et al., 2005) and yeast (Kiktev et al., 2018). It is
possible that this recombination-linked property of more hetero-
geneous and higher GC content genes is of greater concern in
recovering the correct species topology than it is in proper mod-
elling of heterogeneous nucleotide content (Conant & Lewis,
2001; Romiguier & Roux, 2017). In either case, the effect of
GC content heterogeneity has not been investigated in auchenor-
rhynchan phylogenomic datasets and, if unexplored, this poten-
tial source of systematic bias could undermine confidence in
the relationships recovered from a phylogenomic analysis of
Auchenorrhyncha.

Bearing in mind the previous studies and limitations of
auchenorrhynchan phylogeny and potential biases introduced
by GC content heterogeneity, we used transcriptome sequenc-
ing to acquire sequences of 2139 orthologous genes from 84
auchenorrhynchan species representing 27 of the 32 currently
recognized families in the superorder, which represents the most
comprehensive sampling of Auchenorrhyncha to date in a phy-
logenomic analysis. Using this dataset, we set out to construct
a well-resolved, highly supported phylogeny of the Auchen-
orrhyncha that would allow us to address the following ques-
tions: (i) what is the relationship among the cicadomorphan
superfamilies; (ii) what are the relationships among families
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in Fulgoromorpha and Cicadomorpha; (iii) how do the rela-
tionships we observe compare with previous hypotheses; and
(iv) does nucleotide compositional heterogeneity in terms of
GC content have an effect on the topologies recovered by our
dataset? Construction of a comprehensive phylogeny of Auchen-
orrthyncha, while addressing dataset heterogeneity, will also
enhance our understanding of hemipteran evolution, facilitate
further studies of comparative evolution in this group, and iden-
tify phylogenetic relationships in need of further investigation
due to low support or gene tree conflict.

Materials and methods
Transcriptome sampling

We included transcriptomes from 94 taxa, including 84
auchenorrhynchans, 50 of which were newly sequenced for this
study to increase taxonomic representation of auchenorrhyn-
chan family and subfamily lineages. Four moss bugs (suborder
Coleorrhyncha) and six true bugs (suborder Heteroptera) were
included as outgroups based on the recent comprehensive phy-
logenomic analysis of Johnson et al. (2018). The ingroup sam-
ple includes representatives of 27 auchenorrhynchan families
and is the most comprehensive sampling within this suborder
to date. Raw transcriptome data were obtained from previously
sequenced individuals (Misof et al., 2014; Johnson et al., 2018)
or from individuals newly sequenced for this study. A complete
list of specimens included in this study is shown in Table 1.
For newly sequenced individuals, fresh specimens were ground
and preserved in RNAlater® (Ambion; Austin, TX, U.S.A.) and
stored at +4 or —80°C or directly frozen at —80°C until the time
of extraction. RNA was extracted from the entire body of adult
specimens for most species, whereas in a few cases, nymphs or
individuals of unknown life stages were used. Library prepara-
tion and transcriptome sequencing of 100-bp paired-end reads
of new specimens was performed at the W.M. Keck Center for
Comparative and Functional Genomics at the University of Illi-
nois at Urbana-Champaign using the Illumina TruSeq Stranded
mRNAseq Sample Prep Kit and an Illumina HiSeq 4000 (Illu-
mina, San Diego, California). We multiplexed 24 individuals per
lane, to achieve at least 2.5 Gbp of raw data for the sample.
Voucher specimens of different individuals, but from the same
collecting event, were deposited in the Illinois Natural History
Survey insect collection.

De novo transcriptome assembly

Following sequencing, FASTQ files were generated and demul-
tiplexed using BCL2FASTQ v.2.17.1.14 conversion software (Illu-
mina). Raw paired-end reads were assessed for quality using
FASTQC (Andrews, 2010) and then trimmed using TRIMMO-
MATICPE (Bolger et al., 2014) with a headcrop setting of 9,
leading and trailing settings of 3, sliding window size of 4
with a minimum quality 15, minimum length of 50, and an
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Nluminaclip setting of 2:30:10. Trimmed reads were assem-
bled using SOAPDENOVO-TRANS with £ =49 (Xie et al., 2014).
Decontamination procedures of trimmed reads followed Peters
etal. (2017) (for details, see Johnson et al., 2018, supple-
mental information). Assembled, decontaminated contigs were
screened for vector contamination and duplicates and contigs
< 200nt long were removed before NCBI submission. Raw
reads and filtered assemblies were submitted to the NCBI SRA
(Sequence Read Archive) and TSA (Transcriptome Shotgun
Assembly) archives. Specimen information, including species
names, localities and accession numbers, are shown in Table 1.

Identification of orthologues

ORTHOGRAPH (Petersen et al., 2017) was used to identify
protein-coding genes corresponding to 2395 genes in the
ORTHDB V.7 database (Kriventseva et al., 2008) predicted
to be single-copy orthologues across the arthropod species
Acromyrmex echinatior, Daphnia pulex, Pediculus humanus,
Rhodnius prolixus, Tribolium castaneum and Zootermopsis
nevadenis. ORTHOGRAPH utilizes a graph-based approach that
avoids orthology assignment of redundant transcripts and is
able to account for the presence of paralogues and alternative
splicing in transcripts which can mislead phylogenetic inference
(Petersen et al., 2017). See Johnson et al. (2018) for further
details of gene selection.

Orthologue alignment and filtering

Orthologous amino acid sequences were aligned individually
by gene using PASTA (Mirarab et al., 2015) under default set-
tings. Nucleotide sequences were then aligned with reference to
the amino acid sequence alignments to preserve reading frames
using a custom perl script. Amino acid and nucleotide align-
ments were then trimmed using TRIMAL v.1.4 (Capella-Gutierrez
et al., 2009) with a gap threshold of 0.25. After trimming, the
dataset was filtered to reduce missing data by identifying align-
ments that included at least half of all ingroup taxa and at least
one outgroup taxon using custom python scripts. A cutoff point
of 50% ingroup taxa was chosen to maximize the number of
included loci while excluding genes for which the majority of the
data were missing. An additional four genes were removed due
to discrepancies between the number of amino acid alignment
positions and the expected number of corresponding nucleotide
alignment positions. Following alignment filtering, a total of
2139 orthologues were retained for further analyses.

Maximum likelihood analyses and bootstrapping

SEQUENCE MATRIX v.100 (Vaidya et al., 2011) was used to con-
catenate amino acid and nucleotide alignments from the 2139
retained orthologues. RAXML v.8.2.11 (Stamatakis, 2014) was
used to remove completely ambiguous positions in the align-
ment and then to perform 100 rapid bootstrap replicates of
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Table 1. National Center for Biotechnology Information accession numbers, collecting localities, and percentage missing data for Auchenorrhyncha and outgroup specimens used in this study.

Missing data
in AA and
complete nt

Missing data in
degeneracy-coded

Family Species BioSample no. Run no. TSA project no. Locality alignment (%) nt alignment (%)

Auchenorrhyncha
Aphrophoridae?  Aphrophora alni SAMNO03331949 SRR2051468 GDENO00000000 Germany: Thuringia 43.5 49.0
Aphrophoridae®  Philaenus spumarius SAMNO03341992 SRR1821955 GCZA00000000 United States: Kentucky 242 31.7
Cercopidae® Cercopis vulnurata SAMNO2047155 SRR921578 GAUNO00000000 Germany: North Rhine-Westphalia 272 344
Cercopidae” Prosapia bicincta SAMNO03341999 SRR1821958 GCYJ00000000 United States: Illinois 26.5 33.7
Clastopteridae Clastoptera obtusa SAMNO04101382 SRR2496621 GEJT00000000 United States: Illinois 16.9 24.9
Epipygidae Epipyga sp. SAMNO04101414 SRR2496653 GEJW00000000 Brazil: Minas Gerais 35.7 42.0
Machaerotidae Pectinariophyes stalii SAMNO04101409 SRR2496648 GEKO00000000 Australia: Queensland 29.1 36.0
Cicadidae® Okanagana villosa SAMNO02047193 SRR921625 GAWQO00000000 United States: California 30.1 37.1
Cicadidae Chilecicada sp. SAMNO04101397 SRR2496636 GEKHO00000000 Chile: Santiago Metropolitan Region 314 38.3
Cicadidae Tettigades auropilosa SAMNO04101401 SRR2496640 GEIMO00000000 Chile: O’Higgins Region 50.5 55.3
Cicadidae Megatibicen dorsatus SAMNO03342009 SRR1821973 GCYV01000000 United States: Illinois 30.4 37.3
Cicadidae Guineapsaltria flava SAMNO04101375 SRR2496614 GEJK00000000 Australia: Queensland 89.6 90.6
Cicadidae Tamasa doddi SAMNO04101376 SRR2496615 GEIK00000000 Australia: Queensland 28.4 35.6
Cicadidae Burbunga queenslandica SAMNO04101374 SRR2496613 GEJZ00000000 Australia: New South Wales 47.3 52.5
Cicadidae Kikihia scutellaris SAMNO04101390 SRR2496629 GEJF00000000 New Zealand: Wellington District 41.2 47.0
Cicadidae Maoricicada tenuis SAMNO04101392 SRR2496631 GEJB00000000 New Zealand: Marlborough District 40.9 46.7

Tettigarctidae Tettigarcta crinita SAMNO04101386 SRR2496625 GEHU00000000 Australia: New South Wales 43.2 48.8
Aetalionidae Aetalion reticulatum SAMNO06145360 SRR5134719 GFDW00000000 Brazil: Rio de Janeiro 20.0 28.1
Aetalionidae Lophyraspis sp. SAMNO06145352 SRR5134711 GFEQ00000000 French Guiana 247 32.1
Cicadellidae” Graphocelphala fennahi SAMNO03331970 SRR2051489 GDEF00000000 Germany: Hamburg 37.5 43.9
Cicadellidae? Dalbulus maidis SAMNO03341953 SRR1821981 GCWP00000000 United States: Lab stock 62.2 65.7
Cicadellidae” Ponana quadralaba SAMNO3341997 SRR1821957 GCZF00000000 United States: Illinois 18.8 27.0
Cicadellidae? Agallia constricta SAMNO03341926 SRR1821894 GCWTO00000000 United States: Illinois 28.1 354
Cicadellidae” Hespenedra chilensis SAMNO03341961 SRR1821922 GCXG00000000 Chile: Los Lagos 354 41.9
Cicadellidae? Empoasca fabae SAMNO03341955 SRR1821917 GCVV00000000 United States: Illinois 39.2 452
Cicadellidae” Vidanoana flavomaculata SAMNO03342016 SRR1821980 GCZD00000000 Chile: Los Lagos 32.0 38.9
Cicadellidae Nionia palmeri SAMNO04101395 SRR2496634 GEKNO00000000 United States: Illinois 30.5 37.6
Cicadellidae Macropsis decisa SAMNO04101399 SRR2496638 GEJE00000000 United States: Illinois 32.1 39.1
Cicadellidae Neocoelidia tumidifrons SAMNO04101400 SRR2496639 GEJC00000000 United States: Illinois 21.2 29.1
Cicadellidae Xestocephalus desertorum SAMNO04101404 SRR2496643 GELC00000000 United States: Illinois 38.9 45.0
Cicadellidae Idiocerus rotundens SAMNO04101398 SRR2496637 GEJG00000000 United States: Illinois 30.2 373
Cicadellidae Tinobregmus viridescens SAMNO04101402 SRR2496641 GEIL00000000 United States: Illinois 18.8 27.0
Cicadellidae Eucanthella palustris SAMNO04101405 SRR2496644 GEJL00000000 Australia: Queensland 333 40.0
Cicadellidae Stenocotis depressa SAMNO04101413 SRR2496652 GEIN00000000 Australia: Queensland 25.0 325
Cicadellidae Tituria sp. SAMNO06145374 SRR5134733 GFEI00000000 China: Shaanxi 26.5 33.8
Cicadellidae Penthimia sp. SAMNO06145376 SRR5134735 GFFF00000000 United States: Illinois 18.8 27.1
Cicadellidae Penestragania robusta SAMNO6145377 SRR5134736 GFFC00000000 United States: Illinois 322 39.0
Cicadellidae Aphrodes bicincta SAMNO06145363 SRR5134722 GFDZ00000000 United States: Illinois 25.3 32.8
Cicadellidae Agudus sp. SAMNO06145361 SRR5134720 GFDX00000000 Brazil: Minas Gerais 39.3 454
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Table 1. Continued

Missing data
in AA and
complete nt

Missing data in
degeneracy-coded

Family Species BioSample no. Run no. TSA project no. Locality alignment (%) nt alignment (%)
Cicadellidae Haldorus sp. SAMNO06145381 SRR5134740 GFEX00000000 Brazil: Minas Gerais 52.7 57.5
Cicadellidae? Ulopa reticulata SAMNO03331994 SRR2051513 GDEO00000000 Germany: Lower Saxony 58.9 63.0
Melizoderidae? Llanquihuea pilosa SAMNO03341973 SRR1821930 GCWX00000000 Chile: Los Lagos 38.8 45.0
Membracidae? Centrotus cornutus SAMNO3331956 SRR2051475 GDFF00000000 Croatia: Zadar 35.6 42.0
Membracidae? Stictocephala bisonia SAMNO03342008 SRR1821970 GCZK00000000 United States: Illinois 21.7 29.6
Membracidae? Enchenopa latipes SAMNO03341938 SRR1821904 GCWI00000000 United States: Illinois 22.3 30.1
Membracidae? Nessorhinus gibberulus SAMNO03341984 SRR1821942 GCYF00000000 United States: Puerto Rico 38.2 44.5
Membracidae Microcentrus caryae SAMNO04101394 SRR2496633 GEIX00000000 United States: Illinois 20.9 28.9
Membracidae? Holdgatiella chepuensis SAMNO03341963 SRR1821924 GCXWO00000000 Chile: Los Lagos 30.7 37.8
Membracidae Notocera sp. SAMNO6145375 SRR5134734 GFFB00000000 Brazil: Roraima 28.1 353
Membracidae Lycoderes burmeisteri SAMNO6145370 SRR5134729 GFER00000000 Brazil: Rio de Janeiro 24.2 31.9
Membracidae Umbonia crassicornis SAMNO04101403 SRR2496642 GEIZ00000000 United States: Puerto Rico 91.6 92.4
Membracidae Heteronotus sp. SAMNO04101416 SRR2496655 GEJQ00000000 Brazil: Rio de Janeiro 43.4 49.1
Membracidae Amastris sp. SAMNO06145362 SRR5134721 GFDY00000000 Brazil: Roraima 28.5 35.6
Membracidae Cyphonia clavata SAMNO06145366 SRR5134725 GFEC00000000 Brazil: Rio de Janeiro 28.6 35.7
Membracidae Membracis tectigera SAMNO06145371 SRR5134730 GFET00000000 Brazil: Rio de Janeiro 29.4 36.5
Membracidae Tolania sp. SAMNO06145383 SRR5134742 GFEO00000000 Brazil: Roraima 55.4 59.8
Membracidae Chelyoidea sp. SAMNO06145365 SRR5134724 GFEB00000000 Brazil: Rio de Janeiro 37.3 43.6
Membracidae Procyrta sp. SAMNO06145379 SRR5134738 GFFD00000000 Brazil: Roraima 27.2 34.6
Myerslopiidae” Mapuchea sp. SAMNO03341978 SRR1821937 GCXN00000000 Chile: Los Lagos 23.0 30.9
Acanaloniidae” Acanalonia conica SAMNO03341923 SRR1821891 GCXC00000000 United States: Kentucky 24.9 32.3
Achilidae Catonia nava SAMNO04101381 SRR2496620 GEHTO00000000 United States: Illinois 26.8 34.0
Caliscelidae” Caliscelis bonelii SAMNO03331955 SRR2051474 GDFE00000000 Italy: Umbria 333 39.5
Caliscelidae® Bruchomorpha oculata SAMNO03341935 SRR1821902 GCWF00000000 United States: Illinois 23.4 30.8
Cixiidae” Tachycixius pilosus SAMNO03331993 SRR2051512 GDEX00000000 Germany: Thuringia 63.2 66.8
Cixiidae? Melanoliarus placitus SAMNO03341980 SRR1821943 GCZE00000000 United States: Illinois 30.5 37.5
Delphacidae” Nilaparvata lugens SAMNO02047185 SRR921622 GAYF00000000 Switzerland: Lab stock 23.8 314
Delphacidae” Idiosystatus acutiusculus SAMNO03341965 SRR1821950 GCXZ00000000 Chile: Los Lagos 27.9 35.1
Derbidae Omolicna uhleri SAMNO04101384 SRR2496623 GEIW00000000 United States: Illinois 24.2 31.6
Dictyopharidae? Dictyophara europaea SAMNO03331963 SRR2051482 GDEP00000000 Germany: Thuringia 54.3 58.7
Dictyopharidae? Phylloscelis atra SAMNO03341994 SRR1821952 GCYHO00000000 United States: Illinois 23.8 31.2
Dictyopharidae? Chondrophana gayi SAMNO03341944 SRR1821915 GCYG00000000 Chile: Los Lagos 31.2 37.9
Dictyopharidae Yucanda albida SAMNO06145384 SRR2496623 GEIW00000000 United States: Nevada 48.8 53.8
Eurybrachidae Platybrachys sp. SAMNO4101411 SRR2496650 GEIQ00000000 Australia: Queensland 359 42.1
Flatidae” Metcalfa pruinosa SAMNO3331985 SRR2051504 GDFH00000000 Italy: Umbria 359 422
Flatidae Jamella australiae SAMNO04101418 SRR2496657 GEJH00000000 United States: Queensland 23.4 30.9
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Table 1. Continued

Missing data
in AA and
complete nt

Missing data in
degeneracy-coded

Family Species BioSample no. Run no. TSA project no. Locality alignment (%) nt alignment (%)
Fulgoridae® Cyrpoptus belfragei SAMNO03341951 SRR1821913 GCWQO00000000 United States: Illinois 27.7 34.8
Fulgoridae Lycorma delicatula SAMNO06145353 SRR5134712 GFES00000000 China: Shaanxi 48.1 53.0
Issidae Thionia simplex SAMNO04101396 SRR2496635 GEIJ00000000 United States: Illinois 214 29.2
Nogodinidae Lipocallia australensis SAMNO04101407 SRR2496646 GEI'Y00000000 Australia: Queensland 40.3 46.1
Nogodinidae Bladina sp. SAMNO06145364 SRR5134723 GFEA00000000 Brazil: Roraima 72.6 75.2
Ricaniidae Scolypopa sp. SAMNO04101412 SRR2496651 GEIO00000000 Australia: Queensland 37.6 43.7
Ricaniidae Ricania speculum SAMNO06145380 SRR5134739 GFEY00000000 China: Shaanxi 26.8 34.0
Tettigometridae Tettigometra bipunctata SAMNO06145359 SRR5134718 GFEJ00000000 China: Shaanxi 233 30.6
Tropiduchidae? Ladella sp. SAMNO03341969 SRR1821928 GCX000000000 United States: Puerto Rico 39.8 45.7

Coleorrhyncha
Peloridiidae Hackeriella veitchi SAMNO06145349 SRR5134708 GFEH00000000 Australia: Queensland 29.6 37.0
Peloridiidae Peloridium pomponorum SAMNO03341991 SRR1821949 GCZG00000000 Chile: Los Lagos 31.3 384
Peloridiidae? Xenophyes metoponcus SAMNO03331996 SRR2051515 GDEMO01000000 New Zealand: Westland District 40.2 46.4
Peloridiidae” Xenophysella greensladeae SAMNO02047181 SRR921658 GAY102000000 New Zealand: Westland District 44.2 50.0

Heteroptera
Ceratocombidae?  Ceratocombus sp. SAMNO03341939 SRR1821906 GCWS01000000 Argentina: Salta 30.8 37.7
Hydrometridae? Hydrometra stagnorum SAMNO03331975 SRR2051494 GDEG01000000 Germany: North Rhine-Westphalia 52.1 57.0
Veliidae® Velia caprai SAMNO02047131 SRR921656 GAUO002000000 Germany: Lower Saxony 49.6 54.6
Corixidae? Corixa punctata SAMNO3331959 SRR2051478 GDDRO01000000 Germany: Lower Saxony 524 57.1
Gelastocoridae? Gelastocoris oculatus SAMNO3341957 SRR1821920 GCXI01000000 United States: Illinois 29.9 36.8
Notonectidae” Notonecta glauca SAMNO03331987 SRR2051506 GDEHO01000000 Germany: North Rhine-Westphalia 50.7 55.8

From Misof et al. (2014).
bFrom Johnson et al. (2018).
AA, amino acid; nt, nucleotide.
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maximum likelihood searches for the concatenated amino acid
and nucleotide alignments. DECISIVATOR v.0.591 (Brown, 2017,
available at: https://github.com/josephwb/Decisivator, accessed
24 May 2019) was used to determine gene occupancy of the
alignment matrices and complete decisiveness of the concate-
nated datasets (Sanderson et al., 2010). DECISIVATOR indicated
that gene occupancy across the concatenated alignments was
the same, so sumac (Freyman, 2015) was used to calculate the
percentage of missing genes for each taxon using the complete
concatenated nucleotide alignment. For maximum likelihood
searches, five non-identical randomized stepwise addition order
parsimony trees and five completely random starting trees were
created using RAXML for both the concatenated amino acid and
nucleotide alignments. These starting trees were used in separate
EXAML v.3 (Kozlov et al., 2015) maximum likelihood searches.
For the amino acids, the RAXML option PROTGAMMAAUTO was
used during the bootstrapping phase to select the best amino
acid substitution matrix for maximum likelihood analysis; the
JTT model was selected and EXAML runs were conducted under
JTT +T. For nucleotide analyses, EXAML runs were conducted
under GTR +1I'. The preferred trees were those with the best
maximum likelihood scores.

Additionally, PARTITIONFINDER2 (Lanfear et al., 2016) with
rcluster_max = 100 (Lanfear et al., 2014) was used to parti-
tion the nucleotide dataset by gene. Alignments and parti-
tion schemes were submitted to the University of Illinois at
Urbana-Champaign Illinois Data Bank (UIUC IDB) (https://doi
.org/10.13012/B2IDB-1461292_V1). Bootstrapping and maxi-
mum likelihood searches on the partitioned nucleotide dataset
were performed as described earlier for the concatenated dataset.
Resulting trees were visualized using ITOL, with bootstrap val-
ues displayed as text and ‘position on branch’ set to 50% (Letu-
nic & Bork, 2016). Trees were rooted using Heteroptera as the
outgroup. Newick files for each tree were deposited in the UIUC
IDB.

GC content, degeneracy coding and third-codon GC content
analyses

Heterogeneity in GC content could occur either at the level of
species or at the level of genes, and we explored both of these
possibilities. As GC content has been shown to be a source of
systematic bias that can affect phylogenetic inference (Romigu-
ier et al., 2013; Jarvis et al., 2014; Bossert et al., 2017), we
performed several analyses to examine the role of GC content
in our dataset. At the level of species, the GC content of each
codon position across all genes from each species was mea-
sured using a custom script and the results were plotted using the
GGPLOT2 package in R (Wickham, 2016). A chi-squared test of
compositional heterogeneity was performed on the concatenated
nucleotide alignment using PAUP* v.4.0a (build 165) (Swofford,
2002) to statistically investigate compositional heterogeneity,
a known source of potential systematic bias in phylogenomic
datasets (Weisburg et al., 1989; Lockhart et al., 1992; Hasegawa
& Hashimoto, 1993; Phillips ef al., 2004; Collins et al., 2005;
Jeffroy et al., 2006; Regier et al., 2010). We also employed a
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codon degeneracy coding strategy (Regier et al., 2010) to inves-
tigate the effect of compositional heterogeneity on the recovered
maximum likelihood concatenated and partitioned topologies.
Degeneracy coding is an extension of R-Y coding that reduces
nucleotide compositional heterogeneity by fully degenerating
nucleotides at sites that could potentially undergo synonymous
change, while leaving sites undergoing nonsynonymous change
mostly unaltered. The DEGEN_VI_4 script (Zwick & Hussey,
2008) was used to recode codons in trimmed nucleotide align-
ments as degenerated codons using IUPAC ambiguity codes.
The alignments were then concatenated and columns consisting
solely of missing data were removed using RAXML. PARTITION-
FINDER2 was used to estimate optimal gene partitioning schemes
for the concatenated dataset. The concatenated and partitioned
degeneracy-coded datasets were used for maximum likelihood
analyses in EXAML, and 100 rapid bootstraps for each dataset
were obtained in RAXML following the protocols described for
the nondegeneracy-coded nucleotides.

We also investigated GC compositional heterogeneity at the
level of the gene. In particular, we wanted to determine whether
we could partition support for alternative topologies observed
in different analyses into gene bins that are predicted to be
more and less reliable, based on GC3 content, in recovering
the underlying species tree. We calculated the average GC3
content and GC3 variance for all of the 2139 genes and then
ranked genes by average GC3 and GC3 variance. We then placed
the 2139 genes into 21 100-gene bins (discarding the 39 genes
with GC3 variance and GC3 content closest to the median). For
each GC3 and GC3 variance bin, we collapsed nodes in gene
trees with < 10% bootstrap support using nw-ed in newick_utils
(Junier & Zdobnov, 2010) and recorded how many nodes were
collapsed in each bin. A multispecies coalescent analysis in
ASTRAL was used to obtain the species tree and normalized
quartet score for each bin in order to determine if there was
greater conflict in higher GC3 and GC3 variance genes. We also
measured average branch length of input gene trees for both
sets of 21 bins. Plots were constructed using R (R Core Team,
2018).

Next, we binned the 2139 genes ranked by GC3 heterogeneity
and average GC3 content into quintiles containing a roughly
equivalent number of sites (c. 53000 nucleotides). We then
analysed the partitioned top, middle, and bottom quintiles with
RAXML for each of three forms of the data: (i) nucleotide; (ii)
first and second codon positions only (hereafter nt12); and
(iii) amino acids. Nucleotide datasets were partitioned by gene
and codon position and amino acids datasets were partitioned
by gene and assigned a JTT model. We assessed congruence
among these 18 datasets by UPGMA clustering of resulting trees
based on normalized Robinson—Foulds distances and calculated
average bootstrap support across trees to assess relative total
confidence. We assessed saturation of each of nucleotide quintile
using the Xie et al. (2008) test implemented in DAMBE?7 on fully
resolved sites (Xia, 2018) and by plotting model-uncorrected
transversions and transitions against JC69 distances (Fig. S9).

In an effort to determine whether low conflict in
low-GC3-variance and low-GC3-content gene quintiles that
contained many of the same genes was due primarily to one

© 2019 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12381
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property or another, we also calculated normalized quartet
distance scores of the intersection and unique elements of these
sets for the bottom (368 loci shared out of a total 578 or 585,
respectively) and top quintiles (146 loci shared out of a total
358 and 378, respectively).

Multispecies coalescent analysis

To explore the effects of possible conflict among gene trees
on the phylogeny, individual gene trees and 100 bootstrap
replicates for each gene were obtained from trimmed nucleotide
alignments using RAXML under a GTR +I" model. These gene
trees were used as input for a multispecies coalescent anal-
ysis using ASTRAL v.4.10.5 under default settings (Mirarab
& Warnow, 2015). ASTRAL analysis was performed using the
-t 2 full annotation option, which provides several metrics
including branch support values in the form of local posterior
probabilities (Sayyari & Mirarab, 2016), quartet support as
the percentage of quartets in the gene trees that agree with the
branch for each of the three possible quartets at each branch,
and effective number, which indicates the number of gene trees
that contributed information to a branch. The resulting multi-
species coalescent tree and local posterior clade probabilities
were visualized in FIGTREE v.1.4.4 (Rambaut, 2018), and ETE
TOOLKIT (Huerta-Cepas et al., 2016) was used to visualize
quartet support and effective number.

Results

A final total of 2139 orthologue genes were included in this
study. Across alignments, the average number of taxa per locus
was 84.8, and the average number of loci per taxon was 1930.2.
No taxon had sequence data for all orthologues, and 245 ortho-
logue alignments included all taxa. Gene occupancy data are
shown in Tables S1 and S2. The final amino acid alignment
contained 882806 positions, including 615838 variable and
485 378 parsimony-informative sites. The concatenated and par-
titioned nucleotide alignment contained 2 648 418 sites, includ-
ing 1932685 variable and 1 695924 parsimony-informative
sites. Both the amino acid and nucleotide alignments contained
35.34% of sites for which no data were available (missing data).
DECISIVATOR indicated that matrix occupancy for the complete
nucleotide and amino acid datasets was 90.2% and the datasets
were decisive for all possible trees.

As degeneracy coding can result in conversion of sites
from data present to data absent [e.g. conversion of GGG
— GGN (glycine)], the degeneracy-coded alignment contained
an increased amount of missing data compared with the
nondegeneracy-coded alignment. Additionally, degeneracy cod-
ing resulted in more columns that contained only missing
data which were removed by raXML before analyses, lead-
ing to a decreased number of alignment positions compared
with the nondegeneracy-coded alignment, but matrix occu-
pancy remained at 90.2% and the matrix was decisive for all

possible trees. The final degeneracy-coded nucleotide align-
ment contained 2 464 828 positions, including 964 502 vari-
able sites, 723 696 parsimony-informative sites, and 41.78%
missing data.

Across taxa, GC content at the first codon position ranged
from 47.3% in Tettigometra bipunctata to 54.7% in Hackierella
veitchi. At the second codon position, GC content ranged from
35.6% in Dalbulus maidis to 38.4% in Hackeriella veitchi. The
GC content at the third codon position was more variable and
ranged from 19.8% in Phylloscelis atra to 63.0% in Grapho-
cephala fennahi. Results of the chi-squared analysis of compo-
sitional heterogeneity for the concatenated complete nucleotide
alignment were highly significant (y* = 1 256 318.35, df = 279,
P < 1x107¥) A box plot showing the distribution of GC content
for each codon across taxa is shown in Fig. 2.

Maximum likelihood analyses

Maximum likelihood scores of the best trees from each
analysis performed are summarized in Table 2. The best trees
from the partitioned degeneracy-coded and complete nucleotide
datasets were highly resolved and generally well supported by
bootstrapping (Fig. 3). The partitioned degeneracy-coded and
complete nucleotide trees were generally similar with high boot-
strap support (Figs S1 and S2, respectively). The partitioned
degeneracy-coded nucleotide dataset recovered Cercopoidea
as sister to Membracoidea with less than maximum bootstrap
support (Fig. 3A), whereas the amino acid analysis recovered
this relationship with full bootstrap support (Fig. S3). The
partitioned complete nucleotide dataset recovered Cercopoidea
as sister to Cicadoidea with maximum support (Fig. 3B), and
the multispecies coalescent analysis also recovered the Cer-
copoidea + Cicadoidea relationship with maximum posterior
probability support (Figs 4, S4). The quartet scores for this
branch indicated that slightly more than half of the contributing
gene trees supported this relationship (Fig. 4). Concatenated
analysis of the degeneracy-coded nucleotide dataset recovered
Cercopoidea as sister to Membracoidea (Fig. S5), whereas con-
catenated analysis of the complete nucleotide data recovered
Cercopoidea as sister to Cicadoidea (Fig. S6).

Within the Fulgoroidea, all analyses consistently placed
a clade containing Delphacidae and Cixiidae as sister to
the remaining fulgoroids. The placement of other fulgoroids
was mostly consistent between analyses, with the excep-
tion the genus Bladina (Nogodinidae). The degeneracy-coded
nucleotide and amino acid analyses placed Bladina sister
to Platybrachus (Eurybrachidae) with high support (Figs 3A,
S1, S3), whereas the partitioned and concatenated complete
nucleotide analyses placed Bladina as sister to Thionia simplex
(Issidae) with moderate support (Figs 3B, S6). Both placements
render Nogodinidae paraphyletic because the other represen-
tative of this family (Lipocallia australensis) was consistently
placed as sister to Ricaniidae with high support. Additionally,
although the majority of the family-level relationships within
Fulgoroidea were highly supported in the maximum likelihood

© 2019 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12381
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Table 2. Likelihood scores of the best trees obtained from maximum
likelihood analysis in EXAML.

Likelihood score

Dataset of best tree

Concatenated amino acid —28523711.9
Complete concatenated nucleotide —82805459.9
Complete partitioned nucleotide —82532202.4
Degeneracy-coded concatenated nucleotide —-30658511.6
Degeneracy-coded partitioned nucleotide —30489206.1

analyses and multispecies coalescent analyses, the clade con-
taining Eurybrachidae, Acanaloniidae, Flatidae, Nogodinidae,
Issidae and Ricaniidae included several branches with low to
moderate bootstrap or local posterior probability support in each
analysis.

Degeneracy-coded nucleotide and amino acid analyses like-
wise differed from the concatenated and partitioned nucleotide
analyses in their placement of Clastoptera obtusa (Clastopteri-
dae) and Pectinariophyes stalii (Machaerotidae) within Cer-
copoidea. Degeneracy-coded and amino acid analyses place
Clastoptera as sister to the remaining cercopoids, whereas the
nucleotide analyses placed Pectinariophyes in this position.
However, support for the placement of Pectinariophyes was
low [bootstrap support (BS) = 53] in the partitioned complete
nucleotide analysis (Figs 3B, S2) and moderate (BS = 73) in the
concatenated complete nucleotide analysis (Fig. S6). By con-
trast, in the degeneracy-coded and amino acid analyses, there
is high support for all branches within Cercopoidea (Figs 3A,
S1, 83, S5). The remaining relationships within the Cercopoidea
were consistent across analyses, with Aphrophoridae recovered
as a polyphyletic group.

In the Cicadoidea, the family Tettigarctidae, represented by
Tettigarcta crinita, was recovered with maximum support as
sister to Cicadidae in all analyses. Within the family Cicadidae,
three highly supported monophyletic lineages corresponding
to the three sampled cicada subfamilies were recovered in all
analyses.

In Membracoidea, concatenated analyses consistently yielded
high support for the placement of Myerslopiidae, represented
by Mapuchea, as sister to the remaining taxa in the Mem-
bracoidea. The family Cicadellidae was always recovered as
paraphyletic with respect to Membracidae and Aetalionidae.
However, the placement of the clade containing Llanquihuea
pilosa and Holdgatiella chepuensis differed between analy-
ses. Although degenerate nucleotide and amino acid analy-
ses placed this clade sister to the remaining treehoppers with
high support (Figs 3A, S1, S3 S5), thus rendering Membraci-
dae nonmonophyletic, the partitioned and concatenated com-
plete nucleotide analyses placed this clade in more derived
position within Membracidae (Figs 3B, S2, S6), also with high
support (BS =100 for both). Additionally, the placement of
Actalionidae differed between analyses; it was placed sister
to the Stegaspidinae + Centrotinae with high support in the
degeneracy-coded nucleotide and amino acid analyses (Figs 3A,
S1, S3, S5), whereas it was sister to the remaining treehoppers

in the complete nucleotide analyses (Figs 3B, S2, S6). Within
the membracids, the subfamily Stegaspidinae was paraphyletic
with respect to Centrotinae, and Membracinae and Smiliinae
were recovered as monophyletic groups with high support. The
placement of Heteronotus differed between analyses, with all but
the amino acid analysis placing Heteronotus as sister to Mem-
bracinae + Smiliinae. Amino acids placed Heteronotus as sister
to Procyrta, but with 88% bootstrap support.

The concatenated analyses also differed in their place-
ment of Empoasca. In the concatenated amino acid analysis,
Empoasca was recovered as sister to the remaining cicadellids
with moderate support (BS = 89); however, this relationship
received low support in the concatenated (BS = 26) and parti-
tioned (BS = 70) degenerate nucleotide analyses. In both the
concatenated and partitioned nucleotide analyses, the clade
Empoasca + Macropsis was recovered as sister to the remain-
ing cicadellids with high support (BS = 98 for concatenated,
BS = 99 for partitioned). This placement of Macropsis renders
the cicadellid subfamily Eurymelinae polyphyletic, as the other
eurymeline included in this analysis, Idiocerus rotundens, was
nested within Cicadellidae.

The cicadellid subfamily Deltocephalinae was recovered as
monophyletic with maximum bootstrap support in all max-
imum likelihood trees, as were Cicadellinae and Ledrinae.
Other subfamilies were represented by single individuals or
received < 100% bootstrap support. Additionally, relatively
lower support among branches was observed in all trees in
the clade comprising Aphrodinae, lassinae, Coelidiinae, Eucan-
thallinae, Tartressinae and Ledrinae, and the placements of
these clades relative to one another was not consistent between
analyses.

Multispecies coalescent analysis

The multispecies coalescent analysis also recovered each
of the four superfamilies within Auchenorrhyncha as mono-
phyletic with high support (Figs 4, S4) and recovered many
of the relationships observed in the maximum likelihood
nucleotide analyses, including unaltered third codon positions.
This analysis found strong support for the relationship of Cer-
copoidea + Cicadoidea, but only 51.6% of the 2134 quartets
contributing to this branch recovered this relationship (Fig. 4).
As in the maximum likelihood analyses, many of the relation-
ships across the species tree received high support as measured
by local posterior probabilities, but the placement of Bladina
and several other relationships within the Fulgoroidea received
low or submaximal support. In the Membracoidea, a clade
containing Empoasca + Macropsis received less than maximal
support (local pP = 0.9767, quartet score = 36.0%), as did sev-
eral other relationships among the remaining Cicadellidae. The
clade including Llanquihuea + Holdgatiella was placed within
Membracidae, as was observed in the complete nucleotide
analyses, although the monophyly of this clade plus the remain-
ing membracids received less than maximum support (local
posterior probability (pP)=0.9921, quartet score = 38.0%).
Additionally, the quartet scores (Fig.4) indicate that many

© 2019 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12381
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branches of the main topology were recovered only by a slim
majority or a minority of gene trees, and the monophyly of
Auchenorrhyncha was supported by only 44.5% of quartets
in the species tree obtained from gene trees produced using
alignments including the third codon position and by 46.3% of
quartets in the degeneracy-coded species tree.

GC3 analyses

The total GC3 variance of individual genes ranged from
0.00031 to 0.01140, and the GC3 content ranged from 21.2%
to 74.4% (Table S3). We found a strong correlation between
both GC3 variance and GC3 content with intra-bin gene
tree conflict (Table S4; Fig. S7A,B; variance: R =0.928,
P =1.403E-09; content: R =0.883, P =1.188E-07) and no
significant relationship of either measure with the number of
nodes collapsed in input gene trees (P =0.145 for variance
and 0.120 for content). We also found that the average branch
length of input gene trees was correlated with both measures
(Fig. S7C.D; variance: R =0.956, P =1.307E—11; content:
R =0.863, P =4.648E—-07). The GC3 heterogeneity and GC3
content themselves were correlated across variance-ranked
gene bins of 100 (Fig. STE; R =0.945, P =1.155E-10) and
vice versa for content-ranked gene bins (Fig. S7F; R =0.972,
P =2.607E—13) as is found in other species with demonstrated
GC biased gene conversion (Figuet et al., 2015).

Normalized quartet scores as a measure of concordance
were slightly greater in the lowest quintile bin of low GC3
variance compared with low GC3 content (0.903 vs 0.902)
and lower in the highest quintile of variance versus content
(0.865 vs 0.873; Table S5). In our investigation to disentangle
the relative contributions of GC3 variance and GC3 content
(Table S8), we found that overall concordance was greatest
in the 368 genes that were lowest in both GC3 content and
GC3 heterogeneity (0.905), with the unique low-variance genes
displaying a higher concordance among themselves than the
unique low-GC3-content genes (0.899 vs 0.895). Similarly, the
common set of 146 high-GC3-variance and high-GC3-content
genes displayed the highest incongruence (0.859) with the
unique high-variance genes less congruent with each other
than the unique high-content genes (0.869 vs 0.881). This is
consistent with both GC3 variance and GC3 content playing a
role in incongruence in gene tree resolution, but heterogeneity
playing a relatively larger role than GC3 content alone.

Across the 18 datasets of bottom, middle and high GC3 hetero-
geneity and content-ranked quintiles of amino acid, codon posi-
tion 1 and 2, and nucleotide datasets (Table S6), we found that

the four most topologically congruent trees included both the
lowest GC3 variance and the lowest GC content nucleotide quin-
tiles as well as the middle GC3 nucleotide content and lowest
GC3 variance nt12 datasets (Fig. S8; Table S7). We summarized
support values from these four trees on the low-GC3-content
nucleotide tree (Fig.5) which possessed the highest average
bootstrap support of all the quintile trees analysed (97.98%;
Table S6), indicating lower levels of conflict in this dataset than
in other concatenated quintile datasets. This tree was almost
completely congruent with the total nucleotide tree (Fig. S2), but
with higher support values on several branches mainly within
Fulgoroidea and for deep splits within Membracoidea, possibly
indicating successful partitioning of genes supporting different
topologies. Indeed, in the middle-GC3-content nucleotide quin-
tile, the topology was largely the same as for the low-GC3 (and
low-GC3-variance) nucleotide quintiles, but the support was
reduced for many branches (15 branches in both trees had lower
support than the 100% bootstrap support in the low-GC3-content
tree). The topology of this tree differed from the total nucleotide
tree only among interrelationships in the clade of Cicadelli-
dae, including Aphrodinae, lassinae, Coelidiinae, Eucanthalli-
nae, Tartressinae and Ledrinae, and with respect to the sister
group to the rest of the Cercopoidea being Clastoptera rather
than Pectanariophyes. Two relationships were recovered in the
three shown nucleotide analyses but not in the low-heterogeneity
nt12 analyses, presumably because recovery of that topology
was driven primarily by third nucleotide sites. The relation-
ships supported in the nt12 analyses but not in any of the
nucleotide trees described were Caronia + Omolicna and Meli-
zoderidae + (Aetalionidae + Membracidae). Underestimation of
transitions and especially transversions at third nucleotide posi-
tions was apparent at high phylogenetic distances in all datasets,
but was less severe in the low quintiles than in the middle and
top quintiles (Fig. S9). Whereas the first two codon positions
never showed signs of saturation, third codon positions did show
signs of saturation according to the Xia et al. (2003) test across
all quintiles, except for the top heterogeneity quintile, when the
true tree was completely asymmetrical (Table S6).

Discussion

Although recent phylogenetic results converge on a mono-
phyletic Auchenorrhyncha, the relationships among major lin-
eages of Auchenorrhyncha remain contentious. Phylogenies
using morphological or molecular data from small numbers of
loci have failed to confidently resolve relationships within this
insect group. Here, we have assembled a phylogenomic dataset

Fig. 3. Maximum likelihood trees of Auchenorrhyncha and outgroup taxa from partitioned nucleotide analyses. (A) Best tree recovered from partitioned
maximum likelihood analysis of the degeneracy-coded nucleotide dataset. (B) Best tree recovered from partitioned maximum likelihood analysis
of the nucleotide dataset containing unaltered third codon positions. Coloured circles are shown at nodes that received less than maximum support
in their respective analyses. Branches are coloured according to superfamily (ingroups) or suborder (outgroups). Within Membracoidea, subfamily
names are given in addition to family designation(Cic, Cicadellidae; Mem, Membracidae). Photographs shown are representatives of the corresponding
higher-level groups but are not necessarily species represented in the analysis. Complete bootstrap support values for the partitioned degeneracy-coded
nucleotide and partitioned unaltered third-codon-position nucleotide analysis are shown in Figures S1 and S2, respectively. (Photographs by C. Dietrich

and R. Skinner.) . [Colour figure can be viewed at wileyonlinelibrary.com].
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Fig. 4. Cladogram of the tree resulting from the multispecies coalescent analysis in ASTRAL showing quartet support from 2139 gene trees of
Auchenorrhyncha and outgroup taxa. Each pie chart represents the proportion of gene trees supporting the main topology (= the topology shown)
(navy), the proportion supporting the first alternative quartet topology (yellow), and the proportion supporting the second alternative quartet topology
(grey) at each branch. Local posterior probability support values are shown below each branch. Effective number, indicating how many gene trees
contributed information to a branch and thus could be used to derive quartet scores, is shown above each branch. [Colour figure can be viewed at
wileyonlinelibrary.com].
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using the most comprehensive taxon and gene sampling within
Auchenorrhyncha to date. In this analysis, based on over 2.6 mil-
lion aligned nucleotides, each of the four currently recognized
superfamiles was recovered as monophyletic with strong support
(Fig. 3) and all analyses recovered Fulgoroidea as sister to the
remaining auchenorrhynchans with 100% branch support. This
placement has been observed in previous multigene molecular
studies (Cryan & Urban, 2012), including a recent transcriptome
analysis of all Paraneoptera (Johnson et al., 2018).

Most previous analyses have recovered Cicadomorpha as
monophyletic with strong support, but relationships among the
three cicadomorphan superfamilies (Cicadoidea, Cercopoidea
and Membracoidea) have not been consistent in previous stud-
ies. This was also the case in our results. The degeneracy-coded
nucleotide and amino acid datasets recovered the relationship
(Cicadoidea + (Cercopoidea + Membracoidea)). This was max-
imally supported in the amino acid analysis but not in the
degeneracy-coded analyses (Figs 3A, S1, S3, S5). This relation-
ship was also observed in some early molecular studies of the
Auchenorrhyncha using 18S sequences (Sorensen et al., 1995;
von Dohlen & Moran, 1995); however, this molecule is prob-
lematic in that it is notoriously difficult to align and model due
to strong among-site rate variation (Shull ez al., 2001) and the
authors of these early studies did not have sophisticated mod-
elling available to them. This arrangement was also supported by
morphological evidence including the presence of a subgenital
plate on the male genital capsule and absence of the median ocel-
lus in all modern cercopoids and membracoids (Hamilton, 1981;
Blocker, 1996), although both superfamilies include extinct lin-
eages that retain the medial ocellus (Shcherbakov, 1992; Wang
etal.,2012).

By contrast, we obtained the relationship [Membracoidea
(Cicadoidea 4 Cercopoidea)] with 100% bootstrap support in
both concatenated and partitioned analyses of the nucleotide
dataset with third codon positions included. This result was
also recovered with maximum local posterior probability
support in the multispecies coalescent analysis, and in our
analyses when excluding the third position entirely. The sister
relationship of Cicadoidea and Cercopoidea has been recov-
ered from single-gene, multigene, and mitochondrial genome
analyses, although it has not always received high support in
previous studies (Campbell ef al., 1995; Ouvrard et al., 2000;
Cryan, 2005; Cryan & Urban, 2012; Song et al., 2017). Several
authors have supported this relationship based on morpholog-
ical evidence, such as similarities of cicadoid and cercopoid
antennae (Liang & Fletcher, 2002), secretory adaptations of the

Fig. 5. Maximum likelihood (RAXML) phylogeny of Auchenorrhyn-
cha and outgroup taxa for the concatenated quintile tree with the
highest average bootstrap value [low third-codon-position GC (GC3)
content nucleotide quintile; 97.98%] partitioned by codon position
and gene with bootstrap support values for the four most con-
gruent phylogenies as measured by normalized Robinson—Foulds
distance (low-GC3-content nucleotide, low-GC3-variance nucleotide,
middle-GC3-content nucleotide, low-GC3-heterogeneity nucleotide
(first and second codon positions only)]. [Colour figure can be viewed
at wileyonlinelibrary.com].
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Fig. 5. Legend on next column. [Colour figure can be viewed at
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nymphal Malpighian tubules (Rakitov, 2002), and structure of
the nymphal abdominal spiracles (Emelyanov, 1987). Bourgoin
& Campbell (2002) also proposed this relationship in their
phylogenetic hypothesis incorporating genetic, morphological
and fossil evidence.

The discrepancy between the position of Cercopoidea in
the amino acid and degeneracy-coded nucleotide versus the
complete nucleotide alignments might suggest that biases in
the third codon position could be contributing to instability in
this relationship, but results from our GC3 analyses suggest
an alternate interpretation. In our GC3 quintile analyses, we
recovered (Cicadoidea + (Cercopoidea + Membracoidea)) only
in amino acid datasets where the number of informative sites
was relatively small, but this relationship was never recovered
in the nucleotide datasets even when the third position was
excluded. It may be possible that this relationship recovered in
degeneracy-coded and amino acid analyses is driven by some
other mechanism, such as convergence. For example, the same
amino acids could be coded by entirely different codons, or, in
the case of degeneracy coding, codons that code for different
amino acids are being binned together, e.g. for some sixfold
degenerate amino acids, arginine and leucine (Simmons, 2017).

Because of the difficulties of obtaining well-resolved trees
from single genes, the alignments used to construct individ-
ual gene trees for ASTRAL also included third codon posi-
tions. Amino acid sequences frequently lack resolving power
within the individual gene trees required for ASTRAL (Townsend
et al., 2008); thus, we used individual gene nucleotide align-
ments and retained all codon positions for these analyses.
This necessity may have contributed to recovery of the Cer-
copoidea + Cicadoidea relationship in the coalescent analy-
ses, which was also obtained in the complete concatenated
nucleotide analyses, although there was a high degree of conflict
at this node. Quartet scores from the ASTRAL analysis indicated
that there was some gene tree conflict regarding the sister rela-
tionship between Cicadoidea and Cercopoidea, but the posterior
probability score for this branch was 100% and we found that
all analysed nucleotide datasets, including only codon positions
1 and 2, also support this relationship when partitioned by GC3
variance or GC3 content (Table S8). Taken together, the major-
ity of our results support the sister relationship of Cercopoidea
and Cicadoidea.

Fulgoroidea

The placement of the Fulgoroidea among the Hemiptera was
contentious for many years and several prior placements of this
superfamily rendered Auchenorrhyncha paraphyletic (Good-
child, 1966; Bourgoin, 1987, 1993; Campbell et al., 1995;
Sorensen et al., 1995; von Dohlen & Moran, 1995; Bourgoin &
Campbell, 2002; Xie et al., 2008; Song et al., 2012, 2016). How-
ever, most of these studies used data from limited morphological
characteristics or sampled from few genes or taxa. We refer to
the results of Cryan & Urban (2012) and Johnson ez al. (2018),
two molecular studies that achieved a high degree of taxonomic
coverage and which recover a monophyletic Auchenorrhyncha
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with Fulgoroidea sister to Cicadomorpha in subsequent discus-
sion.

The fulgoroids (planthoppers) have been of scientific inter-
est for many years and include many morphologically distinc-
tive and agriculturally important species. They are a relatively
ancient lineage, dating at least to the early Jurassic (Zhang et al.,
2003; Szwedo et al., 2004; Martin, 2008; Szwedo et al., 2011).
In early studies of this group, all species were considered as
belonging to a single family, Fulgoridae (Hansen, 1903; Met-
calf, 1913), but considerable variation in wing morphology, even
among members of the same species, led to recognition of Met-
calf’s (1913) nine subfamilies as full families by Muir (1923).
In total, Muir (1923) recognized 14 families within Fulgoroidea,
but split the family Cixiidae into two nonmonophyletic sub-
families while still maintaining the family name for both con-
stituents. Currently, 21 families are recognized (Bartlett ef al.,
2018).

Our results recovered a monophyletic Fulgoroidea that is
sister to Cicadomorpha with high support across analyses,
although conflict among gene trees was observed in this place-
ment (Fig. 4). High support was found for a sister relation-
ship between Cixiidae and Delphacidae, a relationship that was
proposed early in the studies of Fulgoromorpha and has been
recovered in both morphological and molecular studies (Asche,
1987; Bourgoin et al., 1997; Yeh et al., 2005; Urban & Cryan,
2007; Song & Liang, 2013; Johnson et al., 2018), although it
has been questioned (Emelyanov, 1991). Some previous analy-
ses have reported possible paraphyly between Cixiidae and Del-
phacidae (Yeh ez al., 2005; Urban & Cryan, 2007), but we did
not observe this in our results, and a much larger taxon sam-
ple of both families will be needed to confirm their status. We
also observed high support for the close relationship of Dic-
tyopharidae and Fulgoridae, which has also been observed in
previous studies (Emelyanov, 1991; Yang & Fang, 1993; Chen
& Yang, 1995;Yeh et al., 2005; Urban & Cryan, 2007; Song &
Liang, 2013).

Among the remaining Fulgoroidea, Tropiduchidae was
recovered as sister to the remaining taxa with high support.
Tettigometridae was placed sister to Caliscelidae, also with
high support, except in the multispecies coalescent analysis.
However, these results may have been influenced by conflict
between gene trees, as the placement of Tettigometridae and
Caliscelidae were both recovered by a minority of gene trees.
Our results do support the recognition of Caliscelidae as a fam-
ily independent of Issidae, as proposed by Emelyanov (1999).
The family Ricaniidae was recovered as monophyletic with high
support, although its sister lineage differed between analyses.
Placement of Issidae also differed between analyses and was
poorly supported. However, support for the placement of this
family seemed to be successfully partitioned by our quintile
analyses, with almost all low quintiles (except the low variance
amino acid quintile) supporting a relationship with Bladina,
whereas almost all middle and high quintiles supported Issidae
as sister to Lipocallia or Platybrachys.

Acanaloniidae was placed sister to Flatidae with high support
in the concatenated and partitioned nucleotide analyses and
in the multispecies coalescent analysis, but this relationship
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received low support in the amino acid and degeneracy-coded
nucleotide analyses and has not been observed in previous
molecular studies. A recent morphological study using antennal
characters suggested a close alliance between these clades
(Hamilton, 2011), but further indicated that sinking of both
families into Issidae would be morphologically supportable.
Acanaloniidae has been included in Issidae (Fennah, 1954), but
our results support the assessment of Urban & Cryan (2007)
that Acanaloniidae should be treated separately from Issidae.
However, our limited taxonomic sampling within these groups
necessitates that further studies be performed prior to taxonomic
revision of these groups.

The placement of Tettigometridae has been a source of dis-
agreement in the literature. The earliest phylogenetic hypotheses
placed Tettigometridae sister to the remaining fulgoroids (Muir,
1923, 1930), citing its possession of characters from both the
Cicadoidea and the Fulgoroidea. Later morphological studies
also placed Tettigometridae at the base of Fulgoroidea (Asche,
1987; Emelyanov, 1991), although some authors suggested that
amore derived placement was supported (Bourgoin, 1986, 1993;
Bourgoin & Campbell, 1996). Yang & Fang (1993), using char-
acters of nympbhs, placed Tettigometridae sister to Cicadelloidea,
rendering Fulgoroidea paraphyletic, but other authors suggested
that this result was a methodological artifact (Bourgoin et al.,
1997). Most recently, a phylogeny based on characters of the
antennae suggested that Tettigometridae and Caliscelidae are
sister lineages (Hamilton, 2011), as recovered in our study.

All previous analyses of molecular data have failed to sup-
port the basal placement of Tettigometridae, but have dif-
fered in its placement among the Fulgoroidea. Bourgoin et al.
(1997) recovered a sister relationship between Tettigometri-
dae and Tropiduchidae using 18S rDNA sequences, but their
taxon sample did not include Caliscelidae. Yeh et al.’s (2005)
16S phylogeny of the Fulgoroidea indicated an affiliation of
Tettigometridae with a paraphyletic Issidae, while the analy-
sis of Urban & Cryan (2009) placed Tettigometridae sister to
the genus Bladina (Nogodinidae). However, this relationship
received conflicting levels of support between their parsimony
and Bayesian analyses. Our analysis included a representative
of Bladina, but failed to recover a sister relationship to Tet-
tigometridae. Song & Liang’s (2013) phylogeny using nuclear
and mitochondrial genes recovered Tettigometridae sister to
Caliscelidae with weak bootstrap support in their maximum like-
lihood analysis and did not resolve tettigometrid placement in
their Bayesian analysis.

The status and composition of Nogodinidae have long been
controversial. The family was recovered as paraphyletic in our
analyses, as has been seen in several previous molecular stud-
ies (Yeh et al., 2005; Urban & Cryan, 2007; Song & Liang,
2013). The nogodinid Lipocallia australensis was consistently
placed with high support as the sister to Ricaniidae in the con-
catenated analyses, while lowered support for this relationship
and high gene tree conflict was observed in the multispecies coa-
lescent analysis (Figs 4, S4). The placement of the second nogo-
dinid included in our study (Bladina) was inconsistent between
datasets and poorly supported except in the concatenated amino

acid analysis, where it was recovered with 100% bootstrap sup-
port as sister to Platybrachus (Eurybrachidae). Because Nogo-
dinidae was originally described as a subfamily of Ricaniidae,
the close association between these families recovered in our
concatenated analyses is not without precedent, although a close
relationship of Nogodinidae and Eurybrachidae appears to be
a novel hypothesis. However, hypotheses of fulgoroidean rela-
tionships (Muir, 1930; Emelyanov, 1991; Chen & Yang, 1995;
Urban & Cryan, 2007; Song & Liang, 2013) have not been con-
sistent in their placement of Nogodinidae and it remains a prob-
lematic and likely paraphyletic taxon.

Several interfamilial relationships among the Fulgoroidea
received poor support across analyses and were characterized
by short branch lengths (Fig. 3). Short branch lengths may
complicate phylogenetic reconstruction due to evolutionary
processes such as rapid radiations (Whitfield & Lockhart, 2007).
Relationships among many fulgoroidean families have been
unstable over morphological and molecular analyses, although
no comprehensive analysis has focused on this superfamily since
Urban & Cryan (2007). Further study and taxonomic revision
of the Fulgoroidea will probably be necessary to achieve a
stable and highly supported phylogenetic hypothesis of this
charismatic group.

Cicadoidea

Despite significant interest in the evolution of cicadas, due
in part to their utility as models of speciation (Simon et al.,
2000; Cooley et al., 2001; Marshall et al., 2011; Hertach et al.,
2016; Fujisawa et al., 2018), phylogenetic analysis of this group
has been lacking until very recently. Different authors have
proposed classification schemes recognizing anywhere from
one to five families (Distant, 1906; Myers, 1929; Kato, 1954;
Metcalf, 1963; Boulard, 1976; Hayashi, 1984; Moulds, 2005),
but few authors have performed formal phylogenetic analyses
of the superfamily to investigate the phylogenetic status of the
families. Moulds’ (2005) morphological analysis of Cicadidae
supported the recognition of two families, Tettigarctidae and
Cicadidae, and three subfamilies within Cicadidae. Molecular
phylogenetic analyses of the Cicadomorpha (Cryan, 2005) and
Auchenorrhyncha (Cryan & Urban, 2012) also supported a sister
relationship between the Cicadidae and Tettigarctidae, but taxon
sampling was not sufficient to allow assessment of subfamily
validity. A recently completed molecular phylogeny of the
Cicadidae based on five gene regions (Marshall et al., 2018)
recovered the sister relationship of Tettigarctidae to Cicadidae
and found support for the three cicadid subfamilies proposed by
Moulds (2005). This analysis also led to the proposal of a novel,
paraphyletic subfamily comprising African taxa, of which no
representatives were included in our dataset. Within Cicadoidea,
all of our concatenated analyses and the multispecies coalescent
analysis recovered Tettigarctidae and Cicadidae as sister groups
with full support, and the phylogeny among the genera that were
included in our analyses was consistent with the three-subfamily
system of Moulds (2005) and Marshall efal. (2018). Our
phylogenetically consistent and highly supported results within
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this superfamily indicate that use of transcriptomic data could
be especially fruitful for future phylogenetic studies of cicadas.

Cercopoidea

The superfamily Cercopoidea includes insects commonly
known as spittlebugs and froghoppers and is relatively small
compared with the highly diverse Membracoidea and Fulgo-
roidea. Cercopoids are perhaps best known for their production
of frothy, saliva-like secretions that protect the nymphs from
desiccation and predation. Several species are important in agri-
cultural systems (Holmann & Peck, 2002; Ravaneli et al., 2011),
but it is likely that the majority of species in this group remain
undescribed (Kosztarab et al., 1990). The taxonomy of the Cer-
copoidea, which has been regarded as containing anywhere from
three to five families, also remains complicated and in need of
revision at higher and lower levels (Hamilton, 2001, 2015; Cryan
& Svenson, 2010). For convenience, we refer to the five-family
system used by Cryan & Svenson (2010) in the following dis-
cussion, although Hamilton (2012, 2015) treated Machaerotidae
as a junior synonym of Clastopteridae, and Aphrophoridae as a
junior synonym of Cercopidae using morphological criteria.

Members of the family Machaerotidae are unique among
the cercopoids for their construction of liquid-filled tubes
as nymphs. Although originally likened to the calcareous
shell of molluscs (Ratte, 1884), later work indicated that
these tubes were constructed of ‘mucofibrils’ of protein and
mucopolysaccharides secreted from the Malpighian tubules in
a manner similar to the production of spittle in other cercopoids
(Marshall, 1965, 1968). This unusual biology attracted the
attention of many authors, but status and placement of the
family Machaerotidae among the Cercopoidea have not been
consistent among previous works. Several early authors fol-
lowed the originally described classification scheme in which
Machaerotidae was considered a subfamily of Cercopidae (as
Machaerotinae) (Schmidt, 1907; Baker, 1919). Baker (1927)
treated it as a full family in later work, but without specifying
a reason for the change. Metcalf (1960) likewise treated it as a
family in his extensive catalogue. Hamilton (2001) recognized
only three cercopoid families and subsumed Machaerotidae as a
subfamily within Clastopteridae, citing the minimal morpholog-
ical distinction between the groups. However, Machaerotidae
was included as a full family in a subsequent key to the Cicado-
morpha (Dietrich, 2005). Multilocus molecular phylogenies
including multiple representatives of Machaerotidae have sup-
ported the recognition of this clade as a full family independent
of Cercopidae and Clastopteridae (Cryan & Svenson, 2010;
Cryan & Urban, 2012; Bell eral., 2014), and Paladini et al.
(2018) treated it as a full family in their recent analysis.

An initial phylogenetic analysis using three nuclear markers
recovered a clade containing Machaerotidae and Cercopidae as
sister to the remaining cercopoids (Cryan, 2005). Cryan & Sven-
son (2010) recovered Machaerotidae as sister to the remaining
cercopoids using nuclear and mitochondrial genetic markers and
increased taxonomic sampling within the Cercopoidea, but the
branches separating these families received low bootstrap sup-
port. Machaerotidae was recovered as sister to the remaining
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cercopoids in our concatenated and partitioned nucleotide anal-
ysis as well as in the multispecies coalescent analysis. This
placement received low support in the nucleotide analyses and
high support in the multispecies coalescent analysis, although it
was recovered by a minority of gene trees (Fig. 4). By contrast,
in the degeneracy coding nucleotide and amino acid analyses,
Clastopteridae was recovered as the earliest diverging family
and Machaerotidae was sister to the remaining taxa, both with
maximum bootstrap support (Figs 3A, S1, S3, S5). Our GC3
quintile analyses consistently found Clastoptera as sister to the
rest of Cercopoidea in low quintiles across the three data types
with decreasing support in high quintiles, especially in the GC3
content analyses (Table S8). Thus, relationships at the base of
Cercopoidea remain relatively unstable, but may be improved in
future studies incorporating greater taxon sampling and recog-
nition of the potential influence of GC content.

The family status of Clastopteridae has been more stable in its
taxonomic history. Metcalf (1962b) regarded Clastopteridae as
a valid family containing only two genera — Clastoptera Ger-
mar and /ba Schmidt — the former of which is a large genus
distributed throughout the New World while the latter includes
three species recorded from the Philippines and Borneo (Hamil-
ton, 2015). Hamilton (2001), however, placed Clastoptera
and Iba within the subfamily Clastopterinae and regarded
Machaerotinae as a subfamily of Clastopteridae. Although all
included representatives of Clastoptera were recovered as a
clade by Cryan & Svenson (2010), no phylogenetic studies to
date have included /ba or other taxa that Hamilton (2015) sug-
gested to be morphologically intermediate between Clastopteri-
dae and Machaerotidae.

The placement of Clastopteridae remains an open question.
Using morphological criteria, Emelyanov (1987) hypothe-
sized that Clastopteridae could be sister to or derived from
Cercopidae, or sister to Aphrophoridae + Machaerotidae.
Previous molecular analyses have not supported either of
these hypotheses and have placed Clastopteridae sister to
Cercopidae + Aphrophoridae (including Epipygidae; Cryan
& Svenson, 2010), sister to a paraphyletic Aphrophoridae
(Cryan & Urban, 2012), or sister to Machaerotidae alone
(Bell et al., 2014), although taxonomic representation across
Cercopoidea was sparse in the latter two studies. Our multi-
species coalescent analysis supports its sister relationship to
Cercopidae + Aphrophoridae, if Epipygidae is included within
Aphrophoridae.

The family Aphrophoridae was consistently recovered as
polyphyletic across our analyses, although it is possible that
this is an artifact of limited taxonomic sampling within the
cercopoids. Metcalf’s (1962a) catalogue treated Aphrophoridae
as a valid family, as did Dietrich (2005). However, Hamilton’s
extensive revision of Neotropical species (2012, 2013) treated it
as a subfamily of Cercopidae, and he moved some aphrophorid
species to Clastopteridae or Epipygidae (Hamilton, 2001,
2015). Molecular studies of this group have given mixed results
concerning the monophyly of Aphrophoridae. A study with
extensive cercopoid sampling recovered it as monophyletic
with the exception of a single species that grouped within Cer-
copidae (Cryan & Svenson, 2010), whereas studies with more
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limited sampling have recovered it as the monophyletic sister
to Epipygidae (Bell et al., 2014) or paraphyletic with respect to
Epipygidae and Cercopidae (Cryan & Urban, 2012). Hamilton
(2015) continued to treat Aphrophoridae as a subfamily but
Bartlett et al. (2018) treated it as a full family. Our analyses
consistently placed one included aphrophorid (Aphrophora)
as sister to Epipygidae and the other (Philaenus) as sister to
Cercopidae (sensu stricto).

Hamilton (2001) erected Epipygidae to include three froghop-
per genera from Central and South America thought to display
unusual biology. This family was separated from other Cer-
copoidea by the presence of extensive fat body in the abdomen
and a small cibarial pump, features which led Hamilton (2001)
to hypothesize that adults of this family rarely fed or do not feed
at all and survive solely from fat reserves. Nymphs of this family
are unknown, but are not believed to produce spittle (Hamilton,
2001). Since its inception, little further information has become
available about the biology or diversity of this group. However,
it is not clear that Epipygidae should be considered an indepen-
dent lineage, and it appears likely that they are a specialized
lineage of Aphrophoridae. While the family was recognized
as valid by Dietrich (2005), molecular phylogenies have con-
sistently recovered epipygid species within Aphrophoridae
(Cryan, 2005; Cryan & Svenson, 2010; Cryan & Urban, 2012).
We consistently recovered Epipygidae as sister to Aphrophora
with high support, but our current taxonomic sampling within
Cercopoidea is not sufficient to test the derivation hypothesis
proposed in previous studies.

Our results strongly support Cercopoidea as a valid, mono-
phyletic superfamily of the Auchenorrhyncha, but questions
concerning the monophyly and placement of the families
included within this clade remain. Our recovered topologies are
not consistent with the three-family system of Hamilton (2001,
2015), and are ambiguous concerning the inclusion of Epipy-
gidae within Aphrophoridae as recovered by Cryan & Sven-
son (2010). Although our sample includes representatives from
every putative family within Cercopoidea, it is not sufficient
to test the monophyly of these families. Given the remaining
uncertainty in relationships among major cercopoid lineages, a
comprehensive, taxonomically inclusive phylogenomic study of
this group is needed and would facilitate comparative studies of
their remarkable physiological adaptations.

Membracoidea

Membracoidea, including the leathoppers and treehoppers,
is the most diverse superfamily within Auchenorrhyncha, com-
prising nearly 25 000 extant species (Bartlett ez al., 2018). Both
morphological and molecular phylogenies have supported the
monophyly of Membracoidea (Hamilton, 1983; Dietrich &
Dietz, 1993; Dietrich et al., 2001; Cryan, 2005; Cryan & Urban,
2012), but have failed to establish a consensus concerning the
relationships of its included lineages. Currently, five families
are recognized within Membracoidea — Aetalionidae, Cicadel-
lidae, Melizoderidae, Membracidae and Myerslopiidae — but
previous authors have recognized as many as 22 (Evans, 1938).

An early phylogenetic hypothesis of the group placed tree-
hoppers (Membracidae+Aetalionidae) sister to Cicadellidae
(Evans, 1938), but later morphological phylogenies have not
been consistent in their placement of these groups. Some have
recovered treehoppers as a derived lineage of Cicadellidae
(Hamilton, 1983; Rakitov, 1997; Dietrich, 1999), while other
analyses agree with the cicadellid—treehopper sister hypothesis
(Dietrich & Dietz, 1993; Dietrich, 2002).

Molecular phylogenetic studies have largely supported the
hypothesis that treehoppers are derived from leathoppers. An
initial study using 28S rDNA sequences (Dietrich et al., 2001)
recovered treehoppers sister to a clade containing the cicadel-
lid subfamilies Ulopinae and Megopthalminae, a result that was
also obtained in our amino acid analysis (Fig. S3). A later anal-
ysis using additional molecular data also recovered leathoppers
paraphyletic with respect to treehoppers, with Melizoderidae
sister to Aetalionidae + Membracidae (Cryan & Urban, 2012).
Most recently, phylogenomic studies using transcriptomes or
anchored hybrid enrichment have also supported the hypothe-
sis that treehoppers are derived from a paraphyletic Cicadellidae
(Dietrich et al., 2017; Johnson et al., 2018), and the results of
our analyses strongly support this hypothesis as well.

The placement of the family Myerslopiidae as sister to the
remaining membracoids was highly supported across all of
our analyses in agreement with previous studies (Hamilton,
1999; Dietrich, 2002; Cryan & Urban, 2012; Dietrich et al.,
2017; Johnson et al., 2018). These small, flightless insects are
restricted to New Zealand and temperate Chile where they
inhabit leaf litter and soil debris (Szwedo, 2004; Rakitov, 2015).
Although various authors speculated that myerslopiids were fun-
givores or even predators (Nielson, 1996), Rakitov (2015) pre-
sented evidence that they feed on the phloem of low-growing
angiosperm vines. Myerslopiids were originally placed in the
cicadellid subfamily Ulopinae (Evans, 1947, 1957; Linnavuori,
1972; Oman et al., 1990), treated by some recent authors as a
family distinct from Cicadellidae (Emelyanov, 1996; Szwedo,
2002). Hamilton (1999) provided morphological evidence dis-
tinguishing myerslopiids from both Cicadellidae and Ulopinae,
and suggested that they represent a distinct, early-diverging lin-
eage of Membracoidea. Our results agree with other recent phy-
logenomic analyses in placing Myerslopiidae as sister to the
remaining Membracoidea, while Ulopinae is recovered in the
clade of leathoppers that is sister to the treehoppers (Dietrich
et al.,2017; Johnson et al., 2018).

Previous molecular and morphology-based phylogenies have
provided strong support for several large lineages of Membra-
coidea currently recognized as subfamilies, but relationships
among these major lineages have been particularly difficult to
resolve, especially among the Cicadellidae. The cicadellids are
by far the most diverse family within the Membracoidea, com-
prising more than 21 000 extant species (Bartlett et al., 2018).
Cicadellidae was recovered as paraphyletic in all analyses, and
our results support previous studies that have recovered treehop-
pers as a lineage derived from within leathoppers (Hamilton,
1983; Rakitov, 1997; Dietrich ef al., 2001, 2017). Relation-
ships among many of the early-diverging leathopper lineages
in our study received suboptimal support across analyses.
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Bootstrapping highly supported a sister relationship between
Empoasca + Macropsis in the complete concatenated nucleotide
analysis and in the phylogeny most supported by the GC3
quintile analyses, but placements of Empoasca fabae (Typhlo-
cybinae), Macropis decisa (Macropsinae) and Xestocephalus
desertorum (Xestocephalinae) were essentially unresolved in
the other analyses. Typhlocybine leathoppers, unusual in their
lacerate-flush feeding on mesophyll rather than vascular fluids,
and macropsine leafthoppers have been closely allied in previ-
ous molecular studies (Dietrich et al., 2001, 2017), but their
relatively basal placement in our analysis is unexpected, as they
have previously been closely affiliated with the more derived
lineages (Hamilton, 1983; Dietrich et al., 2001, 2017). Subopti-
mal local posterior probability support and quartet scores from
the multispecies coalescent analysis also indicate substantial
conflict among gene trees in these placements (Fig. 4).

The topology within Cicadellidae was characterized by deep
internal nodes with short branches and longer external branches,
a pattern that can result from rapid diversification within a group
and which has been known to complicate phylogenetic recon-
struction in other ancient lineages such as birds, corbiculate bees
and black flies, among others (Whitfield & Lockhart, 2007).
Previous divergence estimates for this group suggest that many
of the major cicadellid lineages arose within an c¢. 30 Ma time
frame during the early or mid-Cretaceous (Dietrich et al., 2017;
Johnson et al., 2018), a relatively short time frame compared
with the following 80—100 Ma of diversification. Multispecies
coalescent analyses may overcome conflicts due to incomplete
lineage sorting, a known issue that can contribute to inaccurate
relationships in concatenated datasets and which may be a com-
mon phenomenon in ancient, rapid diversifications (Kubatko
& Degan, 2007; Degnan & Rosenberg, 2009). However, we
still observed suboptimal support and potentially spurious taxon
placement within Cicadellidae in our multispecies coalescent
analysis. Indeed, the clade containing Aphrodinae, lassinae,
Coelidiinae, Eucanthallinae, Tartressinae and Ledrinae was the
only group with low support values in the low-GC3-content
nucleotide tree. Although not expected to be the true species tree
based on studies in other taxa, relationships within this clade
were recovered with high support in the high-GC3-content and
high-heterogeneity nt12 datasets (Table S6; File S1) though with
different topologies probably reflecting high gene conflict in this
group, as can also be seen on the ASTRAL tree (Fig. 4). Previous
analyses including Cicadellidae have also encountered difficulty
in confidently resolving the relationships among cicadellid sub-
families (Dietrich et al., 2001, 2005, 2017; Cryan, 2005; Cryan
& Urban, 2012), but further research will be needed to investi-
gate if support for these relationships can be improved by inclu-
sion of additional taxa or characters or to determine if this could
be a case of a true hard polytomy.

Relationships among the treehoppers were mostly consistent
and well supported between analyses, with the exception of
the relationships among the three treehopper families. Although
members of Melizoderidae (represented here by Llanquihuea
pilosa) have been considered ‘primitive’ treehoppers and have
been recovered as sister to Aetalionidae + Membracidae or
Membracidae in previous studies (Dietrich & Dietz, 1993;
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Dietrich, 2002; Cryan & Urban, 2012), all of our analyses placed
Llanquihuea sister to Holdgatiella, another endemic Chilean
genus, currently placed in the membracid subfamily Nicomi-
inae (Albertson & Dietrich, 2005). Several of our analyses
placed this clade within Membracidae with high support. How-
ever, the degeneracy-coded nucleotide analyses and low nt12
quintiles obtained high support for the placement of Llanqui-
huea + Holdgatiella as sister to Membracidae + Aetalionidae.
Morphological analyses place melizoderids outside of Mem-
bracidae based on the plesiomorphic structure of the adult
mesonotum and the pygofer of the nymph (Dietrich & Dietz,
1993; Dietrich, 2002). No morphological synapomorphies are
known that would support their placement within Membraci-
dae. The multispecies coalescent analyses recovered high but
suboptimal support for this branch and only a minority of gene
trees supported the relevant quartet, suggesting that this place-
ment is unstable. Notably, this relationship seems to be one
that may be driven by third codon position sites and it is pos-
sible that saturation or base composition heterogeneity at the
third codon position contributed to the unexpected placement,
as none of the amino acid, degeneracy-coded nucleotide or low
ntl12 quintile datasets recovered this result. In some cases, use
of a taxon-dense concatenated nucleotide dataset such as ours
can overcome the effects of saturation (Breinholt & Kawahara,
2013), but this is not true in all datasets, and concatenated analy-
ses may also still be misled by incomplete lineage sorting (Deg-
nan & Rosenberg, 2009).

Placement of Aectalionidae (represented by Aetalion and
Lophyraspis) also varied between analyses. Complete
nucleotide maximum likelihood and multispecies coales-
cent analyses placed this group as sister to the remaining
treehoppers, consistent with the results of Dietrich er al. (2017),
but the analyses of amino acid sequences and degeneracy-coded
nucleotides placed this group within Membracidae as sister to
the clade comprising Stegaspidinae and Centrotinae.

The membracid treehoppers are of great interest to evolution-
ary biology due to their extreme morphological modifications
which may play roles in crypsis or predator defence (Wood,
1993; Evangelista et al., 2017), maternal care (Morales, 2000;
Billick et al., 2001; Cocroft, 2002; Zink, 2003; Camacho ef al.,
2014), and hymenopteran mutualisms (Bristow, 1984; Billick
et al., 2001; Moreira & Del-Claro, 2005). However, none of
our analyses recovered Membracidae as a monophyletic group
due to the placement of Melizoderidae and Aetalionidae, albeit
several relationships within the membracids were consistent
with previous analyses. In particular, we found support for a
major lineage comprising all membracids that have the prono-
tum partly but not completely concealing the scutellum as the
sister clade to the remaining membracids. In this clade, sub-
family Stegaspidinae is paraphyletic with respect to Centroti-
nae, as previously observed (Cryan et al., 2000, 2004; Dietrich
et al., 2001, 2017; Lin et al., 2004; Evangelista et al., 2017).
These previous analyses generally supported the monophyly
of Membracinae and Heteronotinae, but indicated that both
Darninae and Smiliinae are not monophyletic. Although our
analyses consistently recovered the included representatives of
Membracinae and Smiliinae as monophyletic with high support,
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our taxon sample included only single representatives of Darn-
inae and Heteronotinae and so additional taxon sampling will
be needed to provide adequate tests of membracid subfamily
monophyly. However, based on our current results, transcrip-
tomic analysis appears promising for this group and may help
to facilitate comparative evolutionary and taxonomic studies in
the future.

GC variance and content partitioning

We found variability in the topology of trees across amino
acid, nt12, and nucleotide datasets for the same gene bins, prob-
ably due in part to the nt12 and amino acid datasets having fewer
informative sites (on average c. 50% and 25% of the informative
sites, respectively, of the nucleotide dataset within the same
bin; Table S6). The high-heterogeneity and high-GC3-content
quintiles across all three types of data were the most incongru-
ent with respect to the low-heterogeneity and low-GC3-content
nucleotide quintiles and sometimes contained nodes with very
low bootstrap support. The high quintiles displayed the highest
amount of third-codon-position saturation (Fig. S9). Although
there is not any generally accepted topology of this group
with which to compare, we can examine some uncontroversial
clades for which there has been little previous support for
an alternative relationship. Such nodes were sometimes not
recovered in high quintile bins (e.g. an alternative topology to
the uncontroversial Tettigades + Okanagana recovered 100%
support in the high-content amino acid and nt12 datasets). The
previously unhypothesized Notonecta+ Corixa relationship
seen in the low-GC3-content nucleotide quintile is probably
driven by convergent changes in content in the third nucleotide
position not seen it its likely true sister group Gelastocoris
(Fig. 2), which is recovered as the sister to Notonecta in the
low-variance; middle-GC-content; and low-variance ntl12 bins.
Within the clade of Cicadellidae, which includes Aphrodinae,
Tassinae, Coelidiinae, Eucanthellinae, Tartessinae and Ledrinae,
some nodes share the same pattern of a relationship recovered
in the low-GC3-content tree but with less than 100% bootstrap
support; also, they are not found in the other three trees and
may thus reflect a similar pattern of nucleotide bias, albeit one
that is not as obvious.

Another node that differed among these four trees was within
the Coleorrhyncha. Xenophyes and Xenophysella have been
shown to be more closely related to each other than Hackeriella
based on morphological (Burckhardt, 2009) and molecular
data (Kuechler ez al., 2013), but there are a large number of
genes trees which support an alternative relationship among
those three taxa (Fig.4). We found support for Xenophy-
sella+ Hackeriella in all three low-variance datasets, although
the alternative relationship was found with high support in all
other datasets. The phylogeny of the bacterial symbionts of the
group also contrasts with the accepted host relationships among
these genera (Kuechler er al., 2013). These low-heterogeneity
genes may reflect the true species tree for this group, although,
unusually, this is the only case where the low-GC3-content
genes reflect a different relationship with high support from the
low-GC3-heterogeneity genes.

As we found the same pattern of higher congruence in low-GC
and heterogeneous genes as has been found in vertebrate
and Hymenoptera datasets, GC-biased gene conversion may
be responsible for the underlying mechanism. Heterogeneity
in gene nucleotide compositions is not normally included in
sequence models and can mislead phylogenetic reconstruction
due to convergence. Even when highly heterogeneous genes
are analysed with heterogeneous modes, they often recon-
struct the wrong tree, presumably due to recombination and
GC-biased gene conversion affecting these regions (Romigu-
ier et al., 2016). Indeed, we found that the unique genes with
only high GC3 content that were not especially heterogeneous
also gave a relatively incongruent gene tree signal, and, simi-
larly, low-GC3-content genes that were not especially homoge-
nous gave relatively congruent signal. Although the congruence
in the low-GC3 heterogenous quintile gene trees was slightly
higher than in the low-GC3-content quintile gene trees, the
low-GC3-content concatenated quintile dataset recovered the
strongest consistent bootstrap support by a considerable margin.
These two measures of incongruence may differ due to obfus-
cation of underlying consistent signal in gene trees based on
relatively few nucleotides.

For phylogenomic or transcriptomic datasets, we suggest that
partitioning gene tree conflict by nucleotide composition and
heterogeneity may be useful for validating topologies seen in the
multispecies coalescent tree. Species tree methods assume that
incongruences in gene trees reflect incomplete lineage sorting
events and reconstruct a species tree that is most compatible with
that observed pattern of gene trees. We expect low-GC3-content
and low-GC3-heterogeneity trees to contain higher proportions
of genes that reflect the true species tree. Indeed, in many
cases, we found the same clades supported in both these
trees and the ASTRAL multispecies coalescent tree (e.g. the
placement of Idiocerus and the relationships of the families of
Membracoidea), yet we also found several nodes that differed
between these trees and the ASTRAL tree. The ASTRAL tree
reconstructed Catonia + (Fulgoridae + Dictyopharidae) with
high support, but this relationship is not seen in any other
analysis. The placements of Neoceolidia and Bladina in the
ASTRAL tree are also not found in other analyses, although
support for those relationships is lower. In other cases, the
relationships recovered in the species tree are consistent with
other low quintile trees as is the placement of Idiocerus and
the relationships of the families of Membracoidea. Summary
methods of species tree estimation are sensitive to gene tree
error, which increases when the number of sites per locus is
small and is also sensitive to long branch attraction effects when
the number of sites per locus is not infinite (Roch ez al., 2018).
Thus, it may be beneficial to interrogate sets of conflicting loci
to see if species tree topologies are actually supported by sets of
individual genes.

Conclusions

Our study is the most data-rich, taxonomically inclusive study
of the Auchenorrhyncha to date and has, in general, provided a
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well-supported framework for future studies of the superfami-
lies and families within this highly diverse suborder. However,
despite the large quantities of sequence data analysed, some
deep internal nodes remain difficult to resolve with confidence
and are not robust to alternative analytical approaches. Our
analysis of GC content heterogeneity indicates that there are
systemic biases in genomes across this group. Utilizing meth-
ods to correct for this bias yielded different topologies and,
in some cases, led to maximum support for conflicting alter-
native topologies. In such cases, partitioning of genes by GC
content and heterogeneity may provide a means for identify-
ing the topology more likely to represent the true species tree.
Additional taxon sampling may be expected to improve the
accuracy of the results, but some deep internal branches with
short internodes may remain exceedingly difficult to resolve
with the data types and analytical methods that are currently
available.

Supporting Information

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Figure S1. Best tree from the maximum likelihood parti-
tioned nucleotide analysis, including degeneracy-coded third
codon positions of 2139 orthologue genes of Auchenorrhyn-
cha and related taxa. Bootstrap values from 100 bootstrap
replicates are shown at the nodes.

Figure S2. Best tree from the maximum likelihood parti-
tioned nucleotide analysis, including unaltered third codon
positions of 2139 orthologue genes of Auchenorrhyncha and
related taxa. Bootstrap values from 100 bootstrap replicates
are shown at the nodes.

Figure S3. Best tree from the maximum likelihood con-
catenated amino acid analysis of 2139 orthologue genes of
Auchenorrhyncha and related taxa. Bootstrap values from
100 bootstrap replicates are shown at the nodes.

Figure S4. Tree resulting from ASTRAL multispecies coales-
cent analysis of 2139 gene trees of Auchenorrhyncha and
related taxa. Local posterior probability values are shown at
the nodes.

Figure S5. Best tree from the maximum likelihood concate-
nated nucleotide analysis, including degeneracy-coded third
codon positions of 2139 orthologue genes of Auchenorrhyn-
cha and related taxa. Bootstrap values from 100 bootstrap
replicates are shown at the nodes.

Figure S6. Best tree from the maximum likelihood concate-
nated nucleotide analysis, including unaltered third codon
positions of 2139 orthologue genes of Auchenorrhyncha and
related taxa. Bootstrap values from 100 bootstrap replicates
are shown at the nodes.
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Figure S7. Normalized quartet score (A, B), average branch
length of input gene trees (C, D) and GC3 content (E) and
GC3 heterogeneity (F) with respect to GC3 variance (A, C,
E) and GC3 content (B, D, F) of 100 gene bins with R? values
shown for regressions.

Figure S8. Dendrogram of quintile trees clustered with
UPGMA using normalized Robinson—Foulds distances.

Figure S9. Uncorrected pairwise distance versus
Jukes—Cantor model-corrected distances for transitions
and transversions for all nucleotide quintiles.

Table S1. Summary statistics of taxon coverage by gene.
Table S2. Gene presence and absence data for all taxa.
Table S3. Statistics of individual genes.

Table S4. ASTRAL statistics of 100 gene bins.

Table S5. Intersection and unique elements of low and high
quintiles of heterogeneity and GC3 content.

Table S6. Statistics of concatenated quintiles

Table S7. Weighted Robinson—Foulds distance matrix of
concatenated quintile RAXML trees.

Table S8. Comparison of bootstrap support for specific nodes
across quintile analyses.

File. S1. Nexus file of trees based on GC content and
variance.

Acknowledgements

We are grateful to S. L. Cameron, M. E. Elgueta Donoso, R. Rak-
itov, D. Shcherbakov and Y. Zhang for facilitating field work
to obtain specimens and to B. O. Morris, J. Urban and J. R.
Cryan for providing additional specimens. We are also grateful
to two anonymous reviewers whose comments greatly improved
the manuscript. This work was supported in part by NSF grants
DEB-1239788 and DEB-1639601 to KPJ and CHD. CS also
acknowledges the support of NSF grants DEB-1655891 and
DEB-0955849 for collection of specimens and postdoctoral sup-
port for EG. Collecting in Brazil was made possible under Insti-
tuto Chico Mendes de Conservagdo da Biodiversidade (ICMBio)
permit nos 28577 and 20339 and funding through Coordenagio
de Aperfeicoamento de Pessoal de Nivel Superior (CAPES PVE
A019-2013). DMT is a Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico (CNPq Proc. 313677/2017-4) research
productivity fellow. The authors declare there are no conflicts of
interest.

References

Albertson, J.L. & Dietrich, C.H. (2005) Systematics and phylogeny
of the Neotropical treehopper subfamily Nicomiinae (Hemiptera,
Membracidae). Revista Brasileira de Zoologia, 22, 231-283.

© 2019 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12381



24 R. K. Skinner et al.

Ammar, E.D. & Nault, L.R. (2002) Virus transmission by leafhop-
pers, planthoppers and treehoppers (Auchenorrhyncha, Homoptera).
Advances in Botanical Research, 36, 141-167.

Andrews, S. (2010) FastQC: A Quality Control Tool for High
Throughput Sequence Datal WWW document]. URL https://www
.bioinformatics.babraham.ac.uk/projects/fastqc/ [accessed on 8
December 2016].

Asche, M. (1987) Preliminary thoughts on the phylogeny of Ful-
goromorpha (Homoptera: Auchenorrhyncha). Proceedings of the
6th Auchenorrhyncha Meeting (ed. by C. Vidano and A. Arzone),
7-11 September, pp. 47—53, Turin, Italy, Consiglio nazionale delle
ricerche, Rome.

Baker, C.F. (1919) The Malayan Machaerotinae (Cercopidae). The
Phillipine Journal of Science, 15, 67—80 +Plates I-1III.

Baker, C.F. (1927) Some Philippine and Malaysian Machaerotidae
(Cercopioidea). The Philippine Journal of Science, 32, 529-548
+Plates 1-4.

Bartlett, C.R., Deitz, L.L., Dmitriev, D.A., Sanborn, A.F,
Soulier-Perkins, A. & Wallace, M.S. (2018) The diversity of the
true hoppers (Hemiptera: Auchenorrhyncha). Insect Biodiversity:
Science and Society, Il (ed. by R.G. Foottit and P.H. Adler), pp.
501-590. John Wiley and Sons, Ltd, Hoboken, New Jersey.

Bell, A.J., Svenson, G.J. & Cryan, J.R. (2014) The phylogeny and
revised classification of Machaerotidae, the tube-making spittlebugs
(Hemiptera: Auchenorrhyncha: Cercopoidea). Systematic Entomol-
0gy, 39, 474-485.

Billick, I., Weidmann, M. & Reithel, J. (2001) The relationship between
ant-tending and maternal care in the treehopper Publilia modesta.
Behavioral Ecology and Sociobiology, 51, 41-46.

Blocker, H.D. (1996) Origin and radiation of the Auchenorrhyncha.
Studies on Hemipteran Phylogeny (ed. by C.W. Schaefer), pp. 46—64.
Thomas Say Publications in Entomology: Proceedings. Entomologi-
cal Society of America, Lanham, Maryland.

Bolger, A.M., Lohse, M. & Usadel, B. (2014) Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics, 30, 2114-2120.

Bossert, S., Murray, E.A., Blaimer, B.B. & Danforth, B.N. (2017) The
impact of GC bias on phylogenetic accuracy using targeted enrich-
ment phylogenomic data. Molecular Phylogenetics and Evolution,
111, 149-157.

Bottrell, D.G. & Schoenly, K.G. (2012) Resurrecting the ghost of
green revolutions past: the brown planthopper as a recurring threat to
high-yielding rice production in tropical Asia. Journal of Asia-Pacific
Entomology, 15, 122-140.

Boulard, M. (1976) Un type nouveau d’appareil stridulant accessoire
pour les Cicadoidea Révision de la classification supérieure de la
superfamille [Hom.]. Journal of Natural History, 10, 399-407.

Bourgoin, T. (1986) Morphologie imaginale du tentorium des Hemiptera
Fulgoromorpha. International Journal of Insect Morphology and
Embryology, 15, 237-252.

Bourgoin, T. (1987) A new interpretation of the homologies of
the Hemiptera male genitalia, illustrated by the Tettigometridae
(Hemiptera, Fulgoromorpha). Proceedings of the 6th Auchnorrhyn-
cha Meeting, pp. 113—120. 7—11 September Turin, Italy Auchenor-
rhyncha Congress, Turin.

Bourgoin, T. (1993) Female genitalia in Hemiptera Fulgoromorpha,
morphological and phylogenetic data. Annales de la Société Ento-
mologique de France, 29, 225-244.

Bourgoin, T. & Campbell, B.C. (1996) Inference of phylogenetic affili-
ations of Fulgoromorpha (Hemiptera, Archaeorrhyncha) based upon
morphology. Proceeding XXth International Congress of Entomology
(ed. by International Congress of Entomology), 25—-31 August pp. 43.
Florence, Auchenorrhyncha Congress, Turin.

Bourgoin, T. & Campbell, B.C. (2002) Inferring a phylogeny for
Hemiptera: falling into the ‘autapomorphic trap.’. Denisia, 4, 67—82.

Bourgoin, T., Stefen-Campbell, J.D. & Campbell, B.C. (1997) Molecu-
lar phylogeny of Fulgoromorpha (Insecta, Hemiptera, Archaeorrhyn-
cha). The enigmatic Tettigometridae: evolutionary affiliations and his-
torical biogeography. Cladistics, 13, 207-224.

Breinholt, J.W. & Kawahara, A.Y. (2013) Phylotranscriptomics: sat-
urated third codon positions radically influence the estimation of
trees based on next-gen data. Genome Biology and Evolution, 5,
2082-2092.

Bristow, C.M. (1984) Differential benefits from ant attendance to two
species of Homoptera on New York ironweed. Journal of Animal
Ecology, 53, 715-726.

Brown, J.W. (2017) Decisivator. [WWW document]. URL https://github
.com/josephwb/Decisivator. [accessed on 24 May 2019].

Burckhardt, D. (2009) Taxonomy and phylogeny of the Gondwanan
moss bugs or Peloridiidae (Hemiptera, Coleorrhyncha). Deutsche
Entomologische Zeitschrift, 56, 173-235.

Camacho, L., Keil, C. & Dangles, O. (2014) Factors influencing egg
parasitism in sub-social insects: insights from the treehopper Alchisme
grossa (Hemiptera, Auchenorrhyncha, Membracidae). Ecological
Entomology, 39, 58-65.

Campbell, B.C., Steffen-Campbell, J.D., Sorensen, J.T. & Gill, R.J.
(1995) Paraphyly of Homoptera and Auchenorrhyncha inferred
from 18S rDNA nucleotide sequences. Systematic Entomology, 20,
175-194.

Capella-Gutierrez, S., Silla-Martinez, J.M. & Gabaldon, T. (2009)
trimAl: a tool for automated alignment trimming in large-scale
phylogenetic analysis. Bioinformatics, 25, 1972—-1973.

Carver, M., Gross, G.F. & Woodward, T.E. (1991) Hemiptera (bugs,
leafhoppers, cicadas, aphids, scale insects etc.). The Insects of Aus-
tralia: A Textbook for Students and Research Workers, Vol. 1, pp.
429-509. Melbourne University Press/CSIRO, Carlton.

Chen, S. & Yang, C.-T. (1995) The metatarsi of Fulgoroidea
(Homoptera: Auchenorrhyncha). Chinese Journal of Entomology,
15, 257-269.

Cocroft, R.B. (2002) Antipredator defense as a limited resource: unequal
predation risk in broods of an insect with maternal care. Behavioral
Ecology, 13, 125-133.

Collins, T.M., Fedrigo, O. & Naylor, G.J. (2005) Choosing the best
genes for the job: the case for stationary genes in genome-scale
phylogenetics. Systematic Biology, 54, 493—500.

Comeron, J.M., Ratnappan, R. & Bailin, S. (2012) The many landscapes
of recombination in Drosophila melanogaster. PLoS Genetics, 8,
¢1002905.

Comstock, J.H. (1924) An Introduction to Entomology. The Comstock
Publishing Company, Ithaca, New York.

Conant, G.C. & Lewis, P.O. (2001) Effects of nucleotide composition
bias on the success of the parsimony criterion in phylogenetic
inference. Molecular Biology and Evolution, 18, 1024—1033.

Cooley, J.R., Simon, C.D., Marshall, C., Slon, K. & Ehrhardt, C.
(2001) Allochronic speciation, secondary contact, and reproductive
character displacement in periodical cicadas (Hemiptera: Magicicada
spp.): genetic, morphological, and behavioural evidence. Molecular
Ecology, 10, 661-671.

Coop, G., Wen, X., Ober, C., Pritchard, J.K. & Przeworski, M. (2008)
High-resolution mapping of crossovers reveals extensive variation
in fine-scale recombination patterns among humans. Science, 319,
1395-1398.

Cryan, J.R. (2005) Molecular phylogeny of Cicadomorpha (Insecta:
Hemiptera: Cicadoidea, Cercopoidea and Membracoidea): adding
evidence to the controversy. Systematic Entomology, 30, 563—574.

Cryan, J.R. & Svenson, G.J. (2010) Family-level relationships of
the spittlebugs and froghoppers (Hemitptera: Cicadomorpha: Cer-
copoidea). Systematic Entomology, 35, 393—-415.

© 2019 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12381


https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/josephwb/Decisivator
https://github.com/josephwb/Decisivator

Cryan, J.R. & Urban, J.M. (2012) Higher-level phylogeny of the insect
order Hemiptera: is Auchenorrhyncha really paraphyletic? Systematic
Entomology, 37, 7-21.

Cryan, J.R., Wiegmann, B.M., Deitz, L.L. & Dietrich, C.H. (2000)
Phylogeny of the treehoppers (Insecta: Hemiptera: Membracidae):
evidence from two nuclear genes. Molecular Phylogenetics and
Evolution, 17, 317-334.

Cryan, J.R., Wiegmann, B.M., Deitz, L.L., Dietrich, C.H. & Whit-
ing, MLE. (2004) Treehopper trees: phylogeny of Membracidae
(Hemiptera: Cicadomorpha: Membracoidea) based on molecules and
morphology. Systematic Entomology, 29, 441-454.

Dara, S.K., Barringer, L. & Arthurs, S.P. (2015) Lycorma delicatula
(Hemiptera: Fulgoridae): a new invasive pest in the United States.
Journal of Integrated Pest Management, 6, 20.

Degnan, J.H. & Rosenberg, N.A. (2009) Gene tree discordance, phylo-
genetic inference and the multispecies coalescent. Trends in Ecology
and Evolution, 24, 332-340.

Dietrich, C.H. (1999) The role of grasslands in the diversification of
leafhoppers (Homoptera: Cicadellidae): a phylogenetic perspective.
Proceedings of the Fifteenth North American Prairie Conference
(ed. by C. Warwick), pp. 44—48, St. Charles, IL. The Natural Areas
Association, Bend, Oregon.

Dietrich, C.H. (2002) Evolution of Cicadomorpha (Insecta, Hemiptera).
Denisia, 4, 155-170.

Dietrich, C.H. (2005) Keys to the families of Cicadomorpha and sub-
families and tribes of Cicadellidae (Hemiptera: Auchenorrhyncha).
Florida Entomologist, 88, 502-517.

Dietrich, C.H. & Dietz, L.L. (1993) Superfamily Membracoidea
(Homoptera: Auchenorrhyncha). II. Cladistic analysis and conclu-
sions. Systematic Entomology, 18, 297-311.

Dietrich, C.H., Rakitov, R.A., Holmes, J.L.. & Black, W.C. (2001) Phy-
logeny of the major lineages of Membracoidea (Insecta: Hemiptera:
Cicadomorpha) based on 28S rDNA sequences. Molecular Phyloge-
netics and Evolution, 18, 293-305.

Dietrich, C.H., Dmitirev, D.A., Rakitov, R.A., Takiya, D.M., & Zahinser.
(2005) Phylogeny of Cicadellidae (Cicadomorpha: Membracoidea)
based on combined morphological and 28S rDNA sequence data.
Abstracts of talks and posters: 12th International Auchenorrrhyncha
Congress (ed. by A. Purcell), August 7—12, pp. S13-S14, Berke-
ley, California, I1-17+S1-S40+P1-P43+T1-T21. University of Cal-
ifornia, Berkelely, California.

Dietrich, C.H., Allen, J.M., Lemmon, A.R. efal. (2017) Anchored
hybrid enrichment-based phylogenomics of leathoppers and treehop-
pers (Hemiptera: Cicadomorpha: Membracoidea). Insect Systematics
and Diversity, 1, 57-72.

Distant, W.L. (1906) A Synonymic Catalogue of the Homoptera: Part I:
Cicadidae, pp. 1-207. Taylor and Francis, London.

von Dohlen, C.D. & Moran, N.A. (1995) Molecular phylogeny of the
Homoptera: a paraphyletic taxon. Journal of Molecular Evolution, 41,
211-223.

Emelyanov, A.F. (1987) The phylogeny of the Cicadina (Homoptera,
Cicadina) based on comparative morphological data. Transactions of
the All-Union Entomological Society, 69, 19—109.

Emelyanov, A.F. (1991) An attempt to construct a phylogenetic tree
for planthoppers (Homoptera, Cicadina). Entomological Review, 70,
24-28.

Emelyanov, A.F. (1996) Contribution to the knowledge of leafhoppers of
the family Ulopidae (Homoptera, Cicadina). Entomological Review,
76, 327-341.

Emelyanov, A.F. (1999) Notes on delimitation of families of the Issidae
group with description of a new species of Caliscelidae belonging
to a new genus and tribe (Homoptera, Fulgoroidea). Zoosystematica
Rossica, 8, 61-72.

Phylogenomics of Auchenorrhyncha 25

Evangelista, O., Sakakibara, A.M., Cryan, J.R. & Urban, J.M. (2017)
A phylogeny of the treehopper subfamily Heteronotinae reveals con-
vergent pronotal traits (Hemiptera: Auchenorrhyncha: Membracidae).
Systematic Entomology, 42, 410—428.

Evans, J.W. (1938) A contribution to the study of the Jassoidea
(Homoptera). Papers and Proceedings, 1938 pp. 19-56, The Royal
Society of Tasmania, Hobart.

Evans, J.W. (1947) Some new Ulopinae (Homoptera, Jassidae). Annals
and Magazine of Natural History, 14, 140—150.

Evans, J.W. (1957) Los insectos de las Islas Juan Fernandez (Cicadelli-
dae, Homoptera). Revista Chilena de Entomologia, 5, 365-374.

Evans, J.W. (1963) The phylogeny of the Homoptera. Annual Review of
Entomology, 8, 77-94.

Evans, J.W. (1977) The leathoppers and froghoppers of Australia and
New Zealand (Homoptera: Cicadelloidea and Cercopoidae) part 2.
Records of the Australian Museum, 31, 83—129.

Fennah, R.G. (1954) The higher classification of the family Issidae
(Homoptera: Fulgoroidea) with descriptions of new species. Trans-
actions of the Royal Entomological Society of London, 105, 24—474.

Figuet, E., Ballenghien, M., Romiguier, J. & Galtier, N. (2015) Biased
gene conversion and GC-content evolution in coding sequences of
reptiles and vertebrates. Genome Biology and Evolution, 7, 240-250.

Freyman, W.A. (2015) SUMAC: constructing phylogenetic superma-
trices and assessing partially decisive taxon coverage. Evolutionary
Bioinformatics, 11, 263-266.

Fujisawa, T., Koyama, T., Kakishima, S., Cooley, J.R., Simon, C.,
Yoshimura, J. & Sota, T. (2018) Triplicate parallel life cycle diver-
gence despite gene flow in periodical cicadas. Communications Biol-
0gy, 1, 26.

Galtier, N., Piganeau, G. Mouchiroud, D. & Duret, L. (2001) GC-content
evolution in mammalian genomes: the biased gene conversion
hypothesis. Genetics, 159, 907-911.

Galtier, N., Roux, C., Rousselle, M. et al. (2018) Codon usage bias
in animals: disentangling the effects of natural selection, effective
population size, and GC-biased gene conversion. Molecular Biology
and Evolution, 35, 1092—1103.

Golino, D.A. & Oldfield, G.N. (1990) Plant pathogenic spiroplasmas
and their leafhopper vectors. Advances in Disease Vector Research,
Vol. 6 (ed. by K.F. Harris), pp. 267-300. Springer, New York, New
York.

Goodchild, AJ.P. (1966) Evolution of the alimentary canal in the
Hemiptera. Biological Reviews, 41, 97—140.

Hamilton, K.G.A. (1981) Morphology and evolution of the rhynchotan
head (Insecta: Hemiptera, Homoptera). The Canadian Entomologist,
113, 953-974.

Hamilton, K.G.A. (1983) Classification, morphology and phylogeny
of the family Cicadellidae (Rhynchota: Homoptera). Proceedings
of the Ist International Workshop on Biotaxonomy, Classification
and Biology of Leafhoppers and Planthoppers Auchenorrhyncha of
Economic Importance. 4—7 October. London.

Hamilton, K.G.A. (1996) Cretaceous Homoptera from Brazil: impli-
cations for classification. Studies on Hemipteran Phylogeny (ed. by
C.W. Schaefer), pp. 89—110. Thomas Say Publications in Entomol-
ogy, Entomological Society of America, Lanham, Maryland.

Hamilton, K.G.A. (1999) The ground-dwelling leafhoppers Myerslopi-
idae, new family, and Sagmatiini, new tribe (Homoptera: Membra-
coidea). Invertebrate Taxonomy, 13, 207-235.

Hamilton, K.G.A. (2001) A new family of froghoppers from the Amer-
ican tropics (Hemiptera: Cercopoidea: Epipygidae). Biodiversity, 2,
15-21.

Hamilton, K.G.A. (2011) Making sense of Fulgoroidea (Hemiptera):
new phylogenetic evidence. Cicadina, 12, 57-79.

© 2019 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12381



26 R. K. Skinner et al.

Hamilton, K.G.A. (2012) Revision of Neotropical aphrophorine spit-
tlebugs, part 1: Ptyelini (Hemiptera, Cercopoidea). Zootaxa, 3497,
41-59.

Hamilton, K.G.A. (2015) A new tribe and species of Clastopterinae
(Hemiptera: Cercopoidea: Clastopteridae) from Africa, Asia and
North America. Zootaxa, 3946, 151—-189.

Hansen, H.J. (1903) On the morphology and classification of the
Auchenorrhynchous Homoptera. The Entomologist, 36, 93—94.

Hasegawa, M. & Hashimoto, T. (1993) Ribosomal RNA trees mislead-
ing? Nature, 361, 23.

Hayashi, M. (1984) A review of the Japanese Cicadidae. Cicada
(Transactions of the Japanese Cicada Club), 5,25-51.

Hennig, W. (1981) Insect Phylogeny. John Wiley and Sons, Chichester.

Hertach, T., Puissant, S., Gogala, M. et al. (2016) Complex within a
complex: integrative taxonomy reveals hidden diversity in Cicadetta
brevipennis (Hemiptera: Cicadidae) and unexpected relationships
with a song divergent relative. PLoS One, 11, e0165562.

Hobolth, A., Duthell, J.Y., Hawks, J., Schierup, M.H. & Mailund, T.
(2011) Incomplete lineage sorting patterns among human, chim-
panzee, and orangutan suggest recent orangutan speciation and
widespread selection. Genome Research, 21, 349—356.

Hoddle, M.S. (2004) The potential adventive geographic range of
glassy-winged sharpshooter, Homalodisca coagulata and the grape
pathogen Xylella fastidiosa: implications for California and other
grape growing regions of the world. Crop Protection, 23, 691-699.

Holmann, F. & Peck, D.C. (2002) Economic damage caused by spit-
tlebugs (Homoptera: Cercopidae) in Colombia: a first approximation
of impact on animal production in Brachiaria decumbens pastures.
Neotropical Entomology, 31, 275-284.

Huerta-Cepas, J., Serra, F. & Bork, P. (2016) ETE 3: reconstruction,
analysis, and visualization of phylogenomic data. Molecular Biology
and Evolution, 33, 1635—-1638.

Jarvis, E.D., Mirarab, S., Aberer, AJ. etal. (2014) Whole-genome
analyses resolve early branches in the tree of life of modern bird.
Science, 346, 1320-1331.

Jeffroy, O.L., Brinkmann, H., Delsuc, F. & Phillippe, H. (2006) Phy-
logenomics: the beginning of incongruence? Trends in Genetics, 22,
225-231.

Johnson, K.P., Dietrich, C.H., Friedrich, F. et al. (2018) Phyloge-
nomics and the evolution of the hemipteroid insects. PNAS, 115,
12775-12780.

Junier, T. & Zdobnov, E.M. (2010) The Newick utilities:
high-throughput phylogenetic tree processing in the UNIX shell.
Bioinformatics, 26, 1669—1670.

Kato, M. (1954) On the classification of Cicadoidea (Homoptera:
Auchenorrhyncha). Kontyi, 21, 97—100.

Kent, C.F.,, Minaei, S., Harpur, B.A. & Zayed, A. (2012) Recombination
is associated with the evolution of genome structure and worker
behavior in honey bees. Proceedings of the National Academy of
Science, 109, 18012-18017.

Kiktev, D.A., Sheng, Z., Lobachev, K.S. & Petes, T.D. (2018) GC
content elevates mutation and recombination rates in the yeast
Saccaromyces cerevisiae. Proceedings of the National Academy of
Sciences, 115, E7T109-E7118.

Kosztarab, M., O’Brien, L.B., Stoetzel, M.B., Deitz, L.L.. & Freytag,
P.H. (1990) Problems and needs in the study of Homoptera in North
America. Systematics of the North American Insects and Arachnids:
Status and Needs, Virginia Agricultural Experiment Station Informa-
tion Series, Vol. 90-1 (ed. by M. Kosztarab and C.W. Schaefer), pp.
119-145. Virginia Polytechnic Institute and State University, Blacks-
burg, Virginia.

Kozlov, A.M., Aberer, A.J. & Stamatakis, A. (2015) ExaML version 3:
a tool for phylogenomic analyses on supercomputers. Bioinformatics,
31,2577-2579.

Kristensen, N.P. (1975) The phylogeny of the hexapod “orders”. A
critical review of recent accounts. Journal of Zoological Systematics
and Evolutionary Research, 13, 1-44.

Kriventseva, E.V., Rahman, N., Espinosa, O. & Zdobnov, E.M. (2008)
OrthoDB: the hierarchical catalog of eukaryotic orthologs. Nucleic
Acids Research, 36, D271-D275.

Kubatko, L.S. & Degan, J.H. (2007) Inconsistency of phylogenetic
estimates from concatenated data under coalescence. Systematic
Biology, 56, 17-24.

Kuechler, S.M., Gibbs, G., Burckhardt, D., Dettner, K. & Hartung,
V. (2013) Diversity of bacterial endosymbionts and bacteria—host
co-evolution in G ondwanan relict moss bugs (Hemiptera: C oleor-
rhyncha: Peloridiidae). Environmental Microbiology, 15,2031-2042.

Lanfear, R., Calcott, B., Kainer, D., Mayer, C. & Stamatakis, A. (2014)
Selecting optimal partitioning schemes for phylogenomic datasets.
BMC Evolutionary Biology, 14, 82.

Lanfear, R., Frandsen, P.B., Wright, A.M., Senfeld, T. & Calcott,
B. (2016) PartitionFinder2: new methods for selecting partitioned
models of evolution for molecular and morphological phylogenetic
analyses. Molecular Biology and Evolution, 34, 772-773.

Letunic, 1. & Bork, P. (2016) Interactive Tree of Life (iTOL) v3: an
online tool for the display and annotation of phylogenetic and other
trees. Nucleic Acids Research, 44(W1), W242—-W245.

Li, H., Leavengood, J.M., Chapman, E.G. et al. (2017) Mitochondrial
phylogenomics of Hemiptera reveals adaptive innovations driving the
diversification of true bugs. Proceeding of the Royal Society B, 284,
20171223.

Li, G., Figueiré, H.V., Eizirik, E. & Murphy, W.J. (2018)
Recombination-aware phylogenomic unravels the complex diver-
gence of hybridizing species. bioRxiv. https://doi.org/10.1101/
485904.

Liang, A.-P. & Fletcher, M.J. (2002) Morphology of the antennal sensilla
in four Australian spittlebug species (Hemiptera: Cercopidae) with
implications for phylogeny. Australian Journal of Entomology, 41,
39-44.

Lin, C.-P,, Danforth, B.N. & Wood, T.K. (2004) Molecular phylogenet-
ics and evolution of maternal care in membracine treehoppers. Sys-
tematic Biology, 53, 400—421.

Linnavuori, R. (1972) Revision of the Ethiopian Cicadellidae (Hom.),
Ulopinae and Megophthalminae. Annales Entomologici Fennici, 38,
126—-149.

Lockhart, PJ., Howe, C.J., Bryant, D.A., Beanland, T.J. & Larkum,
AW.D. (1992) Substitutional bias confounds inference of cyanelle
origins from sequence data. Journal of Molecular Evolution, 34,
153-162.

Marshall, A.T. (1965) Spittle-production and tube-building by cercopoid
nymphs (Homoptera). 3. The cytology and function of the fibril zone
of the Malpighian tubules of tube-building nymphs. The Quarterly
Journal of Microscopical Science, 106, 37—-44.

Marshall, A.T. (1968) The chemical nature of Malpighian tubule
mucofibrils in cercopoid dwelling-tubes. Journal of Insect Physiol-
0gy, 14, 1435-1444.

Marshall, D.C., Hill, K.B.R., Cooley, JR. & Simon, C. (2011)
Hybridization, mitochondrial DNA phylogeny, and prediction of the
early stages of reproductive isolation: lessons from New Zealand
cicadas (genus Kikihia). Systematic Biology, 60, 482—502.

Marshall, D.C., Moulds, M., Hill, K.B.R. efal. (2018) A molecular
phylogeny of the cicadas (Hemiptera: Cicadidae) with a review of
tribe and subfamily classification. Zootaxa, 4424, 1-64.

Martin, S.K. (2008) Hill River rediscovered: early Jurassic insects of the
Perth Basin, Western Australia. Alavesia, 2, 7—14.

Martin, S.H., Davey, J.W., Salazar, C. & Jiggins, C.D. (2019) Recombi-
nation rate variation shapes barriers to introgression across butterfly
genomes. PLoS Biology, 17, e2006288.

© 2019 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12381


https://doi.org/10.1101/485904
https://doi.org/10.1101/485904

Metcalf, Z.P. (1913) The wing venation of the Fulgoridae. Annals of the
Entomological Society of America, 6, 341-358.

Metcalf, Z.P. (1960) General Catalogue of the Homoptera, Fascicle VII:
Cercopoidea, Part 1: Machaerotidae, pp. i—vi+1-i-vi+49. Waverly
Press, Inc., Baltimore, Maryland.

Metcalf, Z.P. (1962a) General Catalogue of the Homoptera. Fascicle
VII: Cercopoidea, Part 3:Aphrophoridae, pp. i—vii+1-i—vii+600.
Waverly Press, Inc., Baltimore, Maryland.

Metcalf, Z.P. (1962b) General Catalogue of the Homoptera. Fascicle
VII: Cercopoidea, Part 4: Clastopteridae, pp. i—vi+1-i—vi+59.
Waverly Press, Inc., Baltimore, Maryland.

Metcalf, Z.P. (1963) General Catalogue of the Homoptera, Fascicle
VIIIL Cicadoidea, Part 1., pp. 1-919. North Carolina State College,
Raleigh, North Carolina.

Mirarab, S. & Warnow, T. (2015) ASTRAL-II: coalescent-based species
tree estimation with many hundreds of taxa and thousands of genes.
Bioinformatics, 31, i44—i52.

Mirarab, S., Nguyen, N., Guo, S., Wang, L.-S., Ki, J. & Warnow,
T. (2015) PASTA: Ultra-large multiple sequence alignment for
nucleotide and amino-acid sequences. Journal of Computational Biol-
ogy, 22, 377-386.

Misof, B., Liu, S., Meusemann, K. efal. (2014) Phylogenomics
resolves the timing and pattern of insect evolution. Science, 346,
763-767.

Morales, M.A. (2000) Mechanisms and density dependence of benefit
in an ant-membracid mutualism. Ecology, 81, 482—489.

Moran, N.A., Tran, P. & Gerardo, N.M. (2005) Symbiosis and insect
diversification: an ancient symbiont of sap-feeding insects from the
bacterial phylum Bacteroidetes. Applied and Environmental Microbi-
ology, 71, 8802-8810.

Moreira, V.S.S. & Del-Claro, K. (2005) The outcomes of an
ant-treehopper association on Solanum lycocarpum St. Hill: increased
membracid fecundity and reduced damage by chewing herbivores.
Neotropical Entomology, 34, 881—887.

Moulds, M.S. (2005) An appraisal of the higher classification of cicadas
(Hemiptera: Cicadoidea) with special reference to the Australian
fauna. Records of the Australian Museum, 57, 375-446.

Mugal, C.FE., Weber, C.C. & Ellegren, H. (2015) GC-biased gene
conversion links the recombination landscape and demography
to genomic base composition: GC-biased gene conversion drives
genomic base composition across a wide range of species. Bioessays,
37, 1317-1326.

Muir, E. (1923) On the classification of the Fulgoroidea (Homoptera).
Proceedings of the Hawaiian Entomological Society, 5, 205-247.
Muir, F. (1930) XLVIIL.-on the classification of the Fulgoroidea.

Journal of Natural History, 6, 461—478.

Myers, J.G. (1929) Insect Singers: A Natural History of the Cicadas.
George Routledge and Sons, London.

Nel, A., Roques, P, Nel, P. etal. (2013) The earliest known
holometabolous insects. Nature, 503, 257-261.

Nielson, M.W. (1996) A new species of Myerslopia from Chile
(Homoptera: Cicadellidae). Entomological News, 107, 322-326.

Oman, P.W., Knight, W.J. & Nielson, M.W. (1990) Leafhoppers
(Cicadellidae): A Bibliography, Generic Checklist and Index to the
World Literature 1956—1985. CAB International Institute of Ento-
mology, London.

Ouvrard, D., Campbell, B.C., Bourgoin, T. & Chan, K.L. (2000) 18S
rRNA secondary structure and phylogenetic position of Peloridiidae
(Insecta, Hemiptera). Molecular Phylogenetics and Evolution, 16,
403-417.

Paladini, A., Takiya, D.M., Urban, J.M. & Cryan, J.R. (2018) New
World spittlebugs (Hemiptera: Cercopidae: Ischnorhininae): dated
molecular phylogeny, classification, and evolution of aposematic
coloration. Molecular Phylogenetics and Evolution, 120, 321-334.

Phylogenomics of Auchenorrhyncha 27

Pessia, E., Popa, A., Mousset, S., Rezvoy, C., Duret, L. & Marais,
G.A.B. (2012) Evidence for widespread GC-biased gene conversion
in eukaryotes. Genome Biology and Evolution, 4, 675—682.

Peters, R.S., Krogmann, L., Mayer, C. et al. (2017) Evolutionary history
of the hymenoptera. Current Biology, 2797, 1013—-1018.

Petersen, M., Meusemann, K., Donath, A. ef al. (2017) Orthograph: a
versatile tool for mapping coding nucleotide sequences to clusters of
orthologous genes. BMC Bioinformatics, 18, 111.

Phillips, M.J., Delsuc, F. & Penny, D. (2004) Genome-scale phylogeny
and the detection of systematic biases. Molecular Biology and
Evolution, 21, 1455—1458.

Rakitov, R.A. (1997) On differentiation of cicadellid leg chaetotaxy.
Russian Entomological Journal, 6, 7-27.

Rakitov, R.A. (2002) Structure and function of the malphighian tubules,
and related behaviors in juvenile cicadas: evidence of homology with
spittlebugs (Hemiptera: Cicadoidea & Cercopoidea). Zoologischer
Anzeiger, 241, 117-130.

Rakitov, R.A. (2015) Observations on the biology and anatomy
of Myerslopiidae (Hemiptera, Membracoidea). Psyche, 2015,
898063.

Rambaut, A. (2018). FigTree, Version 1.4.4. [http://tree.bio.edu.ac.uk/
software/figtree]. URL https://github.com/rambaut/figtree/releases
[accessed on 25 November 2018].

Ratte, F. (1884) On the larvae and larva cases of some Australian
Aphrophoridae. The Proceedings of the Linnean Society of New South
Wales, 9, 1164—1169 +Plates 69—70.

Ravaneli, G.C., Garcia, D.B., Madaleno, L.L., Mutton, M.A., Stupiello,
J.P. & Mutton, M.J.R. (2011) Spittlebug impacts on sugarcane
quality and ethanol production. Pesquisa Agropecudria Brasileira, 46,
120-129.

R Core Team. (2018) R: A language and environment for statistical
computing. R Foundation for Statistical Computing. Vienna, Austria.
[https://www.R-project.org].

Redak, R.A., Purcell, A.H., Lopes, J.R.S., Blua, M.J., Mizell, R.F.
III & Andersen, P.C. (2004) The biology of xylem fluid-feeding
insect vectors of Xylella fastidiosa and their relation to disease
epidemiology. Annual Review of Entomology, 49, 243-270.

Regier, J.C., Shultz, J.W., Zwick, A. et al. (2010) Arthropod relation-
ships revealed by phylogenomic analysis of nuclear protein-coding
sequences. Nature, 463, 1079—-1083.

Robinson, M.C., Stone, E.A. & Singh, N.D. (2013) Population genomic
analysis reveals no evidence for GC-biased gene conversion in
Drosophila melanogaster. Molecular Biology and Evolution, 31,
425-433.

Roch, S., Nute, M. & Warnow, T. (2018) Long-branch attraction in
species tree estimation: inconsistency of partitioned likelihood and
topology-based summary methods. Systematic Biology, 68,281-297.

Romiguier, J. & Roux, C. (2017) Analytic biases associated with
GC-content in molecular evolution. Frontiers in Genetics, 8, 16.

Romiguier, J., Ranwez, V., Douzery, E.J. & Galtier, N. (2010) Contrast-
ing GC-content dynamics across 33 mammalian genomes: relation-
ship with life-history traits and chromosome sizes. Genome Research,
20, 1001-1009.

Romiguier, J., Ranwez, V., Delsu, E,, Glatier, N. & Douzer, E.J.P. (2013)
Less is more in mammalian phylogenomics: AT-rich genes minimize
tree conflicts and unravel the root of placental mammals. Molecular
Biology and Evolution, 30, 2134—-2144.

Romiguier, J., Cameron, S.A., Woodard, S.H., Fischman, B.J., Keller,
L. & Prax, C.J. (2016) Phylogenomics controlling for base composi-
tional bias reveals a single origin of eusociality in corbiculate bees.
Molecular Biology and Evolution, 33, 670—678.

Sanderson, M.J., McMahon, M.M. & Steel, M. (2010) Phylogenomics
with incomplete taxon coverage: the limits to inference. BMC Evolu-
tionary Biology, 10, 155.

© 2019 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12381


http://tree.bio.edu.ac.uk/software/figtree
http://tree.bio.edu.ac.uk/software/figtree
https://github.com/rambaut/figtree/releases
https://www.R-project.org

28 R. K. Skinner et al.

Sayyari, E. & Mirarab, S. (2016) Fast coalescent-based computation of
local branch support from quartet frequencies. Molecular Biology and
Evolution, 33, 1654—1668.

Schmidt, E. (1907) Monographie der Subfamilie Machaerotinae Stal,
einbeitragzurKenntnis der Cercopiden. Entomologische Zeitung. Her-
ausgegeben von dementomologischenVereinezu, Stettin, 68, 165-200.

Shcherbakov, D.E. (1992) The earliest leathoppers
(Hemiptera:Karajassidae n. fam.) from the Jurassic of Karatau.
Neues Jahrbuch fiir Geologie und Paldontologie, H1, 39-51.

Shcherbakov, D.E. (1996) Origin and evolution of the Auchenorrhyncha
as shown by the fossil record. Studies on Hemipteran Phylogeny (ed.
by C.W. Schaefer), pp. 31-45. Entomological Society of America,
Lanham, Maryland.

Shull, V.L., Vogler, A.P., Baker, M.D., Maddison, D.R. & Hammond,
PM. (2001) Sequence alignment of 18S ribosomal RNA and the
basal relationships of adephagan beetles: evidence for monophyly
of aquatic families and the placement of Trachypachidae. Systematic
Biology, 50, 945-969.

Simmons, M.P. (2017) Relative benefits of amino-acid, codon, degener-
acy, DNA, and purine-pyrimidine character coding for phylogenetic
analysis of exons. Journal of Systematics and Evolution, 55, 85—109.

Simon, C., Tang, J., Dalwadi, S., Staley, G., Deniega, J. & Unnasch,
T.R. (2000) Genetic evidence for assortative mating between 13-year
cicadas and sympatric “17-year cicadas with 13-year life cycles” pro-
vides support for allochronic speciation. Evolution, 54, 1326—1336.

Simon, C., Buckley, T.R., Frati, F., Stewart, J.B. & Beckenbach, A.T.
(2006) Incorporating molecular evolution into phylogenetic analysis,
and a new complication of conserved polymerase chain reaction
primers for animal mitochondrial DNA. Annual Review of Ecology,
Evolution, and Systematics, 37, 545-579.

Singh, N.D., Davis, J.C. & Petrov, D.A. (2005) Codon bias and
noncoding GC content correlate negatively with recombination rate
on the Drosophila X chromosome. Journal of Molecular Evolution,
61,315-324.

Song, N. & Liang, A.-P. (2013) A preliminary molecular phylogeny
of planthoppers (Hemitpera: Fulgoroidea) based on nuclear and
mitochondrial DNA sequences. PLoS One, 8, €58400.

Song, N., Liang, A.-P. & Bu, C.-P. (2012) A molecular phylogeny
of Hemiptera inferred from mitochondrial genome sequences. PLoS
One, 7, e48778.

Song, N., Li, H., Cai, W., Yan, F, Wang, J. & Song, F. (2016)
Phylogenetic relationships of Hemiptera inferred from mitochondrial
and nuclear genes. Mitochondrial DNA Part A, 27, 4380-4389.

Song, N., Cai, W. & Li, H. (2017) Deep-level phylogeny of Cicado-
morpha inferred from mitochondrial genomes sequenced by NGS.
Scientific Reports, T, 10429.

Sorensen, J.T., Campbell, B.C., Gill, RJ. & Steffen-Campbee, J.D.
(1995) Non-monophyly of Auchenorrhyncha (“Homoptera”), based
upon 18S rDNA phylogeny: eco-evolutionary and cladistic implica-
tions within pre-Heteropterodea Hemiptera (s.l.) and a proposal for
new monophyletic suborders. Pan-Pacific Entomologist, 71, 31-60.

Stamatakis, A. (2014) RAxXML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. Bioinformatics, 30,
1312-1313.

Swofford, D.L. (2002) PAUP*. Phylogenetic Analysis Using Parsimony
(*and Other Methods, Version 4, Sinauer Associates, Sunderland,
Massachusetts.

Szwedo, J. (2002) Amber and amber inclusions of planthoppers,
leathoppers and their relatives (Hemiptera, Archaeorrhyncha et
Clypaeorrhyncha). Denisia, 4, 37-56.

Szwedo, J. (2004) An annotated checklist of the myerslopiidae with
notes on the distribution and origin of the group (Hemiptera: Cicado-
morpha). Zootaxa, 425, 1-15.

Szwedo, J., Bourgoin, T. & Lefebvre, F. (2004) Fossil Planthoppers
(Hemiptera: Fulgoromorpha) of the World. Studio 1, Warsaw.

Szwedo, J., Wang, B. & Zhang, H. (2011) An extraordinary early
Jurassic planthopper from Hunan (China) representing a new fam-
ily Qiyangiricaniida fam. Nov. (Hemiptera: Fulgoromorpha: Fulgo-
roidea). Acta Geologica Sinica, 85, 739-748.

Takiya, D.M., Tran, PL., Dietrich, C.H. & Moran, N.A. (2006)
Co-cladogenesis spanning three phyla: leafhoppers (Insecta:
Hemiptera: Cicadellidae) and their dual bacterial symbionts.
Molecular Ecology, 15, 4175-4191.

Tillyard, R.J. (1919) Mesozoic insects of Queensland. No. 7. Hemiptera
Homoptera; with a note on the phylogeny of the suborder. Proceed-
ings of the Linnean Society of New South Wales, 44, 857—896.

Townsend, J.P., Lépez-Girdldez, F. & Friedman, R. (2008) The phylo-
genetic informativeness of nucleotide and amino acid sequences for
reconstructing the vertebrate tree. Journal of Molecular Evolution, 67,
437-447.

Urban, J.M. & Cryan, J.R. (2007) Evolution of the planthoppers (Insecta:
Heniptera: Fulgoroidea). Molecular Phylogenetics and Evolution, 42,
556-572.

Urban, J.M. & Cryan, J.R. (2009) Entomologically famous, evolution-
arily unexplored: the first phylogeny of the lanternfly family Fulgori-
dae (Insecta: Hemiptera: Fulgoroidea). Molecular Phylogenetics and
Evolution, 50, 471-484.

Vaidya, G., Lohman, D.J. & Meier, R. (2011) SequenceMatrix: con-
catenation software for the fast assembly of multi-gene datasets with
character set and codon information. Cladistics, 27, 171-180.

Wang, B., Szwedo, J. & Zhang, H. (2012) New Jurassic Cercopoidea
from China and their evolutionary significance (Insecta: Hemiptera).
Palaeontology, 55, 1223—-1243.

Weber, C.C., Boussau, B., Romiguier, J., Jarvis, E.D. & Ellegren,
H. (2014) Evidence for GC-biased gene conversion as a driver
of between-lineage differences in avian base composition. Genome
Biology, 15, 549.

Weirauch, C. & Schuh, R.T. (2011) Systematics and evolution of
Heteroptera: 25 years of progress. Annual Review of Entomology, 56,
487-510.

Weisburg, W.G., Giovannoni, S.J. & Woese, C.R. (1989) The Deinococ-
cus-Thermus phylum and the effect of rRNA composition on phylo-
genetic tree construction. Systematic and Applied Microbiology, 11,
128-134.

Whitfield, J.B. & Lockhart, PJ. (2007) Deciphering ancient rapid
radiations. Trends in Ecology and Evolution, 22, 258 -265.

Wickham, H. (2016) ggplot2: Elegant Graphics for Data Analysis.
Springer-Verglag, New York, New York.

Wilson, M.R. & Weintraub, P.G. (2007) An introduction to Auchenor-
rhyncha phytoplasma vectors. Bulletin of Insectology, 60, 177—178.

Wood, T.K. (1993) Diversity in the New World Membracidae. Annual
Review of Entomology, 38, 409—435.

Xia, X. (2018) DAMBET7: new and improved tools for data analysis in
molecular biology and evolution. Molecular Biology and Evolution,
35, 1550-1552.

Xia, X., Zheng, X., Salemi, M., Chen, L. & Wang, Y. (2003) A index of
substitution saturation and its applications. Molecular Phylogenetics
and Evolution, 26, 1-7.

Xie, Q., Tian, Y., Zhen, L. & Bu, W. (2008) 18S rRNA hyper-elongation
and the phylogeny of Euhemiptera (Insecta: Hemiptera). Molecular
Phylogenetics and Evolution, 47, 463—471.

Xie, Y., Wu, G., Tang, J. et al. (2014) SOAPdenovo-trans: de novo
transcriptome assembly with short RNA-seq reads. Bioinformatics,
30, 1660—1666.

Yang, C.-T., & Fang, S.-J. (1993) Phylogeny of the Fulgoromor-
pha nymphs, first results. Proceedings of the 8th Auchenorrhyncha
Congress. (ed. by S. Drosopoulos, P.V. Petrakis, M.F. Claridge, &

© 2019 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12381



PW.F. de Vrijer), 9—13 August. Delphi, Greece. Auchenorrhyncha
Congress, Delphi.

Yeh, W.-B., Yang, C.-T. & Hui, C.-F. (2005) A molecular phylogeny of
planthoppers (Hemiptera: Fulgoroidea) inferred from mitochondrial
16S rDNA sequences. Zoological Studies, 44, 519-535.

Yoshizawa, K. & Wagatsuma, M. (2012) Phylogenetic relationships
among superfamilies of Cicadomorpha (Hemiptera: Auchenorrhyn-
cha) inferred from the wing base structure. Entomological Science,
15, 408-421.

Zhang, Z.-Q. (2011) Animal biodiversity: an outline of higher-level
classification and survey of taxonomic richness. Zootaxa, 3148,
1-237.

Phylogenomics of Auchenorrhyncha 29

Zhang, H.-C., Wang, Q.-F. & Zhang, J.-F. (2003) Some Jurassic
homopteran insects from the Junggar Basin, Xinjiang, China. Acta
Palaeontologica Sinica, 42, 548—551.

Zink, A.G. (2003) Quantifying the costs and benefits of parental care in
female treehoppers. Behavioral Ecology, 14, 687—693.

Zwick, A. & Hussey, A. (2008) Degeneracy Coding: Degen Veri-
son 1.4. [WWW document]. URL http://www.phylotools.com/
ptdegenoverview.htm. [accessed on 4 June 2018].

Accepted 26 June 2019

© 2019 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12381


http://www.phylotools.com/ptdegenoverview.htm
http://www.phylotools.com/ptdegenoverview.htm

Heteroptera: Notonecta glauca
Heteroptera: Gelastocoris oculatus

Heteroptera: Ceratocombus sp
[ Heteroptera: Hydrometra stagnorum
100 L Coloormaa Pelorid Heteroptera: Velia caprai
——— Caleorrhyncha: Peloridium pomponorum
TO0 Coleorrhyncha: Hackerie!/; veitchi
'—mv—1|UECo|eorrhyncha: Xenophyselia greensladeae
ColeorrhynchaD: Xenophyes metoponcus

elphacidae: /diosystatus acutiusculus
— - Delphacidae: Nilaparvata lugens
Cixiidae: Melanoliarus placitus
Cixiidae: Tach il

T s pilosus
— rbidae: Omolicna uhleri
Achilidae: Catonia nava

Fulgoridae: Lycorma delicatula

F_uI?orldae_: yrpoptus belfragei
Dlpyopharldae: Yucanda albida

opharidae: Taractellus chilensis
ictyopharidae: Phylloscelis atra
Dictyopharidae: DAct%ophara europaea
la sp

Tropiduchidae: Ladel ) . . .
Tettigometridae: Tettigometra bipunctata
Caliscelidae: Caliscelis bonelli
Calliscelidae: Bruchomorpha oculata
Euﬁrbrachldae: Platybrachys sp
N qgodmujae: Bladinasp

Nogodinidae: Lipocallia australensis

_ Ricaniidae: Scolypopa sp
Ricaniidae: Ricania speculum
Issidae: Thionia simplex ) )

Acanaloniidae: Acanalonia conica
Flatidae: pruinosa
. _ - Flatidae: Jamella australiae
Tettigarctidae: Tettigarcta crinita
Cicadidae: Chilecicada sp

Cicadidae: Tettigades auropilosa
Cicadidae: Okanagana villosa

Cicadidae: Tibicen dorsata 3

Cicadidae: Burbunga queenslandica
Cicadidae: Tamasa doddi )

— Cicadidae: Guineapsaltria flava
Cicadidae: Maoricicada tenuis
Cicadidae: Kikihia scutellaris

| —— Clastopteridae: Clastoptera obtusa
00 Machaerotidae: Pectinariophyes stalii
Epipygidae; Eﬁrpyga sp
Aphrophoridae: Aphrophora alni
/é})hrophondae: hilaenus spumarius
ercopidae: Cercogls vulnerata
opidae:

100

100

rosapia bicincta

erc
Myerslopiidae: Mapuchea sp

Cic: Typhlocibinae: Emlpoasca fabae .
- Cic: Eurymelinae; Macropsis decisa
- Cic: Aphrodinae: Xestocephalus desertorum
Cic: Neocoelidiinae: Neocoelidia tumidifrons
Cic: Deltocephalinae: Penthimia Sﬁ .
. _Cic: Deltocephalinae: Dalbulus maidis
_ Cic: phalinae: Haldorus sp
— Cic: Deltocephalinae: Agudus sp
- Cic: Nioniinae: Nionia palmeri
Cic: Cicadellinae: Vidanoana flavomaculata .
— Cic: Cicadellinae: Graphocephala fennahi
Cic: Aphrodinae: Aphrodes bicincta B
- — Cic: lassinae: Penestragania robusta
_ Cic: lassinae: Ponana quadralab. )
ClcC: ‘Eucanthellinae: Euacanthella palustris

Coelidiinae: Tinobregmus viridescens

[ Fulgoroidea
[ Cicadoidea
Bl Cercopoidea
B Membracoidea

Cic: Tartessinae: Stenocotis depre
Cic: Ledrinae: Hespenedra chilensis
Cic: Ledrinae: Tituria crinita
Cic: Eurymelinae: Idiocerus rotundens
=Y Cic: Ulopinae: Ulopa reticulata
v C’\|‘r_:: Me_gopth’a_}nwaet:_/la al;!’a constricta

em: Nicomiinae: Holdgatiella chepuensis
(1 — Melizoderidae: Llanqu?huea pilctsé7 . )
——  Aetalionidae: Lophyraspis sp
. Aetalionidae: Aetalion reticulatum

Mem: spid me.lbryco ere:
Mem: Stegasipidinae: Microcentrus caryae

Mem: Centrotinae: Nessorhinus gibberulus
Mem: Centrotinae: Centrotus cornutus
Mem: Nicomiinae: Tolania sp
Mem: Darninae: Proc)
Mem: Heteronotinae: Heteronotus sp

Mem: Smiliinae: Chelyoidea sp
Mem: Smiliinae: Amastris sp
Mem: Smiliinae: Cyphonia clavata
Mem: Smiliinae: Sfictocephala bisonia
Mem: Membracinae: Notocera sp . . .
Mem: Membracinae; Umbonia crassicornis

Mem: Membracinae; Membracis tectigera
Mem: Membracinae: Enchenopa latipes

Tree scale: 0.1



Heteroplere}z_i Gelastocoris oculatus

eteroptera: Corixa punctata

Heteroptera: Notonecta glauca

Heteroptera: Ceratocombus sp

Heteroptera: Hydrometra stagnorum

— Heteroptera: Velia caprai
— Coleorrhyncha: Peloridium pomponorum

100

100

Coleorrhyncha: Hackeriella ve’j'tchi
I_‘I'UU_E Coelorrhxncha: Xenoph}ves metoponcus
1 Coelorrhyncha: Xenophysella greensladeae
Cixiidae: Tachycixius pilosus
Cixiidae: Melanoliarus placitus .

- —— Delphacidae: Nilaparvata lugens
Delphacidae: Idiosystatus acutiusculus
Derbidae; Omolicha uhleri
Achilidae: Catonia nava
Fulqond_ae: Lycorma delicatula

Fulgoridae: yr{lzoptus belfragei
Dictyopharidae® Yucanda albida .
Dictyopharidae: Taractellus chilensis

Dictyopharidae: P,h%/lloscehs atra
Dictyopharidae: Dictyophara europaea
Tropiduchidae: Ladella sp

- - Tettigometridae: Tettigometra bipunctata
Caliscelidae: Caliscelis bonelli

- Caliscelidae: Bruchomorpha oculata
Eurybrachidae: Platybrachys sp

ssidae: ia simplex )
Nogodinidae: Lipocallia australensis
icaniidae: Ricania speculum
. ) ) — Ricaniidae: Scolypopa sp
— Tettl%arctldae: Tettigarcta crinita
icadidae: Chilecicada sp

100

100

Cicadidae: Okanagana villosa
Cicadidae; Tettigades auropilosa

— Cicadidae: Guineapsaltria flava
Cicadidae: Kikihia scutellaris.
Cicadidae: Maoricicada tenuis
Cicadidae; Tibicen dorsata
Cicadidae: Tamasa doddi .
Cicadidae: Burbunga queenslandica

Machaerotidae: Pectinariophyes stalii

100

100

Clastopteridae: Clastoptera obtusa

ilaenus spumarius
>ercopidae: Prosapia bicincta

- Cerclta)ldae: Cercopis vulnerata
Myerslopiidae: Mapuchea sp

B Fulgoroidea

B Cicadoidea

B Cercopoidea
B Membracoidea

Tree scale: 0.1 —

Cic: Typhlocibinae: Empoasca fabae X
00 Cic: Eurymelinae: Macropsis decisa

00 ———————— Cic: Delto_ceBhalmae: Penthimia sp o
00 - Cic: Deltocephalinae: Dalbulus maidis
- Cic: Deltocephalinae: Haldorus sp
- — Cic: Deltocephalinae: Agudus s,
Cic: Nioniinae; Nionia palmeri .
0a - — Cic: Cicadellinae: Graphocephala fennahi
00 Cic; Cicadellinge: Vidanoana flavomaculata
i Cic: Aphrodinae: Aphrodes bicincta .
3 - - Cic: lassinae; Penestragania robusta
00 - Cic; lassinae; Ponana quadralaba
Cic: Euacanthellinae: Euacanthella palustris
0b Cic: Coelidiinae: Tinobregmus viridescens
— Cic: Tartessinae: Stenocotis depressa
00 Cic: Ledrinae: Hespenedra chilensis
oot Cic: Ledrinae: Tituria crinita
Cic: Eurymelinae: [diocerus rotundens
- Cic: Ulopinae: Ulopa reticulata
00 Cic: Megopthalminae: Agallia constricta }
—— Aefalionidae: Lophyraspis sp
Aetalionidae: Aetalion reticulatum
Mem:; Stegaspidinae; Lycoderes burmeisteri
Mem: Stegaspidinae: Microcentrus car%ae
00 Mem: Centrotinae: Nessorhinus gibberulus
Mem: Centrotinae: Centrotus cornutus
Mem: Nicomiinae: Holdgatiella chepuensis
00 Melizoderidae: Lianquihuea pilosa
o0 Mem: Nicomiinae: Tolania s
o Mem: Darninae; Procyrta sp
Mem: Heteronotinae: Heteronotus sp
Mem: Smilinae: Chelyoidea sp
3

5 00 Mem; Smiliinae: Amastris
00 Mem: Smiliinae: Ctyphoma clavata
o 00 Mem: Smilinae: Sfictocephala bisonia
Mem: Membracinae: Notocera sp i X X
00 lem: Membracinae: Umbonia crassicornis
00, Mem: Membracinae: Membracis tectigera

Mem: Membracinae: Campylenchia latipes



ptera: sp
Heteroptera: Hydrometra stagnorum
P

: Velia caprai

Heteroptera: Corixa punc(ala

—

oculatus

Helercplera Notonecta glauca
Coleorrhﬁncha Peloridium pomponorum

Coleorrhyncha: Hackeriella veitchi
\_m_jvaoleorrhyncha Xenophysella greensladeae

Colecrrhynch Xenophyes metoponcus

itus

pilosus

us placit
Cixiidae: [
‘mn—‘ 5

Delphacidae: Nilaparvata lugens
Achilidae: Catonia nava
Derbidae: Omolicna uhleri
Fulgoridae: Cyrpoptus belfragei
Fu\gondae Lycorma delicatula
Dictyopharidae: Yucanda albida
Dicf gophandae Taractellus chilensis
ictyopharidae: Phylloscelis atra

ropiduchidae: Ladella's sp.

culata

Caliscelidae: .
Caliscelidae: Caliscelis bonelli
Nogodinidae: Bladina sp

Eur sp
Nogodinidae: Lij ocallla australensis
icaniidae: Ricania speculum
Ricaniidae: Scolypopa sp

Issidae: Thionia simplex

ia conica
Flatidae: Metcalfa pruinosa
Flatidae: Jamella australiae

Temgarchdae Tettigarcta crinita

dae: Chilecicada sp
Clcad\dae Okanagana villosa
Cicadidae: Tettigades auropilosa

Cicadidae:
Cicadidae: Kikihia scutellaris
Cicadidae: Maoricicada tenuis
Cicadidae: Tibicen dorsata
Cicadidae: Tamasa doddi
Cicadidae: Burbunga queenslandrca

o0

M chaerotldae Pectmarlophyes stalii
Aphr(gphondae Aphrophora alni
Aoh pipygidae: Ep/pyga sp

Cercopldae Prosapia bicincta

: Cercopis

s)
Cic: 1Pyp- fabae

Cic: is decisa
Cic: Aphrodmae Xeslocephalus deseriorum

B Fulgoroidea

B Cicadoidea

B Cercopoidea
B Membracoidea

Tree scale: 0.1

Cic: N
Cic: D

inae: Sp
Cic: D inae: Dalbulus maidis
Cic: Deltocephalinae: Agudus sp

ic: Deltocephalinae: Haldorus sp
Cic: Aphrodinae: Aphrodes bicincta
Cic: lassinae: Penestragania robusta
: lassinae: Ponana quadralaba
G C{‘ Nioniinae: Nionia palmeri
ic:

Cic: i fennahi
Cic: EL inae: Ei palustris
Cic: Coelidiinae: Tinobregmus viridescens

Cic: Tartessinae: Stenocotis depressa
Cic: Ledrinae: Tituria crinita
Cic: Ledrinae: Hespenedra chilensis
Cic: Eurymellnae Idiocerus rotundens
ic: Ulopinae: Ulopa reticulata
Cic: Megopthalmwnae Agalha constncta

Mem: Nlcomunae Holdga{lella chepuensrs
Aetalionidae: Lophyraspis sp
Aetalionidae: Aetalion reticulatum
idinae: Lycoderes

Mem Stegaspldlnae Microcentrus caryae

Mem: Centrotinae: Nessorhinus gibberulus
Mem: Centrotinae: Centrotus cornutus

Mem: Nicomiinae: Tolania sp

Mem: Darninae: Procyrta sp

Mem: Heteronotinae: Heteronotus sp

Mem: Membraclnae Notocera sp.

e: Umbonia

Mem: Membracinae: Msmbrac/s tectigera
Mem: Membracinae: Enchenupa Ia[rpes

Mem Smiliinae: Amastﬂs sp
ae: Cyphonia clavata
\ae: Sfictocephala bisonia



Heteroptera: Corixa punctata
Heteroptera: Gelatocoris oculatus
: P

Heteroptera: Notonecta glauca

1

i

Heteroptera: Ceratocombus sp

Heteroptera: Velia caprai
Heteroptera: Hydrometra stagnorum

1

Coleorrhyncha: Peloridium pomponorum

Coleorrhyncha: Hackeriella veitchi

—1 ]

_:Coleorrhyncha Xenophyes metoponcus
Coleorrhyncha: Xenophysella greensladeae

B - Delphacidae: Nilaparvata lugens

Delphacidae: Idiosystatus acutiusculus

1 . . . .
e Cixiidae: Melanoliarus placitus

Cixiidae: Tachycixius pilosus

Derbidae: Omolicna uhleri

Achilidae: Catonia nava

P E— Fulgoridae: Cyrpoptus belfragei
L———Fulgoridae: Lycorma delicatula

1 4D|ctyophar|dae Yucanda albida

Dictyopharidae: Chrondrophana gayi _

E— D_|ctyophar_|dae P_hy/loscel/s atra

——— Dictyopharidae: Dictyophara europaea

Tropiduchidae: Ladella sp

Tettigometridae: Tettigometra bipunctata

;7 Caliscelidae: Caliscelis bonelli

———— Caliscelidae: Bruchomorpha oculata

Nogodinidae: Bladina sp

0.9959

3 Eurybrachidae: Platybrachys sp
05036 Acanaloniidae: Acanalonia conica
LN Flatidae: Jamella australiae
0.9082 Flatidae: Metcalfa pruinosa
— 1 ] Issidae: Thionia simplex
1 Nogodinidae: Lipocallia australensis
10.9995 ~— Ricaniidae: Ricania speculum

1

Machaerotidae: Pectinariophyes stalii
Clastopteridae: Clastoptera obtusa
Aphrophoridae: Aphrophora alni
Epipygidae: Epipyga sp
Aphrophoridae: Philaenus spumarius
Cercopidae: Cercopis vulnerata
Cercopidae: Prosapia bicincta
Tettigarctidae: Tettigarcta crinita

1 1

Myerslopiidae: I(\)A_ap*chﬁia s_% _ £ b
ic: Typhlocibinae: Empoasca fabae
_% Cic: Eurymelinae: Macropsis decisa

1 0.9293

1

Cic: lassinae: Penestragania robusta
Cic: Nioniinae: Nionia palmeri

Cic: lassinae: Ponana quadralaba
Cic: Aphrodinae: Aphrodes bicincta

0,9999
1

Cic: Eurymelinae: Idiocerus rotundens
Cic: Ulopinae: Ulopa reticulata

Cicadidae: Chilecicada sp
1 _|:C|cad|dae Okanagana villosa
Cicadidae: Tettigades auropilosa
Cicadidae: Guineapsaltria flava
—— Cicadidae: Maoricicada tenuis

Cic: Aphrodinae: Xestocephalus desertorum
Cic: Deltocephalinae: Penthimia sp
Cic: Deltocephalinae: Dalbulus maidis

Cic: Deltocephalinae: Haldorus sp
1 —:Cic: Deltocephalinae: Agudus sp

Cic: Neocoelidiinae: Neocoelidia tumidifrons

Cic: Megopthalminae: Agallia constricta
Aetalionidae: Aetalion reticulatum

1 L )
1 Aetalionidae: Lophyraspis sp
1 Mem: Stegaspidinae: Lycoderes burmeisteri
1

Mem: Stega 8|d|nae Microcentrus caryae

L Ricaniidae: Scolypopa sp

1 - Cicadidae: Kikihia scutellaris
Cicadidae: Megatibicen dorsatus

{Cicadidae: Tamasa doddi

Cicadidae: Burbunga queenslandica

Cic: Cicadellinae: Vianoana flavomaculata
Cic: Cicadellinae: Graphocelphala fennahi

Cic: Coelidiinae: Tinobregmus viridescens
Cic: Euacanthallinae: Euacanthella palustris
Cic: Tartessinae: Stenocotis depressa

Cic: Ledrinae: Tituria crinita
_:Cic: Ledrinae: Hespenedra chilensis

entrotinae: Centrotus cornutus

Mem:
{ Mem: Centrotinae: Nessorhinus gibberulus
— T Mem: Nicomiinae: Holdgatiella chepuensis
Melizoderidae: Llanquihuea pilosa

Mem: Darninae: Procyrta sp
Mem: Heteronotinae: Heteronotus sp

r7— Mem: Smiliinae: Cyphonia clavata
———Mem: Smiliinae: Stictocephala bisonia

—: Mem: Smiliinae: Amastris
Mem: Smiliinae: Chelyoidea

Mem: Membracinae: Notocera sp

M Fulgoroidea 1
- CicadOid.ea 0.9921 Mem: Nicomiinae: Tolania sp
B Cercopoidea 1
B Membracoidea 1
L1
]
Tree Scale

30

Mem: Membracinae: Umbonia crassicornis
—— Mem: Membracinae: Membracis tectigera

1 Mem: Membracinae: Enchenopa latipes



Heteroptera: Corixa punctata
Heteroptera: Gelastocoris oculatus

Heteroptera: A glauca
Heteroptera: Ceratocombus sp

Heteroptera: Hydrometra stagnorum
: Velia caprai

[ Coleorrhyncha: Peloridium pumponorum

T00

100

Coleorrhyncha: Hackeriella veitchi
I—TUU—E Coleorrhyncha: Xenophyes metoponcus
Coleorrhyncha: Xenophysella greensladeae

Derbidae: Omolicna uhleri
Achilidae: Catonia nava
Fulgoridae: Lycorma delicatula
Fulgoridae: Cyrpoptus belfragel

Delphacidae: Idiosystatus acutiusculus
Delphacldae Nilaparvata lugens
Cixiidae: yCi) pilosus
Cixiidae: M iarus placitus
e Achil

chtyophandae Yucanda albida
Dictyopharidae: Taractellus chilensis
Dictyopharidae: Phylloscelis atra
Dictyopharidae: Dictyophara europaea
Tropiduchidae: Ladella sp

Temgomemdae Tettigometra bipunctata
a oculata
Cahscelldae Callscehs bonelh
Nogodinidae: Bladina sp
Eurybrachidae: Platybrachys sp
Nogodinidae: Lipocallia australensis
icaniidae: Ricania speculum

Ricaniidae: Scolypopa sp
Issidae: Thionia simplex

Acanaloniidae: Acanalonia conica
Flatidae: Metcalfa pruinosa
Flatidae: Jamella australiae
Temgarcudae Tettigarcta crinita

dae: Chilecicada sp

Clcadldae Tettigades auropilosa

Cicadidae: Okanagana villosa

Cicadidae: Guineapsaltria flava

Cicadidae: Kikihia scutellaris

Cicadidae: Maoricicada tenuis

Cicadidae: Tibicen dorsata

Cicadidae: Tamasa doddi

Cicadidae: Burbunga queenslandica

Clastopteridae: Clastoptera obtusa
Machaerotidae: Pectinariophyes stalii

T00

B Fulgoroidea

[ Cicadoidea

Bl Cercopoidea
Bl Membracoidea

Tree scale: 0.1

Aphrophorldae Aphrophora alni
Epipygidae: Epipyga sp
Aphrophoridae: Philaenus spumarius
Cercopidae: Prosapia bicincta
Cercopidae: Cercopis vulnerata
Myerslopiidae: Mapuchea sp
——————————— Cic: Typhloc|b|nae Empoasca fabae
Eurymelinae: Macropsis decisa
Cic: Aphrodlnae Xestocephalus desertorum

Cic: Neocoelidiinae: Neocoelidia tumidifrons
Cic: Deliocephalmae Penthimia sp
C ae: Dalbulus maidis

T00

alinae: Haldorus sp
CIC Dehocephalmae Agudus sp
Cic: Nioniinae: Nionia palmeri
Cic: Cicadellinae: Graphocephala fennahi
Cic: Cicadellinae: Vidanoana flavomaculata
Cic: Aphrodinae: Aphrodes bicincta
: lassinae: Ponana quadralaba
Cic: lassinae: Penestragania robusta
Cic: Coelidiinae: Tinobregmus viridescens
Cic: Eucanthallinae: Euacanthella palustris
Cic: Tartessinae: Stenocotis depressa
Cic: Ledrinae: Hespenedra chilensis
Cic: Ledrinae: Tituria crinita
Cic: Eurymelinae: Idiocerus rotundens
Cic: Megopthalminae: Agallia constricta
Cic: Ulopinae: Ulopa reticulata
Melizoderidae: Llanquihuea pilosa
Mem: Nicomiinae: Holdgatiella chepuensis

mo_—

Mem: Lycoderes b

Mem: Stegaspidinae: Mlcrocentrus caryae
Mem: Centrotinae: Nessorhinus gibberulus
Mem: Centrotinae: Centrotus cornutus

Mem: Nicomiinae: Tolania sp

Mem: Darninae: Procyrta sp

Mem: Heteronotinae: Heteronotus sp

Mem: Membracinae: Notocera sp

Mem: Membraclnae Enchenopa latipes

Mem: Smiliinae: Amastris sp

M Smiliinae: Chelyoidea sp
ae: Stictocephala bisonia
Mem: Smiliinae: Cyphonia clavata

Aetalionidae: Aetalion reticulatum
Aetalionidae: Lophyraspis sp

Mem: Membracinae: Umbonia crassicornis



Gelastocoris oculatus

HeterEP era:
eteroptera: Notonecta glauca

Heterop!

Heteroptera: Corixa punctata
Heteroptera: Ceratocombus sp
Heteroptera: Velia caprai

tera: Hydrometra stagnorum

——— Coloerrhyncha: Peloridium pomponorum
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Coleorrhyncha: Hackeriella veitchi
'—m—kE Coleortynchia: Xenophyes mets
Coleorrhyncha: é(en_ophyse la greensladeae

100

Achilidae: Cai
Fulgoridae:

ict
Diclyop)
Tropiduchidae: Ladella sp

iidae: Melanoliarus placitus
Cixiidae: Tachycixius pilosus .
- - Delphacidae: Nilaparvata lugens
Del hgpldae: Idiosystatus acutiusculus

erbidae; Omolicna uhleri

tonia nava
Lycorma delicatula

Fulgoridae: Cyrpoptus belfr%qei
Dictyopharidae: Yucanda albida )
Dictyopharidae: Taractellus chilensis

opharidae: Dictyophara europaea
haridae: Phylloscelis atra

Issi

Tettigarctidae: Tettigarcta crinita
Cicadidae: Chilecicada s

100

Cicadidae: Tamasa dod.

—— Tettigometridae: Tettigometra bipunctata
Calliscelidae: Caliscelis bonelli
Caliscelidae: Bruchomorpha oculata

Eurybrachidae; Platybrachys s

A yssp .
Acanaloniidae: Acanalonia conica
Flatidae: Metcalfa pruinosa

Flatidae: Jamella australiae

No%odini_dae: Bladina sp
dae: Thionia simplex

Nogodinidae: Lipocallia australensis

Ricaniidae: Ricania speculum
Ricaniidae: Scolypopa sp

_Cicadidae: Tettigades auropilosa
Cicadidae: Okanagana villosa )

— Cicadidae: Guineapsaltria flava
Cicadidae: Kikihia scutellaris.
Cicadidae: Maoricicada tenuis

_Cicadidae; Tibicen dorsata .
Cicadidae: Burbunga qugenslandlca
i

I Machaerotidae: Pectinariophyes stalii

100

Epipygidae: Epj|
Aphro/{)horidgg:y/g 5
phrophoridae:

Cercopidae:

Myerslopiidae: Mapuchea sp

hrophora i
e: Philaenus spumarius
Cercopis vulnerata

Clastopteridae: Clastoptera obtusa

ibyga sp
alni

ercopidae: Prosapia bicincta
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B Cercopoidea
B Membracoidea

Tree scale:

Cic: Eurymelinae: I\/tl’acropsis decisa
e

_ Cic: Typhlocibinae: Empoasca faba:
Cic: Aghrodlnae: Xestocephalus desertorum
ic:

Neocoelidiinae: Neocoelidia tumidifrons

| ——— &) e Deltg_cephalinae: Penthimia sj

'—ruu—L‘_w:cm:

ic: Deltocephalinae: Dalbulus maidis
eltocephalinae: Agudus sp
Cic: Deltocephalinae: Haldorus sp

Cic: Nioniinae: Nionia palmeri .
——  Cic; Cicadellinae: Graphocephala fennahi
Cic: Cicadellinae: Vidanoana flavomaculata

Cic: Aphrodinae: Aphrodes bicincta

Cic: lassinae: Pegestragania robusta

Cic: lassinae: Ponana quadralaba

Coelidiinae: Tinobregmus viridescens

Cic
Cic: Euacanthellinae: Euacanthella palustris

ic: Tarte
Cic: Ledrinae: Hespenedra chilensis
Cic: Ledrinae: Tituria crinita

inae: Stenocotis depressa

Cic: Eurymelinae: Idiocerus rotundens

Cic: Ulopinae: Ulopa reticulata

ic:
Cic: MegoptAhalmina_e: Agallia constricta

etalionidae: Aetalion reticulatum

etalionidae: Lophyraspis sp

01 —

Mem:; Stec idinae: Lycoderes burmeisteri
Mem: Stegaspldl_nae: Microcentrus caryae
Mem: Centrotinae: Nessorhinus gibberulus
Mem: Centrotinae: Centrotus cornutus

Mem: Nicomiinae: Holdgatiella chepuensis
Melizoderidae: Lianquihuea pilosa

m: Nicomiinae: Tolania sp
Mem: Darninae; Pracﬁ;n‘a sp
Mem: Heteronotinae: Aeteronotus sp
Mem: Membracinae: Notocera sp ) B )
Mem: Membracinae: Umbonia crassicornis

Mem: Membracinae: Membracis tectigera
Mem: Membracinae: Enchenopa latipes

Mem: Smiliinae: Chelyoidea sp

miliinae:Amastris sj
Mem: Smiliinae: Cyphonia clavata
Mem: Smiliinae: Sfictocephala bisonia
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