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translated to amino acid sequences using MEGA v5 (Kumar et al. 
2008). Edited sequences were submitted to GenBank (Table 3). Once 
the proper reading frame was established, sequences were aligned 

using the MUSCLE plugin under the default parameters found in 
MEGA (Kumar et al. 2008). Aligned amino acid sequences were then 
back translated into nucleotide sequences and these were exported 

Fig. 4.  BEAST tree consisting of 235 ingroup taxa (partial). Posterior probabilities over 90 are marked with a circle at the node. Asterisks denote taxa that were 
recovered in a different position than in the phylogenetic analysis (Figs. 2 and 3). Colored branches indicate the biogeographic region. Vertical lines are based 
on fossil calibrations with each line indicating 50 million years.
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for further analysis. 28S rDNA and 18S rDNA were aligned using 
MAFFT v6 (Katoh et al. 2005) under the E-INS-I algorithm with the 
default settings. E-INS-I was developed to handle data with inter-
mixed conserved and nonconserved regions (Katoh et al. 2005).

Phylogenetic Analysis
Phylogenetic analyses were conducted using BEAST v1.8 (Drummond 
et  al. 2012). Data were partitioned using PartitionFinder v1.1 
(Lanfear et al. 2012) and by gene for the analysis. When data were 

Fig. 5.  BEAST tree consisting of 235 ingroup taxa (continued). Posterior probabilities over 90 are marked with a circle at the node. Asterisks denote taxa that 
were recovered in a different position than in the phylogenetic analysis (Figs. 2 and 3). Colored branches indicate the biogeographic region. Vertical lines are 
based on fossil calibrations with each line indicating 50 million years.
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partitioned via PartitionFinder, BEAST did not reach stationarity so 
the partition by gene data set was used. BEAUTI v1.8 (Drummond 
et al. 2012) was used to build the necessary .xml files for the BEAST 
run. Parameters of the run included a lognormal relaxed clock with 
the tree prior set to Yule process. A starting tree was generated from 
RAxML (Stamatakis 2006) partitioning the data by gene. Three 
independent BEAST runs at 40 × 107 sampling every 40,000 gen-
erations were conducted using the BYU super computing resources 
(https://marylou.buy.edu/). Log files were inspected in Tracer v1.5 
(Rambaut and Drummond 2003) to determine whether length of the 
runs was sufficient to reach stationarity, determine the log likelihood 
score for the runs, and determine whether the estimated sample sizes 

(ESS) were sufficient for the analysis. Tree files from the independ-
ent runs were combined using LogCombiner v1.8 (Drummond et al. 
2012) with a resampling frequency of every 120K generations to get 
the ~10,000 data points as recommended by the developers. Twenty-
five percent of each tree file was removed as burn-in. TreeAnnotator 
v1.8 (Drummond et al. 2012) was used to find the best tree within 
the sample trees.

Divergence Time Estimates
Divergence time estimates were made using BEAST v1.8 (Drummond 
and Rambaut 2007, Drummond et  al. 2012). Parameters, pro-
grams, and methods for verifying stationarity are identical to those 

Fig. 6.  Convergent gracile predatory ecomorphs. Meconematinae is paraphyletic and recovered in four positions across the Tettigoniidae phylogeny. Though 
similar in form, each is only distantly related. (A) Arachnoscelis (Karny, 1911)  (Neotropical) is sister to the Neotropical Pterochrozinae group. (B) Phlugidini 
is sister to the cosmopolitan Conocephalinae. (C) The Indomalayan and Palearctic Meconematini is sister to a diverse clade of Afrotropical and Australasian 
katydids. (D) Phisidini (Australasian) is sister to the Australian shieldback katydids. Posterior probabilities over 90 are marked with a circle at the node. Photo 
credits are as follows: (A) Reinaldo Aguilar, (B and D) Arthur Anker, (C) Brandon Woo.
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described above with the following exceptions: the tree prior was 
set to Yule process and lognormal for fossil calibration points. 
Monophyly was constrained for subfamilies with fossil calibrations 
(Table 5). One calibration point, Eomortoniellus sp., was used for 
the subfamily Lipotactinae. Currently, Eomortoniellus (Zeuner, 
1936)  is listed under Tympanophorinae (Cigliano et  al. 2017). 
Lipotactinae was originally described as a tribe (Lipotactini) within 
Tympanophorinae. When Lipotactinae was elevated to a subfam-
ily (Ingrisch 1995), only the extant genera were addressed. More 
recently, the extinct fauna were described as belonging to the tribe 
Lipotactini (=Lipotactinae) Gorochov (2010). Three independent 
runs for 35 × 107 generations and sampling every 35K generations 
were conducted. After the analyses reached stationarity, the treefiles 
were combined as above with 10% removed as burn-in. The tree was 
then imported to Adobe Illustrator CS5 v15.0 for editing.

Biogeography
To investigate the biogeographic origins of the major katydid 
clades, the ancestral ranges were inferred using BioGeoBEARS in R  

(Matzke 2014). The script provided by the developers allows prob-
abilistic models of biogeography to be compared statistically using 
the likelihood ratio test. BioGeoBEARS includes a variable (+J) to 
account for the possibility of founder effect in the separate clades. 
Geographic areas were designated as in Cox (2001).

Zoobank Registration
This paper and the nomenclatural act(s) it contains have been reg-
istered in Zoobank (www.zoobank.org), the official register of the 
International Commission on Zoological Nomenclature. The LSID 
(Life Science Identifier) number of the publication is: urn:lsid:zoobank.
org:pub:087BB8D2-AA12-4E6B-915E-DA8E77707041.

Results

Alignment
The concatenated and aligned data set is 5,398 bp. Protein-coding 
genes were aligned unambiguously once the reading frames were 
established. An indel within WG resulted in a 3-bp gap in the 

Fig.  7.  Convergent shieldback ecomorphs. Tettigoniinae is recovered in four locations across the phylogeny. For most (A–C) the sister lineage is found in 
the same biogeographic region. The similarity in form is apparent though they are only distantly related. (A) Platydecticus (Chopard, 1951)  is part of the 
Neotropical Pterochrozinae group. (B) Rhachidorus (Herman, 1874)  is sister to the Australasian Phisidini. (C) The African tribe Arytropteridini is sister to the 
African Hetrodinae. (D) The northern hemisphere shieldbacks form a large group that diverged more recently from the rest of the Tettigoniinae group. Posterior 
probabilities over 90 are marked with a circle at the node. Photo credits are as follows: (A and C) Orthoptera species file online, (B) David Rentz, (D) Blaž Šegula.
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alignment of all sampled taxa except the outgroup Rhaphidophoridae. 
In three taxa, Vestria sp. (Stål, 1874)  (Conocephalinae), Phlugis 
irregularis (Brunner, 1915)  (Phlugidini), and Phlugis sp. (Stål, 
1861) (Phlugidini), the gap was an additional 3 bp (total of 6 bp). 
Alignments of 18S rDNA and 28S rDNA contained conserved and 
variable regions. These variable regions were included in the analysis 
as they have been shown to have no significant affect on the final 
topology (Mugleston et al. 2013, 2016).

Phylogenetic Analysis
The optimal tree from the BEAST analysis (log likelihood −1.133E5) 
is shown in Figs. 2 and 3. Our topology is largely congruent with 
that of earlier analyses (Mugleston et  al. 2013, 2016), but pro-
vides greater detail into the phylogenetic relationships of the tribes 
and subfamilies of Tettigoniidae. We found Tettigoniidae to be 
monophyletic, and the sister relationship between Tettigoniidae 
and the outgroup taxa is in line with the findings of Song et  al. 

Fig. 8.  Convergence in the false-leaf katydids (Pseudophyllinae). Four distinct and distantly related lineages are currently described under Pseudophyllinae. (A) 
Simoderini is an Afrotropical (Malagasy) tribe that resulted from an early divergence from the remaining Phaneropteroid clade. (B) Ischnomelini is a New World 
tribe of false-leaf katydids that are recovered as sister to the remaining katydids in the Mecopodinae group. (C) The Australian Phricta (Redtenbacher, 1892) is 
nested within the Australasian mecopodine tribe Sexavaini. (D) The remaining katydids make up the Pseudophyllinae group. Posterior probabilities over 90 are 
marked with a circle at the node. Photo credits are as follows: (A) Orthoptera species file online, (B) Joseph Mugleston, (C) Neil Hewett, (D) Tom Murray.
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(2015) with Tettigoniidae + (((Gryllacrididae + Stenopelmatidae) + 
Rhaphidophoridae) + Prophalangopsidae).

Topological Congruence With Taxonomy
As in our earlier studies (Mugleston et al. 2013, 2016), the major-
ity of katydid species are contained within two large clades: the 
Tettigonioid clade (Fig. 2) and Phaneropteroid clade (Fig. 3). Sister 
to these two clades is a smaller group containing four small sub-
families. The Tettigonioid clade has three major subclades, the 

Pterochrozinae group, Conocephalinae group, and Tettigoniinae 
group. The Pterochrozinae group forms the sister group to the 
remaining Tettigonioid clade (Conocephalinae group + Tettigoniinae 
group). Within the Tettigonioid clade the subfamilies Pterochrozinae, 
Conocephalinae, Hexacentrinae, Hetrodinae, Austrosaginae, and 
Lipotactinae are monophyletic. Paraphyletic subfamilies within 
the Tettigonioid clade include Meconematinae, Listroscelidinae, 
Tettigoniinae, and Bradyporinae. Within the Phaneropteroid clade are 
three additional subfamily groups including the Mecopodinae group, 

Fig. 9.  Three Australian endemic subfamilies and the Afrotropical/Palearctic Saginae form a sister clade to the remaining Tettigoniidae. Vertical bars indicate 
subtribes, tribes, and subfamilies. Paraphyletic groups are marked with an asterisk. Posterior probability values over 90 are marked with a circle at the node. 
Photo credit: Joseph Mugleston.

Fig. 10.  Pterochrozinae group. Vertical bars indicate subtribes, tribes, and subfamilies. Paraphyletic groups are marked with an asterisk. Posterior probability 
values over 90 are marked with a circle at the node. Photo credits are as follows: (Arachnoscelis sp.) (Karny, 1911) Reinaldo Aguilar, (Typophyllum sp.) (Serville, 
1838) Arthur Anker.
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Pseudophyllinae group, and Phaneropterinae group. The Mecopodinae 
group is sister to Phaneropterinae group + Pseudophyllinae group. 
Within the Phaneropteroid clade only Phyllophorinae is recovered as 
monophyletic. Mecopodinae, Phaneropterinae, and Pseudophyllinae 
are all paraphyletic. Details of relationships within each of these 
clades are described in the sections below.

Divergence Time Estimates
The topology of the time-calibrated tree (Figs. 4 and 5) is largely 
congruent with the topology presented in Figs. 2 and 3, except for 
the positions of a small number of ingroup taxa and one apical 
clade (indicated by asterisks in Figs. 4 and 5). The positions of these 
taxa were not well supported in previous analyses, and the differing 

placement of these taxa on the time-calibrated tree does not affect 
overall statements of monophyly or biogeography within the sub-
families, subfamily groups, or subclades. The most notable differ-
ences are in relationships among the outgroup taxa. This is likely 
due to the forced monophyly of the ingroup in the time-calibrated 
tree, the under sampling of outgroup taxa, and the fact that the 
divergence estimate required a different model. Bayarealike+J model 
(LnL  =  −335.9) was selected for biogeographic range indicating 
long-range dispersal has played an important role in the biogeo-
graphical history of Tettigoniidae.

Divergence estimates place the origin of tettigoniids in the 
late Jurassic around 155 MYA, a date that is congruent with ear-
lier estimates (Song et  al. 2015). The earliest divergence between 

Fig. 11.  Conocephalinae group: Phlugidini. Vertical bars indicate subtribes, tribes, and subfamilies. Paraphyletic groups are marked with an asterisk. Posterior 
probability values over 90 are marked with a circle at the node. Photo credit: Arthur Anker.

Fig. 12.  Conocephalinae group: Conocephalini (Conocephalinae). Posterior probability values over 90 are marked with a circle at the node. Vertical bars indicate 
subtribes, tribes, and subfamilies. Paraphyletic groups are marked with an asterisk. Photo credit: Arthur Anker.
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katydid lineages occurred around 115 MYA with the Tettigonioid and 
Phaneropteroid clades diverging around 110 MYA. The six subfamily 
groups were present by 90 MYA. Early katydid lineages show a wide-
spread occurrence in the Afrotropical, Neotropical, and Australasian 
regions. The southern distribution along with the estimated diver-
gence times of the major katydid lineages (following the break up of 
Gondwanaland) imply repeated intercontinental invasions while the 
southern continents were still within relative close proximity. Earliest 
dispersal into the Holarctic (Palearctic + Nearctic) regions did not 
occur until around 60 MYA with two New World lineages that gave 

rise to Neobarrettia spp. (Rehn, 1901)  and Pterophylla camellifo-
lia (Fabricius, 1775). Since 60 MYA the landmasses have been near 
their current position indicating repeated intercontinental dispersals 
leading to the now global distribution of katydids.

Taxonomy and Biogeography
Many katydid subclades are more congruent with biogeography 
than the current taxonomy as seen by mapping the biogeographic 
regions onto the tree topology. For example, the Pterochrozinae 

Fig. 13.  Conocephalinae group: Euconchophorini, Agraeciini, and Copiphorini. Vertical bars indicate subtribes, tribes, and subfamilies. Paraphyletic groups are 
marked with an asterisk. Posterior probability values over 90 are marked with a circle at the node. Photo credit: Joseph Mugleston.

Fig. 14.  Tettigoniinae group: Requenini, Hexacentrinae, Meconematini, Australian Nedubini, Phisidini (sans Arachnoscelis), Arytropteridini, and Hetrodinae. 
Vertical bars indicate subtribes, tribes, and subfamilies. Paraphyletic groups are marked with an asterisk. Posterior probability values over 90 are marked with 
a circle at the node. Photo credits are as follows: (Hexacentrus sp.) (Serville, 1831) Hojun Song, (Oediphisis sp.) (Jin, 1992) Arthur Anker, (Hetrodes sp.) (Fischer 
von Waldheim, 1833) Joseph Mugleston.
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group includes Arachnoscelis (Karny, 1911)  (traditionally part of 
Meconematinae), Platydecticus (Chopard, 1951)  (traditionally part 
of Tettigoniinae), and the monophyletic Pterochrozinae (Fig. 4; Node 
1). Although taxonomically distant, these closely related lineages are 
all found in the Neotropics. Additional examples of clades that share 
a common geographic range but show relationships contrary to cur-
rent taxonomy are Copiphorini and Agraeciini (Conocephalinae) in 
the Neotropics (Fig. 4; Node 2), Hexacentrinae + Requena (Walker, 

1869)  (traditionally a genus within Listroscelidinae) both origin-
ate in the Australasian region (Fig.  4; Node 3), Alfredectes sp. 
(Rentz, 1988)  (currently a genus in Tettigoniinae) + Hetrodinae in 
Africa (Fig. 4; Node 4), and Rhachidorus sp. (Herman, 1874)  (cur-
rently a genus in Tettigoniinae) + Phisidini (traditionally consid-
ered Meconematinae) in the Australasian region (Fig.  4; Node 5), 
and Chlorobalius (Tepper, 1896)  (traditionally considered a genus 
in Listroscelidinae) + Austrosaginae in Australia (Fig.  4; Node 6). 

Fig. 15.  Tettigoniinae group: Terpandrini, Austrosaginae, and Holarctic Tettigoniinae. Vertical bars indicate subtribes, tribes, and subfamilies. Paraphyletic groups 
are marked with an asterisk. Posterior probability values over 90 are marked with a circle at the node. Photo credit: Joseph Mugleston.

Fig. 16.  Early Phaneropteroid clade lineages and Mecopodinae group. Vertical bars indicate subtribes, tribes, and subfamilies. Paraphyletic groups are marked 
with an asterisk. Posterior probability values over 90 are marked with a circle at the node. Photo credits are as follows: (Ischnomela sp.) (Stål, 1873) Joseph 
Mugleston, (Eumecopoda sp.) (Hebard, 1922) Hojun Song.
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Subfamilies and tribes with broad distributions were largely found to 
be paraphyletic. Meconematinae is split between four clades within 
the Tettigonioid clade (Fig. 6). Arachnoscelis is found within to the 
Neotropical Pterochrozinae group and not within the Phisidini as sug-
gested by its current taxonomic placement in that tribe. Phlugidini, 
a Neotropical and Australasian tribe of Meconematinae is sister to 
Conocephalinae. The remaining two tribes currently described under 
Meconematinae are found in the Tettigoniinae group. Phisidini 
(excluding Arachnoscelis) is sister to the African clade (Hetrodinae 
+ Alfredectes sp.). Meconematini, the Indomalayan/Palearctic 
tribe, is sister to (Hetrodinae + Arytropteris  [Herman, 1874]) + 
Phisidini. A similar trend is seen in the shieldback katydid subfamily 
Tettigoniinae (Fig. 7). Holarctic shieldback katydids sampled in this 
study all fall within an apical clade of the Tettigonioids. However, 
three taxa from the southern hemisphere, Alfredectes, Rhachidorus, 
and Platydecticus, are sister to subfamilies that are geographically 
close to each lineage and not the larger Holarctic Tettigoniinae. The 
phaneropteroid subfamily Pseudophyllinae (Fig. 8) was recovered as 
paraphyletic due to lineages that diverged early from the rest of the 
Phaneropteroid clade (Simodera sp.) (Karsch, 1891) and three lineages 
currently considered part of Pseudophyllinae, but present within the 
Mecopodinae group as discussed below. In contrast to these trends, 
the large (~1,300 species), cosmopolitan subfamily Conocephalinae 
is monophyletic, although the tribes Copiphorini and Agraeciini are 
paraphyletic. Most the Copiphorini and Agraeciini are grouped by 
biogeographic region except for the slender, grass-like conehead clade 
containing Ruspolia (Schulthess, 1898), Neoconocephalus (Karny, 
1907), Pseudorhynchus (Serville, 1838), etc. which are found nearly 
worldwide and discussed in more detail below.

Discussion

Katydid Basal Relationships
Previous works have been uncertain as to how the katydid line-
ages are related. Zeuner’s (1936) basal Brachycephalia (Table  1) 
share characters thought to be plesiomorphic including a globose 

head, a protrusion (fastigium) of the forehead (vertex), and anten-
nae that insert below the ventral margin of the eyes. Rentz (1979) 
presented a comparable division with his ‘primitive’ and ‘advanced’ 
katydids using similar characters to Zeuner’s Brachycephalia and 
Dolichocephalia, respectively. Gorochov (1988) presented yet another 
hypothesis in his cladogram with (((Mecopodinae + Phyllophorinae) 
+ Pseudophyllinae) + Phaneropterinae) as sister to the remaining 
Tettigoniidae. Recently, it was proposed that Nearctic Nedubini 
(Tettigoniinae) is sister to all other katydids (Cole and Chiang 2016) 
with the ambidextrous wings, pronotum, and feeding habits unifying 
this early split from the rest of the other lineages. Nedubini is present 
in this analysis, but only South American and Australian lineages that 
are nested within the Tettigonioid clade and not sister to all other 
Tettigoniidae. Our earlier investigations presented Pterochrozinae as 
the sister lineage to all remaining katydids (Mugleston et al. 2013) 
though these results were not well supported. A subsequent and larger 
analysis sampling a greater diversity of Tettigoniidae (Mugleston 
et al. 2016) found a clade comprised of the three Australian endemics 
and Saginae (((Phasmodinae + Tympanophorinae) + Zaprochilinae) + 
Saginae) as sister to the remaining katydids.

In this study, the clade consisting of three small (38 spp.) Australian 
subfamilies (Zaprochilinae, Tympanophorinae, and Phasmodinae) 
and Saginae is again recovered as sister to all the remaining katydids 
(Fig. 9). The Australian subfamilies include Tympanophorinae (bal-
loon wing predatory katydids) and two subfamilies of the stick-like, 
nectar and pollen feeders (Phasmodinae and Zaprochilinae).

Saginae is supported as a monophyletic subfamily. Its position 
relative to the other katydids was uncertain in our prior analyses 
(Mugleston et al. 2013) but the additional taxa in this analysis pro-
vides support for Saginae diverging relatively early and being sister 
to the three Australian endemic subfamilies.

Tettigonioid Clade
This large clade was recovered in similar form to previous analyses 
(Mugleston et  al. 2013, 2016). Leaf-like wings are largely absent 
from this clade with a few noteworthy exceptions including the 

Fig. 17.  Pseudophyllinae group: supertribe ‘Pseudophylliti’. Vertical bars indicate subtribes, tribes, and subfamilies. Paraphyletic groups are marked with an 
asterisk. Posterior probability values over 90 are marked with a circle at the node. Photo credit: Nigel Voaden.
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Pterochrozinae and a few lineages of tropical Conocephalinae and 
Hexacentrinae. The Tettigonioid clade derives from an Afrotropical 
ancestor with an early (110 MYA) divergence that coincides with the 
split of Gondwanaland. The early split in this clade gave rise to the 
Pterochrozinae group, and an Australasian lineage that eventually 
gave rise to the Conocephalinae group + Tettigoniinae group. Ten 
subfamilies are contained within this clade. Of these 10, only six 
are monophyletic: Pterochrozinae, Conocephalinae, Hexacentrinae, 
Hetrodinae, Lipotactinae, and Austrosaginae.

Pterochrozinae Group
The earliest divergence in the Tettigonioid clade gave rise to the 
Pterochrozinae group (Fig. 10). Pterochrozinae was recently elevated 
from a tribe within Pseudophyllinae to a subfamily (Braun 2015) 
based on the results of Mugleston et al. (2013) where it was made evi-
dent Pterochrozinae was not closely related to the other pseudophyl-
lines. The impressive leaf-like disguises of Pterochrozinae have made 
them the quintessential example of katydid crypsis. Pterochrozinae 
split from their most recent non-leaf-like ancestor roughly 80 MYA. 
The diversification of this group coincides with the rapid diversifica-
tion of angiosperms (Magallón and Castillo 2009) which may have 
contributed to the Neotropical radiation of these leaf-like katydids. 
The positions of Platydecticus and Arachnoscelis as sister to the 
Pterochrozinae are not well supported (pp 0.86 and 0.74, respect-
ively). The taxonomic position of Arachnoscelis has been questioned 
in the past. Gorochov (1995b) thought this genus would be best 
placed within the Phisidini though others have proposed this genus 
being part of the ‘catch-all’ subfamily Listroscelidinae (Rentz 2001, 
Fialho et al. 2014). The authors’ earlier phylogenetic work placed this 
subfamily as sister to the Neotropical tribe Phlugidini (Mugleston 
et al. 2013) and these results were the basis for Cadena-Castañeda 

and García (2014) proposing Arachnoscelis to be separate from the 
other Meconematinae and possibly along with Phlugidini a separ-
ate subfamily from the remaining Meconematinae. Our results place 
Arachnoscelis as a sister lineage to the Neotropical Pterochrozinae 
group and it seems apparent that this genus is not closely related to 
others currently described under Meconematinae or Listroscelidinae. 
Another taxon in the Pterochrozinae group is the shieldback genus 
Platydecticus. Under the current taxonomy, this genus of WG 
diminutive shieldback katydid is within the Tettigoniinae tribe 
Nedubini. Our results further support the arguments against includ-
ing Platydecticus within Tettigoniinae (Rentz 1979, Cole and Chiang 
2016).

Conocephalinae Group
As in our prior work (Mugleston et al. 2013, 2016), the well-sup-
ported Conocephalinae group contains the primarily New World 
tribe Phlugidini (currently seen as a tribe in Meconematinae) and the 
monophyletic subfamily Conocephalinae. This group diverged from 
the sister Tettigoniinae group about 95 MYA. By 85 MYA, the ances-
tor to the Phlugidini dispersed to the New World and eventually gave 
rise to that clade. The Conocephalinae are Australasian in origin, but 
have had numerous oceanic dispersals giving this large subfamily its 
current cosmopolitan distribution.

Phlugidini
Phlugidini is monophyletic and sister to the conehead katydids 
(Conocephalinae; Fig.  11). Phlugidini in this analysis includes the 
diminutive Phlugiola arborea (Nickle, 2002) which was recovered as 
the sister lineage to the Old World Austrophlugis (Rentz, 2001) + the 
New World Phlugis. This relationship implies a more recent disper-
sal back to Australia. Similarities between the other Meconematinae 

Fig. 18.  Pseudophylline group: supertribe ‘Pleminiiti’. Vertical bars indicate subtribes, tribes, and subfamilies. Paraphyletic groups are marked with an asterisk. 
Posterior probability values over 90 are marked with a circle at the node. Photo credits are as follows: (Pterophylla camellifolia (Fabricius, 1775)) Tom Murray, 
(Championica sp. (Saussure & Pictet, 1898) and Balboana sp.(Uvarov, 1939)) Arthur Anker.

Insect Systematics and Diversity, 2018, Vol. XX, No. XX

Copyedited by: OUP

D
ow

nloaded from
 https://academ

ic.oup.com
/isd/article-abstract/2/4/5/5073246 by ESA M

em
ber Access user on 27 D

ecem
ber 2018



22

tribes and Phlugidini are apparently convergent and may be linked 
to the constraints that led to the independent derivations of these 
small, agile predatory katydids. The paraphyly of Meconematinae 
was presented in earlier studies (Mugleston et al. 2013, 2016) sup-
porting Phlugidini being separate from Meconematinae and war-
ranting the potential elevation of Phlugidini from a tribe within 
the Meconematinae to its own subfamily. Further work to revise 
Conocephalinae may allude to characters that link Phlugidini as an 
aberrant form of Conocephalinae as has been suggested (Cadena-
Castañeda and García 2014).

Conocephalinae
The conehead katydids (Conocephalinae), so named for the hypog-
nathous faces giving the head a cone-like appearance, form a large 
and diverse lineage that is well supported as a monophyletic group. 
This subfamily is further split into two subclades. The first subclade 
(Fig. 12) consists of the monophyletic tribe Conocephalini (meadow 
katydids). In agreement with our prior work (Mugleston et al. 2013, 
2016), the Agraeciini and Copiphorini tribes (Fig. 13) are paraphy-
letic. The monophyly of these tribes has been a difficult topic for 
more than a century, as the characters that separate the tribes are 
not clear. Caudell (1911) following Redtenbacher (1891) separated 
the two by the fastigium (point) of the vertex being noticeably nar-
rower than the first antennal segment (Agraeciini) rather than wider 
than the first segment (Copiphorini). The difficulty of placing taxa 
within these similar tribes was recognized early on (Caudell 1918, 
Zeuner 1936). Walker and Gurney (1972) provided a table with five 
characters used to differentiate the two tribes, but four of the five 
characters included the qualifiers ‘usually’, ‘seldom’, or ‘often’. One 
character on Walker and Gurney’s table was fixed in both tribes: 
the ventral tooth of the vertex. The lack of characters to distinguish 

the two tribes has led to a number of taxa being difficult to place. 
For example, Sphyrometopa (Carl, 1908)  has a broad fastigium 
typical of Copiphorini, but a curved ovipositor and no tooth on the 
ventral surface of the vertex. The latter set of characters has led to 
Sphyrometopa being placed within Agraeciini, although our results 
show it is more closely related to the Neotropical Copiphora (Serville, 
1831). Overall, the differences between these tribes are limited to a 
minor difference in the projection from the vertex and this does not 
appear to be phylogenetically informative. From our results it is clear 
in some cases biogeographic regions are a better indicator of relation-
ships within this conehead subclade (e.g., Indomalayan Agraeciini, 
Australasian Agraeciini, and Neotropical Agraeciini + Copiphorini). 
An obvious exception to this is the clade of slender Copiphorini 
(Neoconocephalus, Euconocephalus (Karny, 1907), Ruspolia, 
Belocephalus (Scudder, 1875), Pseudorhynchus, etc.). These katydids 
are widespread and represent multiple oversea dispersals leading to 
their current worldwide distribution. The overlap in morphology 
between the two tribes has made the differences between them dif-
ficult to ascertain. The single character used to distinguish the tribes 
is not useful, and there appears to be no real support or justification 
for the continued use of both tribes Agraeciini and Copiphorini. To 
alleviate further confusion, Copiphorini should no longer be viewed 
as a valid tribe and the species currently within this tribe should be 
placed within Agraeciini, the senior listing.

Tettigoniinae Group
The remaining subfamilies in the Tettigonioid clade are found within 
the Tettigoniinae group. This group includes taxa currently listed 
under the subfamilies Listroscelidinae, Hetrodinae, Hexacentrinae, 
Meconematinae, Tettigoniinae, Lipotactinae, Bradyporinae, and 
Austrosaginae. The Tettigoniinae group can be further divided 

Fig. 19.  Phaneropterinae group (partial). Vertical bars indicate subtribes, tribes, and subfamilies. Paraphyletic groups are marked with an asterisk. Posterior 
probability values over 90 are marked with a circle at the node. Photo credits are as follows: (Barbitistes ocskayi) (Charpentier, 1850) Orthoptera species file 
online and (Phaneroptera sp. (Serville, 1831)) Arthur Anker.
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into two subclades. The first subclade (Fig.  14) is composed of 
Australian and African lineages currently listed under Tettigoniinae, 
Hexacentrinae, and Hetrodinae, the Meconematinae tribes Phisidini 
and Meconematini, and the Listroscelidinae tribe Requenini. Sister 
to this cohort of smaller subfamilies and tribes are the Holarctic 
shieldback katydids (Tettigoniinae) and their closely related lineages 
(Austrosaginae, Lipotactinae, the Bradyporinae tribe Ephippigerini, 
and the Listroscelidinae tribe Terpandrini). The relationships 
between the smaller subfamilies and the Tettigoniinae have long 
been debated with current subfamilies being viewed as tribes within 
other subfamilies and various sister relationships as discussed below.

Requenini, Hexacentrinae, Meconematini, Nedubini, Phisidini, 
Arytropteridini, and Hetrodinae
This large and taxonomically jumbled subclade contains taxa cur-
rently described under five subfamilies (Fig.  14). An early split in 
this subclade gave rise to the monophyletic Hexacentrinae and the 
Australian tribe Requenini. The relationship of Requena and other 
katydids has been contested with Rentz (2001) including Requenini 
as a tribe within Listroscelidinae—a position that it holds today. This 
position was questioned by Gorochov (2007) who concluded the 
placement of this tribe is unclear. Additional work is required to deter-
mine whether Requenini is an aberrant tribe within Hexacentrinae, 
or a unique subfamily sister to the Hexacentrinae. However, it is 
evident that Requenini is neither Conocephalinae nor is it closely 
related to other taxa currently described as Listroscelidinae and 
should not be included in either. In agreement with prior analy-
ses, Hexacentrinae was supported as monophyletic. The position 
of Hexacentrinae has been disputed in the past with some placing 
this subfamily as a tribe within Conocephalinae (Gorochov 1995a), 
or Listroscelidinae (Rentz 1996, 2001). Recently, attention has 
shifted to the relationship between this subfamily and the other 
katydids. Gorochov (2007) posited a sister relationship between 

Hexacentrinae and Conocephalinae though our results do not sup-
port this. The monophyly of the remaining Tettigoniinae group is 
largely congruent with biogeography. For instance, Meconematini 
has an Indomalayan and Palearctic distribution. This tribe was 
thought to be closely related to Phisidini based on stridulatory 
structure (Gorochov 2007) but the two tribes were not found to be 
sister. Instead, the Australasian and Malagasy Phisidini is sister to 
the Australian shieldback katydids Rhachidorus. The tribes within 
Meconematinae do not form a monophyletic group and represent at 
least three distinct lineages that have converged to similar morpholo-
gies. Meconematinae is paraphyletic and should no longer be consid-
ered a valid group in current taxonomy. The remaining lineages in 
this clade comprise the African Hetrodinae and their sister taxon, the 
African shieldback tribe Arytropteridini. Currently, Arytropteridini 
is considered a tribe in Tettigoniinae, but these results put the tribe 
as a separate subfamily, or an aberrant lineage of Hetrodinae. 
Arytropteridini and Rhachidorus (traditionally considered lineage of 
the tribe Nedubini) further support the earlier claim that the south-
ern hemisphere Tettigoniinae represent convergent ecomorphs with 
the Holarctic shieldback katydids or represent a relict form shared 
with the other species traditionally considered Tettigoniinae. Further 
investigation into the lineages of the paraphyletic Nedubini is neces-
sary to determine how these taxa are related. In light of the findings 
here, and in Cole and Chiang (2016), it is apparent that Nedubini is 
not a monophyletic tribe and the taxa currently described within this 
tribe should not be included within Tettigoniinae.

Lipotactinae, Terpandrini, Austrosaginae, and Holarctic 
Tettigoniinae
Lipotactinae is monophyletic and sister to Neobarrettia + 
((Austrosaginae + Chlorobalius) + Holarctic Tettigoniinae) (Fig. 15). 
Lipotactinae was originally described within Tympanophorinae 
(Zeuner 1936) but elevated to a subfamily by Ingrisch (1995) due to 

Fig. 20.  Phaneropterinae group (continued). Vertical bars indicate subtribes, tribes, and subfamilies. Paraphyletic groups are marked with an asterisk. Posterior 
probability values over 90 are marked with a circle at the node. Photo credit: Arthur Anker.
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differences in thoracic sterna, thoracic auditory spiracle, compressed 
tibia, etc. While emphasis was placed on the extant taxa when these 
subfamilies were divided, the fossil katydids were not addressed, 
leaving Eomortoniellus spp. under Tympanophorinae instead of 
moving them along with their modern counterparts Lipotactes 
(Brunner von Wattenwyl, 1898)  to Lipotactinae. Gorochov referred 
to Lipotactinae as a tribe (presumably under Tympanophorinae) 
and included Eomortoniellus with the other Lipotactinae (Gorochov 
2010). Tympanophorinae and Lipotactinae are not closely related 
and similarity between these two groups is likely due to ecomor-
phic convergence as in the other distantly related katydid subfami-
lies. Listroscelidinae was shown to be paraphyletic (Mugleston et al. 
2013) and the distantly related taxa (Meiophisis (Jin, 1992)  and 
Arachnoscelis) have since been removed from Listroscelidinae. 
However, with our additional sampling, the ‘taxonomic dump’ of 
Listroscelidinae was again verified (Mugleston et al. 2016). In addition 
to the Requenini mentioned above, samples from North American 
and Australian taxa within the tribe Terpandrini were included in this 
study. Australian Chlorobalius are sister to Australian Austrosaginae 
and not North American Neobarrettia. Terpandrini historically has 
been included in both Saginae (Gorochov 2007) and Listroscelidinae 
(Rentz 2001, Naskrecki and Rentz 2010, Fialho et  al. 2014). 
Likewise, Austrosaginae genera were also included within Saginae 
and only elevated to subfamily rank in the last few decades (Rentz 
1993). Austrosaginae, Saginae, and the taxa previously described 
under the paraphyletic Listroscelidinae are all predatory katydids 

with similar habitus. The taxonomic confusion is another apparent 
case where convergence in ecomorphs has led to invalid taxonomic 
groupings. Saginae is only a distant relative to the Austrosaginae and 
species traditionally described under Listroscelidinae. Additionally, 
Listroscelidinae are more closely related to biogeographically close 
taxa in separate subfamilies than to other Listroscelidinae once again 
verifying that this subfamily does not represent a monophyletic group 
and should no longer be considered valid.

The nominate subfamily Tettigoniinae is paraphyletic as it 
is currently defined. The Holarctic Tettigoniinae is not a mono-
phyletic group because the Bradyporinae genus Ephippiger 
sp. (Berthold, 1827) is nested within this group. As with the other 
large katydid subfamilies, widespread tribes are not monophyletic 
and similar morphology may have more to do with similarity in 
habitat and independent selective pressures than with phylogeny. 
Two relatively recent dispersals to Nearctic regions occurred. The 
first gave rise to Anabrus simplex (Haldeman, 1852), the Mormon 
cricket. The second is a more recent transition that gave rise to the 
more apical North American shieldbacks. Tettigoniinae are largely 
recognized by features associated with spines, plantula, and ovi-
positor but the characters that are used to define this group do 
not account for the various southern hemisphere taxa that are 
currently described as Tettigoniinae but only distantly related. If 
Tettigoniinae is to continue being used, it should only include the 
Holarctic taxa + Ephippiger sp. and exclude the taxa currently 
described in the tribe Nedubini.

Table 6. Taxonomic changes recommended in this study.

Necessary changes to paraphyletic subfamilies:
• � Meconematinae should no longer be used
• � Listroscelidinae should no longer be used
• � Mecopodinae should no longer be used unless changes are made to exclude Aprosphylini and include the tribes Ischnomelini and Phrictini (formerly 

Pseudophyllinae) and the subfamily Phyllophorinae
• � Pseudophyllinae should no longer be used unless Simoderini, Phrictini, and Ischnomelini are removed
• � Tettigoniinae should only include the Holarctic shield back tribes and Ephippigerini (formerly Bradyporinae).
• � Phaneropterinae should include Zichyini (formerly Bradyporinae)

Paraphyletic tribes and genus groups that should no longer be used unless further revised
• � Nedubini • � Poreuomenini
• � Copiphorini • � Ducetiini
• � Agraeciini • � Ephippithytae
• � Terpandrini • � Elimaeini
• � Tettigoniini • � Mirolliini
• � Platycleidini • � Holochlorini
• � Sexavaini • � Steirodontini
• � Phyllomimini • � Trigonocoryphini
• � Cymatomerini • � Pycnopalpini
• � Platyphyllini • � Pycnopalpina
• � Pleminiini • � Phyllopterini
• � Cocconotini • � Phyllopterina
• � Anaulacomerina • � Sudderiini
• � Teleutiini • � Microcentrini
• � Phaneropterini • � Amblycoryphini
• � Odonturini • � Insarini
• � Barbitistini • � Terpnistrini
• � Acrometopini

Necessary changes to the recently named supertribes:
• � Pseudophylliti
  o  Remove genera within Phrictini
• � Pleminiiti
  o  Remove genera within Ischnomelini

Genera rearranged as a result of this study
Arachnoscelis should no longer be included within Phisidini
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Phaneropteroid Clade
The Phaneropteroid clade was originally presented as Clade B in 
Mugleston et  al. (2013). Heller et  al. (2014) recommended rein-
stating the family Phaneropteridae to include Mecopodinae, 
Pseudophyllinae, Phyllophorinae, and Phaneropterinae. Braun 
(2015) and Song et al. (2015) noted the problems with the changes 
and Braun (2015) changed Phaneropteridae to the unofficial listing of 
a subfamily group. We refer to the four subfamilies, Pseudophyllinae, 
Mecopodinae, Phyllophorinae, and Phaneropterinae (with Zichyini) 
as the Phaneropteroid clade to avoid further confusion with use of 
Phaneropteridae, and pending the much-needed revisions of the 
Tettigoniidae subfamilies. The Phaneropteroid clade is most fre-
quently associated with the leaf-like disguises, as many lineages 
have independently derived the leaf-like form (Mugleston et  al. 
2016). Mecopodinae and Pseudophyllinae are both widespread, 
primarily tropical, and paraphyletic. Phaneropterinae (>2,600 spe-
cies) is not monophyletic due to the tribe Zichyini (currently con-
sidered in Bradyporinae) nested within this widespread and highly 
diverse clade.

Two early splits within the Phaneropteroid clade gave 
rise to Simodera (Simoderini) and Zitsikama (Péringuey, 
1916) (Aprosphylini). Originally Simodera was described as a meco-
podine (Karsch 1891) but later moved to Pseudophyllinae (Kirby 
1906). Only a single Simoderini was included in this analysis but the 
current results support removing this tribe from Pseudophyllinae. 
Likewise, the relict Zitsikama is separate from the remaining 
Mecopodinae and warrants removal from this subfamily.

Mecopodinae Group
Mecopodinae, Phyllophorinae, and two New World taxa currently 
listed under Pseudophyllinae (Goethalsiella (Hebard, 1927)  and 
Ischnomela  (Stål, 1873)) form a clade sister to the remaining 
Phaneropteroid clade (Fig.  16). Goethalsiella and Ischnomela 
(Ischnomelini) are sister to the remaining Mecopodinae group and 
their position away from the remaining Neotropical Pseudophyllinae 
brings further question to the validity of the characters used to define 
the false-leaf katydids and the continued use of Pseudophyllinae. The 
Australian Phricta spinosa (Redtenbacher, 1892) is nested within the 
mecopodine tribe Sexavaini. This genus was originally included within 
Mecopodinae (Kirby 1906) but later moved to Pseudophyllinae in 
the tribe Phrictini based on adult specimens sharing more charac-
ters with Pseudophyllinae including strongly marginated antennae 
and a thoracic auditory spiracle that is small, uncovered, and incon-
spicuous (Rentz et al. 2005). However, Rentz et al. (2005) did rec-
ognize that some characters resembled Mecopodinae including the 
open tibial auditory tympanum and they mentioned further work 
was necessary. The well-supported position nested in Sexavaini indi-
cates Phricta should be within the tribe Sexavaini and not remain in 
Pseudophyllinae. The subfamily Phyllophorinae is also nested within 
the Mecopodinae group. Phyllophorines are unique in that males 
lack the stridulatory regions responsible for the katydid ‘song’. In 
addition to lack of wing stridulation, this subfamily is also identified 
by the large dentate or crenulate margins of the pronotum (Rentz 
1979). It is evident, however, that this monophyletic subfamily is 
nested within the Mecopodinae group and may require further revi-
sion as future work revises the taxonomy of this group.

Pseudophyllinae Group
Pseudophyllinae (false-leaf katydids) under its current definition 
contains nearly 1,000 described species. Most species within this 
subfamily are placed in one of two supertribes: Pleminiiti and 

Pseudophylliti. Taxa currently considered within this subfamily are 
found primarily in the Old World and New World tropics with a 
few found in the Holarctic region. False-leaf katydids are gener-
ally recognized by the strong margins around the antennae and the 
small, exposed thoracic auditory spiracle. However, the auditory 
spiracle was shown to be convergent (Mugleston et al. 2013) and 
has resulted in the subfamily Pterochrozinae being removed from 
within Pseudophyllinae.

The remaining taxa, which have been traditionally assigned to 
Pseudophyllinae, are confined to two clades. One clade is predom-
inantly Old World katydids (Fig. 17) that show multiple dispersals 
to Africa from an Indomalayan ancestor. The two tribes with more 
than a single exemplar, Cymatomerini (bark-mimicking katydids) 
and Phyllomimini, were found to be paraphyletic. Pseudophylliti is 
currently paraphyletic and should not continue to be used unless the 
genus Phricta is removed from this superfamily.

The second clade in the Pseudophyllinae group contains primar-
ily New World taxa with the exception of the African genus Adenes 
(Karsch, 1891)  (Fig.  18). Transoceanic dispersal to Africa from a 
Neotropical ancestor is evident from the African lineage being a 
more recent split in this clade. The genera in this clade are currently 
placed in the supertribe Pleminiiti, but Pleminiiti is paraphyletic due 
to Goethalsiella sp. and Ischnomela sp. recovered as sister to the rest 
of the Mecopodinae group (Fig. 16) as described above. If Pleminiiti 
continues to be used, Goethalsiella and Ischnomela should not be 
included in this group.

Phaneropterinae Group
Nearly 35% of all katydid diversity is currently described under 
Phaneropterinae (Figs. 19 and 20). The monophyly of this subfam-
ily has been supported in previous analyses (Mugleston et al. 2013, 
2016)  but questioned due to Deracantha (Fischer von Waldheim, 
1833)  (currently Bradyporinae) nested within (Mugleston et  al. 
2016). Characters unifying Phaneropterinae typically include the 
globose head, unarmed prothoracic sternum, short and upturned 
ovipositor, and hindwings (if present) extending past the tegmina 
posteriorly. Lineages in this clade are distributed worldwide and in 
each continent (except Antarctica), can be found in various biomes, 
and inhabit a variety of niches within each region. Within this clade, 
most genera are divided among 32 tribes. Many of these tribes are 
also widely distributed and paraphyletic. From earlier studies it is 
apparent that convergent ecomorphs due to similar habitats are a 
common trend in this clade as seen by the five derivations of leaf-like 
tegmina in the tropical lineages (Mugleston et al. 2016). As with the 
other katydid subfamilies, many of the Phaneropterinae tribes were 
described more than a century ago and the lines between the tribes 
have been blurred as more species have been identified resulting in 
nearly every phaneropterine tribe including two or more exemplars 
found to be paraphyletic. The one exception is the Dysoniini, a small 
tribe of fungus mimics found in the Neotropics. Unlike many of the 
other subclades, biogeographic regions do not seem to provide much 
insight into the relationships of this widespread group and may be 
in part due to the more recent split of the diverse phaneropterine 
subclade (~75 MYA), multiple transoceanic dispersals, and rapid 
subsequent radiation.

Conclusion
Tettigoniidae diverged from the remaining ensiferan families in 
the late Jurassic (~155 MYA), which coincides with the split-
ting of Gondwanaland into the current southern continents. 
The cosmopolitan distribution of Tettigoniidae is due in part 
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to the early movement between continents while landmasses 
were still relatively close, and continued transoceanic disper-
sal as the continents moved to their current position. A  small 
clade of three Australian endemic subfamilies (Phasmodinae, 
Tympanophorinae, and Zaprochilinae) and the Saginae form a 
sister relationship with the remaining Tettigoniidae. However, 
additional sampling, particularly of Nearctic lineages tradition-
ally described under Tettigoniinae, is necessary to better under-
stand the early patterns of diversification within this family. 
Many of the smaller or endemic katydid subfamilies are mono-
phyletic. In contrast, most of the larger or widespread subfami-
lies (e.g., Tettigoniinae, Meconematinae, Pseudophyllinae, and 
Listroscelidinae) are paraphyletic. Conocephalinae is the excep-
tion as a large, diverse, and widespread monophyletic subfam-
ily. However, the two large conocephaline tribes, Agraeciini and 
Copiphorini, are paraphyletic and share a similar pattern of 
paraphyly with the large and widespread katydid subfamilies. 
Phylogenetic relationships are typically better predicted by bio-
geographic region than traditional taxonomy. This is likely due 
to widespread ecomorph convergence that has occurred during 
the diversification and radiation of katydids. This morphologi-
cal convergence that has confused taxonomists is likely due to 
comparable selective pressures. As a result, the vague subfamily 
distinctions are largely based on convergent ecomorphs and not 
phylogenetically informative characters. This result has been rec-
ognized in other groups, including Phasmatodea (Buckley et al. 
2009), Orthoptera (Rhaphidophoridae) (Allegrucci et al. 2010) 
Mantodea (Svenson and Whiting 2009, Svenson and Rodrigues 
2017), and Anolis lizards (Losos et al. 1998).

Katydid taxonomy is in need of major higher-level taxonomic 
revisions to address the rampant convergence that has muddied 
the current taxonomy. This work recommends a few obvious 
changes in taxonomy to better represent the evolutionary rela-
tionships of these insects (Table 6). Further work is necessary to 
define these groups and provide operational morphological char-
acters to better differentiate clades with convergent ecomorphs. 
This study improves our knowledge of the relationships within 
Tettigoniidae and provides the first comprehensive analysis of 
the origins and biogeography of katydids. The difficulty in delin-
eating katydid subfamilies was addressed and we temporarily 
erected unofficial names for the major clades (Tettigonioid and 
Phaneropteroid clades) and subfamily groups to serve as place-
holders pending further work including the revisions of the sub-
families and the paraphyletic tribes within. It is a major challenge 
to try to bring order to an incredibly diverse group with such 
rampant convergence in body forms. Our hope is that this work 
will form the scaffold upon which future phylogenetic research 
and taxonomic revision can be based to gain a greater under-
standing of one of the most remarkable diversification events in 
all of evolution.

Acknowledgments
This research was funded in part by NSF Grant DEB-0816962 to H.S. and 
M.F.W. Additional funding was provided by NSF Doctoral Dissertation 
Improvement Grant DEB-1210899 and Brigham Young University Graduate 
Student Fellowship Award to J.M. Appreciation is due to Gavin Svenson, 
Heath Ogden, Alison Whiting, Kelly Miller, Stephen Cameron, Rebecca 
Buckman, James Leavitt, Nathan Mahler, Dana Jensen, K.  Jarvis, Michael 
Terry, James Robertson, Amy Ames, Katharina Dittmar-De La Cruz, Johnny 
Osborne, Sven Bradler, John C. Abbott, Kathy Hill, and Taewoo Kim for their 
help in acquiring the specimens used in this study. We also thank the three 
anonymous reviewers who offered insightful recommendations to improve 
this work.

References Cited
Allegrucci, G., S. A.  Trewick, A.  Fortunato, G.  Carchini, and V.  Sbordoni. 

2010. Cave crickets and cave weta (Orthoptera, Rhaphidophoridae) from 
the southern end of the World: a molecular phylogeny test of biogeograph-
ical hypotheses. J. Orthopt. Res. 19: 121–130.

Bethoux, O., A. Nel, J. Lapeyrie, G. Gand, and J. Galtier. 2002. Raphogla rubra 
gen. n., sp. n., the oldest representative of the clade of modern Ensifera 
(Orthoptera: Tettigoniidea, Gryllidea). Eur. J. Entomol. 99: 111–116.

Braun, H. 2015. On the family-group ranks of katydids (Orthoptera, 
Tettigoniidae). Zootaxa. 3956: 149–150.

Brunner von Wattenwyl, C. 1878. Monographie der Phaneropteriden. F.A. 
Brockhaus, Vienna, Austria.

Buckley, T. R., D. Attanayake, and S. Bradler. 2009. Extreme convergence in 
stick insect evolution: phylogenetic placement of the Lord Howe Island 
tree lobster. Proc. R. Soc. Lond. B Biol. Sci. 276: 1055–1062.

Buckman, R. S., L. A. Mound, and M. F. Whiting. 2013. Phylogeny of thrips 
(Insecta: Thysanoptera) based on five molecular loci. Syst. Entomol. 38: 133.

Burmeister, H. 1838. Kaukerfe, Gymnognatha (Erste Hälfte: Vulgo 
Orthoptera). Handb. Entomol. 2: 397–756.

Cadena-Castañeda, O. J., and A. G.  García. 2014. Nuevos taxones de la 
tribu Phlugidini (Orthoptera: Tettigoniidae), de los Andes y Pie de Monte 
Llanero de Colombia, con comentarios acerca del estatus actual de la 
tribu. Boletín SEA. 54: 85–90.

Castner, J. L. 1995. Defensive behavior and display of the leaf-mimicking katy-
did Pterochroza ocellata (L.) (Orthoptera: Tettigoniidae: Pseudophyllinae: 
Pterochrozini). J. Orthopt. Res. 4: 89–92.

Castner, J. L., and D. A. Nickle. 1995a. Notes on the biology and ecology of 
the leaf-mimicking katydid Typophyllum bolivari Vignon (Orthoptera: 
Tettigoniidae: Pseudophyllinae: Pterochrozini). J. Orthopt. Res. 4: 105–109.

Castner, J. L., and D. A.  Nickle. 1995b. Observations on the behavior 
and biology of leaf-mimicking katydids (Orthoptera: Tettigoniidae: 
Pseudophyllinae: Pterochrozini). J. Orthopt. Res. 4: 93–97.

Caudell, A. N. 1911. Orthoptera: Fam. Locustidae: Subfam. Prophalangopsinae. 
Genera Insectorum. 120: 1–7.

Caudell, A. N. 1918. On a collection of Orthoptera (exlusive of the Locustidae) 
made in Central Peru by N. Iconnicoff & C. Shunke. Insec. Inscit. Menstr. 6: 
1–70.

Cigliano, M. M., H. Braun, D. C. Eades, and D. Otte. 2017. Orthoptera species 
file. V5.0/5.0 [2018]. http://orthoptera.speciesfile.org

Cole, J. A., and B. H. Chiang. 2016. The Nearctic Nedubini: the most basal 
lineage of katydids is resolved among the paraphyletic “Tettigoniinae” 
(Orthoptera: Tettigoniidae). Ann. Entomol. Soc. Am. 109: 652–662.

Colgan, D. J., A.  McLauchlan, G. D.  F.  Wilson, S. P.  Livingston,  
G. D. Edgecombe, J. Macaranas, G. Cassis, and M. R. Gray. 1998. Histone 
H3 and U2 snRNA DNA sequences and arthropod molecular evolution. 
Aust. J. Zool. 46: 419–437.

Cox, C. B. 2001. The biogeographic regions reconsidered. J. Biogeogr. 28: 
511–523.

Drummond, A., and A. Rambaut. 2007. BEAST: Bayesian evolutionary ana-
lysis by sampling trees. BMC Evol. Biol. 7: 214.

Drummond, A. J., M. A. Suchard, D. Xie, and A. Rambaut. 2012. Bayesian 
phylogenetics with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29: 
1969–1973.

Fialho, V. S., J. Chamorro-Rengifo, C. Lopes-Andrade, and K. S. C. Yotoko. 
2014. Systematics of spiny predatory katydids (Tettigoniidae: 
Listroscelidinae) from the Brazilian Atlantic Forest based on morphology 
and molecular data. PLoS One. 9: e103758.

Gao, Y., and L. Kang. 2006. Effects of mating status on copulation investment 
by male bushcricket Gampsocleis gratiosa (Tettigoniidae, Orthoptera). Sci. 
China C Life Sci. 49: 349–353.

Gorochov, A. V. 1988. The classification and phylogeny of grasshop-
pers (Gryllida-Orthoptera, Tettigonioidea. In Ponomarenko [ed.], The 
Cretaceious biocoenotic crisis and the evolution of insects. 145–190.

Gorochov, A. V. 1995a. System and evolution of the suborder Ensifere 
(Orthoptera), Part 1. Trudy Paleontologicheskogo instituta Akademiia 
nauk SSSR. 260: 1–224.

Gorochov, A. V. 1995b. On the systematic position of the genera Arachnoscelis, 
Poecilomerus, and Parateuthras (Orthoptera: Tettigoniidae). Zoosyst. 
Ross. 3: 202.

Insect Systematics and Diversity, 2018, Vol. XX, No. XX

Copyedited by: OUP

D
ow

nloaded from
 https://academ

ic.oup.com
/isd/article-abstract/2/4/5/5073246 by ESA M

em
ber Access user on 27 D

ecem
ber 2018

http://orthoptera.speciesfile.org


27

Gorochov, A. V. 2007. Notes on taxonomy of the subfamily Hexacentrinae 
with descriptions of some taxa (Orthoptera: Tettigoniidae). Zoosyst. Ross. 
16: 209–214.

Gorochov, A. V. 2010. New and little-known orthopteroid insects (Polyneoptera) 
from fossil resins: communication 4. Paleontol. J. 44: 657–671.

Gwynne, D. T. 2001. Katydids and bush-crickets. Comstock Publishing 
Associates, Ithaca, NY.

Hebard, M. 1922. Dermaptera and Orthoptera of Hawaii. Bishop Museum 
Press, Honolulu, HI.

Heller, K.-G., C. Hemp, C. Liu, and M. Volleth. 2014. Taxonomic, bioacoustic 
and faunistic data on a collection of Tettigonioidea from Eastern Congo 
(Insecta: Orthoptera). Zootaxa. 3785: 343–376.

Ingrisch, S. 1995. Revision of the Lipotactinae, a new subfamily of 
Tettigonioidea (Ensifera). Insect Syst. Evol. 26: 273–320.

Karsch. 1891. Über die Orthopterenfamilie der Prochiliden. Entom. Nachricht. 
17: 97–107.

Kasuya, E., and N. Sato. 1998. Effects of the consumption of male sperma-
tophylax on the oviposition schedule of females in the decorated cricket, 
Gryllodes sigillatus. Zool. Sci. 15: 127–130.

Katoh, K., K.-I.  Kuma, H.  Toh, and T.  Miyata. 2005. MAFFT version 5: 
improvement in accuracy of multiple sequence alignment. Nucleic Acids 
Res. 33: 511–518.

Kearse, M., R.  Moir, A.  Wilson, S.  Stones-Havas, M.  Cheung, S.  Sturrock, 
S. Buxton, A. Cooper, S. Markowitz, C. Duran, et al. 2012. Geneious Basic: 
an integrated and extendable desktop software platform for the organiza-
tion and analysis of sequence data. Bioinformatics. 28: 1647–1649.

Kirby, W. F. 1906. Orthoptera Saltoria Part I  (Achetidae et Phasgonuridae). 
A Synonymic Catalogue of Orthoptera (Orthoptera Saltatoria, Locustidae 
vel Acridiidae). 2: 1–562.

Korsunovskaya, O. 2008. Acoustic signals in katydids (Orthoptera, 
Tettigonidae). Communication I. Entomol. Rev. 88: 1032–1050.

Krauss, H. A. 1902. Die Namen der ältesten Dermapteren- (Orthopteren-) Gattungen 
und ihre Verwendung für Familien- und Unterfamilien-Benennungen auf Grund 
der jetzigen Nomenclaturregeln. Zool. Anz. 25: 530–543.

Kumar, S., M. Nei, J. Dudley, and K. Tamura. 2008. MEGA: a biologist-centric 
software for evolutionary analysis of DNA and protein sequences. Brief 
Bioinform. 9: 299–306.

Lanfear, R., B. Calcott, S. Y. W. Ho, and S. Guindon. 2012. PartitionFinder: 
combined selection of partitioning schemes and substitution models for 
phylogenetic analyses. Mol. Biol. Evol. 29: 1695–1701.

Latreille, P. A. 1802. Histoire naturelle, générale et particulière des crustacés 
et des insectes. 3: 467.

Lehmann, G. U. C., and A. W. Lehmann. 2000. Spermatophore characteristics 
in bushcrickets vary with parasitism and remating interval. Behav. Ecol. 
Sociobiol. 47: 393–399.

Losos, J. B., T. R.  Jackman, A.  Larson, K.  de Queiroz, and L.  Rodrı́guez-
Schettino. 1998. Contingency and determinism in replicated adaptive 
radiations of island lizards. Science. 279: 2115–2118.

Magallón, S., and A. Castillo. 2009. Angiosperm diversification through time. 
Am. J. Bot. 96: 349–365.

Marshall, D. C., and K. B. R. Hill. 2009. Versatile aggressive mimicry of cica-
das by an Australian predatory katydid. PLoS One. 4: e4185.

Matzke, N. J. 2014. Model selection in historical biogeography reveals that founder-
event speciation is a crucial process in island clades. Syst. Biol. 63: 951–970.

Montealegre-Z, F. 2009. Scale effects and constraints for sound production 
in katydids (Orthoptera: Tettigoniidae): correlated evolution between 
morphology and signal parameters. J. Evol. Biol. 22: 355–366.

Mugleston, J. D., H. Song, and M. F. Whiting. 2013. A century of paraphyly: 
a molecular phylogeny of katydids (Orthoptera: Tettigoniidae) supports 
multiple origins of leaf-like wings. Mol. Phylogenet. Evol. 69: 1120–1134.

Mugleston, J., M. Naegle, H. Song, S. M. Bybee, S.  Ingley, A. Suvorov, and  
M. F.  Whiting. 2016. Reinventing the leaf: multiple origins of leaf-like 
wings in katydids (Orthoptera: Tettigoniidae). Invertebr. Syst. 30: 335–352.

Naskrecki, P., and D. C.  Rentz. 2010. Studies in the orthopteran fauna of 
Melanesia: new katydids of the tribe Agraeciini from Papua New Guinea 
(Orthoptera: Tettigoniidae: Conocephalinae). Zootaxa. 2664: 1–35.

Nickle, D. A., and J. L.  Castner. 1995. Strategies utilized by katydids 
(Orthoptera: Tettigoniidae) against diurnal predators in rainforests of 
Northeastern Peru. J. Orthopt. Res 4: 75–88.

Piton, L. 1940. Paléontologie du gisement Éocéne de Menat (Puy-de-Dôme), 
Flore et Faune Mém. Soc. His. Nat. Auvergne. 1: 1–303.

Rambaut, A., and A. J.  Drummond. 2003. Tracer v1.3 computer program. 
http://tree.bio.ed.ac.uk/software/tracer/.

Redtenbacher, J. 1891. Monographie der Conocephaliden. Verhandlungen der 
Kaiserlich-Königlichen Zoologisch-Botanischen Gesellschaft in Wein. 41: 
315–562.

Rentz, D. C. F. 1979. Comments on the classification of the orthopteran family 
Tettigoniidae, with a key to subfamilies and description of 2 new subfami-
lies. Aust. J. Zool. 27: 991–1013.

Rentz, D. C. F. 1993. A monograph of the Tettigoniidae of Australia: volume 2: 
the Austrosaginae, Phasmodinae and Zaprochilinae. CSIRO, Melbourne, 
VIC, Australia.

Rentz, D. C. F. 1996. Grasshopper country. UNSW Press, Sydney, Australia.
Rentz, D. C. F. 2001. Tettigoniidae of Australia Volume 3: Listroscelidinae, 

Tympanophorinae, Meconematinae, and Microtettigoniinae. CSIRO, 
Collingwood, Victoria, Australia.

Rentz, D. C.  F., Y. N.  Su, and N.  Ueshima. 2005. Studies in Australian 
Tettigoniidae. The genus Phricta Redtenbacher (Orthoptera: Tettigoniidae; 
Pseudophyllinae; Phrictini). Trans. Am. Entomol. Soc. (1890-). 131: 
131–158.

Scudder, S. H. 1890. The tertiary insects of North America. Report of the 
United States Geological Survey of the Territories. XIII: 1–734.

Sharov, A. G. 1968. Phylogeny of Orthopteroidea. Trans. Paleontol. Inst. Acad. 
Sci. 118: 1–216.

Simmons, L. W. 1995. Male bushcrickets tailor spermatophores in relation to 
their remating intervals. Funct. Ecol. 9: 881–886.

Simmons, L. W., and D. T. Gwynne. 1993. Reproductive investment in bush-
crickets - the allocation of male and female nutrients to offspring. Proc. 
R. Soc. Lond. B Biol. Sci. 252: 1–5.

Simmons, L. W., M.  Craig, T.  Llorens, M.  Schinzig, and D.  Hosken. 1993. 
Bush-cricket spermatophores vary in accord with sperm competition and 
parental investment theory. Proc. R. Soc. Lond. B Biol. Sci. 251: 183–186.

Song, H., C.  Amédégnato, M. M.  Cigliano, L.  Desutter‐Grandcolas,  
S. W. Heads, Y. Huang, D. Otte, and M. F. Whiting. 2015. 300 million 
years of diversification: elucidating the patterns of orthopteran evolu-
tion based on comprehensive taxon and gene sampling. Cladistics. 31: 
621–651.

Stamatakis, A. 2006. RAxML-VI-HPC: maximum likelihood-based phylogen-
etic analyses with thousands of taxa and mixed models. Bioinformatics. 
22: 2688–2690.

Storozhenko, S. Y. 1997. Fossil history and phylogeny of orthopteroid insects. 
In S. K. Gangwere and M. Muralirangan (eds.), Bionomics of grasshop-
pers, katydids, and their kin. CAB International, Oxfordshire, UK, pp. 
59–82.

Svenson, G. J., and H. M. Rodrigues. 2017. A Cretaceous-aged Palaeotropical 
dispersal established an endemic lineage of Caribbean praying mantises. 
Proc. R. Soc. B. 284: 20171280.

Svenson, G. J., and M. F. Whiting. 2004. Phylogeny of Mantodea based on 
molecular data: evolution of a charismatic predator. Syst. Entomol. 29: 
359–370.

Svenson, G. J., and M. F. Whiting. 2009. Reconstructing the origins of pray-
ing mantises (Dictyoptera, Mantodea): the roles of Gondwanan vicariance 
and morphological convergence. Cladistics. 25: 468–514.

Walker, T. J., and A. B.  Gurney. 1972. Systematics and acoustic behavior 
of Borinquenula, a new genus of brachypterous coneheaded katydids 
endemic to Puerto Rico (Orthoptera: Tettigoniidae: Copiphorinae). Ann. 
Entomol. Soc. Am. 65: 460–474.

Wedell, N. 1994. Variation in nuptial gift quality in bush-crickets (Orthoptera, 
Tettigoniidae). Behav. Ecol. 5: 418–425.

Whiting, M. F. 2002. Mecoptera is paraphyletic: multiple genes and phylogeny 
of Mecoptera and Siphonaptera. Zool. Scr. 31: 93–104.

Wild, A. L., and D. R.  Maddison. 2008. Evaluating nuclear protein-coding 
genes for phylogenetic utility in beetles. Mol. Phylogenet. Evol. 48: 
877–891.

Zeuner, F. E. 1936. The subfamilies of Tettigoniidae (Orthoptera). Proc. 
R. Entomol. Soc. Lond. B Taxon. 5: 103–109.

Zeuner, F. E. 1939. Fossil Orthoptera Ensifera. British Museum of Natural 
History, London, UK.

Insect Systematics and Diversity, 2018, Vol. XX, No. XX

Copyedited by: OUP

D
ow

nloaded from
 https://academ

ic.oup.com
/isd/article-abstract/2/4/5/5073246 by ESA M

em
ber Access user on 27 D

ecem
ber 2018

http://tree.bio.ed.ac.uk/software/tracer/﻿

