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One of the main challenges in analyzing multi-locus phylogenomic data is to find an optimal data parti-
tioning strategy to account for variable evolutionary histories of different loci for any given dataset.
Although a number of studies have addressed the issue of data partitioning in a Bayesian phylogenetic
framework, such studies in a maximum likelihood framework are comparatively lacking. Furthermore,
a rigorous statistical exploration of possible data partitioning schemes has not been applied to mitochon-
drial genome (mtgenome) data, which provide a complex, but manageable platform for addressing var-
ious challenges in analyzing phylogenomic data. In this study, we investigate the issue of data
partitioning in the maximum likelihood framework in the context of the mitochondrial phylogenomics
of an orthopteran superfamily Acridoidea (Orthoptera: Caelifera). The present study analyzes 34 termi-
nals representing all 8 superfamilies within Caelifera, which includes newly sequenced partial or com-
plete mtgenomes for 11 families. Using a new partition-selection method implemented in the software
PartitionFinder, we compare a large number of data partitioning schemes in an attempt to identify the
most effective method of analyzing the mtgenome data. We find that the best-fit partitioning scheme
selected by PartitionFinder is superior to any a priori schemes commonly utilized in mitochondrial phy-
logenomics. We also show that over-partitioning is often detrimental to phylogenetic reconstruction. A
comparative analysis of mtgenome structures finds that the tRNA gene rearrangement between cyto-
chrome c oxidase subunit Il and ATP synthase protein 8 does not occur in the most basal caeliferan line-
age Tridactyloidea, suggesting that this gene rearrangement must have evolved at least in the common
ancestor of Tetrigoidea and Acridomorpha. We find that mtgenome data contain sufficient phylogenetic
information to broadly resolve the relationships across Acridomorpha and Acridoidea.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

As sequencing technologies advance at a remarkably rapid rate,
the gap between the ability to generate data and the ability to ana-
lyze the data in a phylogenetic framework is also increasing rapidly
(Delsuc et al., 2005; Philippe et al., 2005, 2004). Mitochondrial phy-
logenomics, the use of complete mitochondrial genomes (mtge-
nomes) in phylogenetics, provides a manageable platform for
addressing various challenges in analyzing phylogenomic data
(Song et al., 2010). A typical insect mtgenome contains 37 genes
in a coding region: 13 protein-coding genes (PCGs), two ribosomal
RNA genes (16S and 12S) and 22 transfer RNA genes (Wolsten-
home, 1992). A number of recent studies have explored various
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ways of effectively analyzing mtgenome data for inferring phyloge-
netic relationships among insects (Cameron et al., 2006a, 2006b,
2007, 2009; Castro and Dowton, 2007; Dowton et al., 2009a; Fenn
et al., 2008; Pons et al., 2010; Sheffield et al., 2009; Song et al.,
2010). Specifically, the issues of gene exclusion (Cameron et al.,
2006b; Nardi et al., 2003), data recoding (Cameron et al., 2007;
Fenn et al., 2008), data partitioning (Fenn et al., 2008), base compo-
sitional bias (Sheffield et al., 2009; Song et al., 2010), and rate het-
erogeneity (Pons et al, 2010; Song et al, 2010) have been
addressed in the context of insect mitochondrial phylogenomics.
Cameron et al. (2004) was the first to suggest that the inclusion
of all available data from mtgenomes improved the resolution and
support and Cameron et al. (2007) found that biologically realistic
data partitioning would produce the best results. Fenn et al. (2008)
echoed the same sentiment but warned that over-partitioning of
the mtgenome might be more detrimental to the analysis than
beneficial. However, there has not been a clear recommendation
on how to decide which partitioning method is the best for
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mitochondrial phylogenomics in general although a number of
studies have tackled this very issue in multi-locus analyses of nu-
clear genes (Brandley et al., 2005; Brown and Lemmon, 2007; Li
et al., 2008; McGuire et al., 2007). In deciding the optimal parti-
tioning strategy, one typically compares several datasets differing
in partitioning schemes using methods such as Bayes factor (Brand-
ley et al., 2005; Brown and Lemmon, 2007; Nylander et al., 2004),
cluster analysis (Li et al., 2008), or the Akaike Information Criterion
(AIC) (McGuire et al., 2007). However, a general consensus appears
to be that the optimal partitioning strategy depends on both taxon
and character sampling and it is difficult to justify a certain parti-
tioning strategy for a particular dataset a priori. Recently, Lanfear
et al. (2012) developed a method that could overcome this issue
by statistically comparing across numerous partitioning schemes
for any given sequence data and selecting the best-fit scheme, which
was implemented in the program PartitionFinder. They found that
typical a priori partitioning schemes, such as partitioning by gene
or codon position, were often not the most appropriate way of par-
titioning data across various empirical datasets that they examined
(Lanfear et al., 2012). According to Lanfear et al. (2012), the number
of possible partitioning schemes follows a relationship known as a
Bell number (Bell, 1934). For mitochondrial genome data, this num-
ber would be Bs; = 5.28 x 10°! if 37 genes are treated as individual
partitions, and could increase to Bgs = 8.25 x 10°3 if protein-coding
genes are further partitioned by codon position. To our knowledge,
this new method has not been fully examined in mitochondrial
phylogenomics.

Acridoidea (grasshoppers and locusts) is the largest superfamily
in the insect order Orthoptera with over 7600 described species
and eleven families: Acrididae, Charilaidae, Dericorythidae, Lathi-
ceridae, Lentulidae, Lithidiidae, Ommexechidae, Pamphagidae,
Pyrgacrididae, Romaleidae, and Tristiridae. Acridoidea is one of
six currently recognized superfamilies that are grasshopper-like
in morphology and have been traditionally grouped together and
collectively referred to as the Acridomorpha (Dirsh, 1975; Song,
2010). Recent molecular studies (Fenn et al., 2008; Flook et al.,
1999, 2000; Flook and Rowell, 1997; Matt et al., 2008) have consis-
tently found this group to be monophyletic although the phyloge-
netic relationships among the superfamilies remain contentious
(Eades, 2000; Flook and Rowell, 1997; Song, 2010). Acridoidea
has been considered a monophyletic group based on the morphol-
ogy of male genitalia and the lack of a basioccipital slit, among
other characters (Amédégnato, 1974; Eades, 2000; Kevan, 1982;
Roberts, 1941), but the phylogenetic relationships among families
within this clade are not well understood (Song, 2010). This is
mainly because the higher-level classification of Acridoidea (and
Acridomorpha) has been largely influenced by the interpretation
of internal male phallic structures, which has not been consistent
among different taxonomists (Amédégnato, 1976; Dirsh, 1956;
Eades, 2000; Roberts, 1941). Even the latest synthesis on the phy-
logeny of Acridomorpha (Eades, 2000) depicted the internal rela-
tionships of Acridoidea to be largely unresolved. Therefore, this
study represents a unique opportunity to reassess the phylogeny
of Acridoidea based on a different character system.

The migratory locust, Locusta migratoria, was the first hemime-
tabolous insect to have its mtgenome completely sequenced (Flook
et al.,, 1995a), and the follow-up study (Flook et al., 1995b) sug-
gested that grasshoppers exhibit a unique gene rearrangement
within the mtgenome. In grasshoppers, the order of tRNA genes be-
tween cytochrome c oxidase subunit II (COII) and ATP synthase
protein 8 (ATP8) is reversed from the ancestral insect arrangement,
inferred from Drosophila yakuba (Clary and Wolstenhome, 1985),
which exhibits tRNA-Lys preceding tRNA-Asp on the ] strand. Flook
et al. (1995b) hypothesized that this rearrangement was a unique
condition for Caelifera based on an investigation of 5 orthopteran
species, and Fenn et al. (2008) supported this hypothesis based

on an analysis of 8 orthopteran mtgenomes. Sheffield et al.
(2010) recently suggested that this gene rearrangement is a syna-
pomorphy for a subgroup within the orthopteran suborder Caelif-
era instead of the suborder as a whole. There has been a rapid
increase in the number of complete mtgenomes of Acridomorpha
available on GenBank (Ding et al., 2007; Erler et al., 2010; Fenn
et al.,, 2008; Liu and Huang, 2008; Ma et al., 2009; Sheffield et al.,
2010; Zhang and Huang, 2008), as well as from our ongoing study
of orthopteran mtgenomes. Taken all together, grasshoppers repre-
sent an excellent system for addressing the various challenges of
analyzing mtgenome data in a phylogenetic framework, as well
as for understanding the evolution of mtgenomes.

In this study we explore various partitioning schemes using Par-
titionFinder in the context of the mtgenome phylogeny of the grass-
hopper superfamily Acridoidea (Orthoptera: Caelifera) in a
maximum likelihood framework. We specifically address the fol-
lowing questions: (i) What is the optimal data partitioning strategy
in analyzing mtgenome data in a maximum likelihood framework
for Acridoidea?; (ii) What are the patterns of mtgenome evolution
in Acridoidea in terms of gene rearrangement, anti-codon conserva-
tion, and start and stop codon usage?; and (iii) What are the higher-
level phylogenetic relationships within Acridoidea and Acridomor-
pha and how do these compare with previous hypotheses?

2. Materials and methods
2.1. Taxon sampling

We included nine of the 11 extant families within Acridoidea
(Table 1). The two omitted families, Dericorythidae and Lathiceri-
dae, which are found in the Middle East and the Namibian desert,
respectively, are rare and we were not able to obtain DNA-grade
tissues. For Acrididae, which is the largest family within Acridoi-
dea, we included 16 terminals representing 8 subfamilies. For the
remaining 8 families, we included one representative per family,
except Pamphagidae, for which we included two taxa. Additionally,
we included at least one representative for each of the acrid-
omorph superfamilies (Eumastacoidea, Tanaoceroidea, Pneumoroi-
dea, Trigonopterygoidea, and Pyrgomorphoidea) in order to
determine the phylogenetic placement of Acridoidea as well as to
test the monophyly of Acridoidea within Acridomorpha. For out-
groups, we included one member of Tridactyloidea and Tetrigoi-
dea, both of which have been traditionally considered basal
lineages within Caelifera. Altogether, our analysis included 34 ter-
minals representing all 8 superfamilies within Caelifera.

For this study, we generated seven complete and four partial
mtgenomes representing six superfamilies, 11 families. Tissue
samples used for data generation were either collected by the
authors or provided by collaborators. The specimens used in this
analysis were preserved in 100% ethanol and vouchered to the
—80 °C cryofacility in the Insect Genomic Collection at Brigham
Young University (BYU-IGC). The voucher information is presented
in Supplementary Table S1. The remaining data were obtained
from GenBank.

2.2. Character sampling

DNA was extracted from tissues from hind femur or thorax
using the Qiagen DNeasy Tissue Extraction Kit (Valencia, California,
USA) following the animal tissue protocol. The resulting DNA ex-
tracts were vouchered at the BYU-IGC. Mtgenome data were gener-
ated using a primer-walking technique. Initial long-range
polymerase chain reactions (PCRs) were performed using both uni-
versal mtgenome primers (Simon et al., 2006) as well as Orthop-
tera specific primers, which were the same as those used by
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Table 1

Taxonomic information, GenBank accession numbers, and references for the taxa included in this study. Detailed voucher information is found in Supplementary Table S1.
Superfamily Family Subfamily Species GenBank # Reference
Tridactyloidea Tridactylidae Tridactylinae Ellipes minuta GU945502 Sheffield et al. (2010)
Tetrigoidea Tetrigidae - Trachytettix horridus JX913766 Present study
Eumastacoidea Eumastacidae Paramastacinae Paramastax nigra JX913772 Present study
Tanaoceroidea Tanaoceridae Tanaocerinae Tanaocerus kobelei JX913774 Present study
Pneumoroidea Pneumoridae - Physemacris variolosa GU945504 Sheffield et al. (2010)
Trigonopterygoidea Trigonopterygidae Trigonopteryginae Trigonopteryx hopei JX913767 Present study
Pyrgomorphoidea Pyrgomorphidae Pyrgomorphinae Atractomorpha sinensis EU263919 Ding et al. (2007)
Pyrgomorphoidea Pyrgomorphidae Pyrgomorphinae Mekongiella xizangensis HM583654 Zhao et al. (2010)
Pyrgomorphoidea Pyrgomorphidae Pyrgomorphinae Mekongiana xiangchengensis HM583653 Zhao et al. (2010)
Acridoidea Charilaidae - Hemicharilaus monomorphus JX913773 Present study
Acridoidea Pamphagidae Thrinchinae Thrinchus schrenkii GU181288 Zhang et al. (2011)
Acridoidea Pamphagidae Thrinchinae Prionotropis hystrix JX913764 Present study
Acridoidea Pyrgacrididae Pyrgacridinae Pyrgacris descampsi JX913771 Present study
Acridoidea Lithidiidae Lithidiinae Lithidiopsis carinatus JX913770 Present study
Acridoidea Lentulidae Lentulinae Lentula callani JX913769 Present study
Acridoidea Tristiridae Tristirinae Tristira magellanica JX913765 Present study
Acridoidea Ommexechidae Ommexechinae Ommexecha virens JX913775 Present study
Acridoidea Romaleidae Romaleinae Xyleus modestus GU945503 Sheffield et al. (2010)
Acridoidea Acrididae Calliptaminae Calliptamus italicus EU938374 Fenn et al. (2008)
Acridoidea Acrididae Cyrtacanthacridinae Schistocerca gregaria gregaria GQ491031 Erler et al. (2010)
Acridoidea Acrididae Catantopinae Traulia szetschuanensis EU914849 Zhang and Huang (2008)
Acridoidea Acrididae Oxyinae Oxya chinensis EF437157 Zhang and Huang (2008)
Acridoidea Acrididae Melanoplinae Prumna arctica GU294758 Sun et al. (2010)
Acridoidea Acrididae Melanoplinae Ognevia longipennis EU914848 Zhang and Huang (2008)
Acridoidea Acrididae Acridinae Phlaeoba albonema EU370925 Shi et al. (2008)
Acridoidea Acrididae Acridinae Acrida willemsei EU938372 Fenn et al. (2008)
Acridoidea Acrididae Oedipodinae Oedaleus decorus asiaticus EU513374 Ma et al. (2009)
Acridoidea Acrididae Oedipodinae Gastrimargus marmoratus EU513373 Ma et al. (2009)
Acridoidea Acrididae Oedipodinae Locusta migratoria X80245 Flook et al. (1995a)
Acridoidea Acrididae Gomphocerinae Arcyptera coreana GU324311 Huang and Liu (unpublished)
Acridoidea Acrididae Gomphocerinae Euchorthippus fusigeniculatus HM583652 Zhao et al. (2010)
Acridoidea Acrididae Gomphocerinae Chorthippus chinensis EU029161 Liu and Huang (2008)
Acridoidea Acrididae Gomphocerinae Gomphocerippus rufus GU294759 Sun et al. (2010)
Acridoidea Acrididae Gomphocerinae Gomphocerus licenti GQ180102 Gao and Huang (unpublished)

Sheffield et al. (2010) to amplify overlapping 8 kb segments (see
Supplementary Table S2 for primer details). Each long-range PCR
was performed using Elongase (Invitrogen, Carlsbad, CA, USA)
and the following amplification profile (2 min/92 °C hot start; 35
cycles of 305/92 °C, 30 s/50 °C, 7 min/68 °C). Long-range PCR was
used specifically to avoid coamplification of nuclear mitochondrial
pseudogenes (numts), which are prevalent in Orthoptera (Bensas-
son et al., 2000; Moulton et al., 2010; Song et al., 2008). Using the
long-range PCR products as templates, nested PCR was performed
to amplify ~3 kb segments with the identical PCR profile used for
the long-range PCR except for a shorter extension time (4 min)
and 20 cycles instead of 35 cycles. When necessary, both the
annealing temperature and the extension time were modified in
accordance with the melting temperature of the primers being
used and the length of the target segment. Species-specific primers
were designed to primer-walk each mtgenome to ensure 2 x cover-
age of both the major and minor strands (species-specific primers
used available upon request). Successful PCR products were
cleaned using PrepEase 96-well Cleaning Kit plates (USB Corpora-
tion, Cleveland, OH, USA). Sequencing was performed using ABI
Big Dye ver3.0 terminating technology on an ABI 3770 capillary se-
quencer (BYU Sequencing Center, Provo, UT, USA). Sequences were
proofread in Sequencher™ ver. 4.9 (Gene Codes Corporation, Ann
Arbor, MI, USA).

A number of recent studies have explored different methods of
sequencing mtgenomes using the next-generation sequencing
(NGS) technology (Jex et al., 2008; Mikkelsen et al., 2009; Timmer-
mans et al.,, 2010). One of the mtgenomes included in this study
(Tanaocerus kobelei) was partly generated by shotgun-sequencing
using Roche 454 pyrosequencing technology (GS FLX system).
While previous studies used long-range PCR products from mtDNA
as templates, we used genomic DNA (gDNA) as templates. Because

mtDNA is abundantly present in gDNA, the shotgun sequencing
was able to generate mtgenome sequences as by-products. This
mtgenome was generated as a part of a single 454 run which in-
cluded 7 taxa in 3/4 of a plate (Song, unpublished data). A pool
of 7 taxa was ligated with Ligation Multiplex Identifiers (MID) sup-
plied by 454, which was later recognized and analyzed by the
Newbler software, and contigs were assembled de novo. Average
contig size is about 650 bp, with the largest contig size of
~15,000 bp, which corresponds well with the typical size of the
mtgenome. For T. kobelei, three large contigs were generated which
corresponded to three non-overlapping portions of mtgenome:
6582-bp fragment spanning 16S to ATP6 (141 x coverage), 2389-
bp fragment spanning CYTB to 16S (75x coverage), and 1583-bp
fragment spanning ND5 to ND4 (44x coverage). The portions of
the mtgenome that the 454 run failed to sequence were comple-
mented with the sequences generated using primer-walking. The
resulting sequences were deposited in GenBank with accession
numbers: JX913764-JX913775.

2.3. Annotation

All newly generated mtgenomes were uploaded, annotated, and
stored in the online program MOSAS (Sheffield et al., 2010), follow-
ing the same protocols and procedures described by the authors.
Previously published mtgenomes available in GenBank were
downloaded as raw sequences and re-annotated in MOSAS to en-
sure consistency in the annotation strategy. tRNAs were positively
identified using tRNAscan-SE (Lowe and Eddy, 1997) and Arwen
(Laslett and Canbdck, 2008), both implemented in MOSAS. All
nucleotides between tRNA-Leu and tRNA-Val were annotated as
the large subunit ribosomal RNA (16S). The end of the coding re-
gion of each mtgenome was identified using a conserved sequence,
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or “end tag”, that is located ~800 bp downstream from the last
nucleotide of tRNA-Val. All nucleotides between tRNA-Val and
the “end tag” were annotated as the small ribosomal subunit
(12S). Datasets were organized within MOSAS before being ex-
ported for alignment.

2.4. Alignment

Each protein-coding gene (PCG) was aligned individually based
on the conservation of reading frames by first translating into ami-
no acids using MacClade 4 (Maddison and Maddison, 2005), by
aligning using G-INS-i strategy for global homology using MAFFT
(Katoh et al., 2005), and by back-translating to nucleotides. In or-
der to incorporate structural information of ribosomal RNAs during
alignment, we first predicted secondary structures of 16S and 125
of Acrida willemsei in RNAfold WebServer (http://rna.tbi.uni-
vie.ac.at/cgi-bin/RNAfold.cgi) using minimum free energy (MFE)
and partition function. Using these secondary structures as input
constraint files, we performed secondary structure-based align-
ment in RNAsalsa (Stocsits et al., 2009) for 16S and 12S. For trans-
fer RNAs, we predicted secondary structures of individual genes
using tRNAscan-SE (Lowe and Eddy, 1997) and Arwen (Laslett
and Canback, 2008). Individual tRNAs were aligned in MUSCLE (Ed-
gar, 2004) using the default parameters, and the predicted second-
ary structures were used as a guide to identify stems and loops of
each tRNA. After the alignment, both rRNA and tRNA genes were
manually dissected into stems and loops guided by the secondary
structure model in MEGA 5 (Tamura et al., 2011). The resulting
alignments were concatenated in MacClade into a single dataset
with 15,404 aligned bp, and then exported in phylip format using
Mesquite ver. 2.74 (Maddison and Maddison, 2010).

2.5. Data partitioning schemes

We systematically surveyed a number of different data parti-
tioning schemes using PartitionFinder (Lanfear et al., 2012). Be-
cause the software required a user to pre-define partitions and
specify in the configuration file, we created an input configuration
file that contained a total of 87 partitions, corresponding to indi-
vidual codon position of each PCG (13 1st codon position, 13 2nd
codon position, 13 3rd codon position), stems and loops of each
RNA (2 stem of rRNA, 2 loop of rRNA, 22 stem of tRNA, 22 loop
of tRNA), which was the most finely partitioned scheme possible
in mitochondrial phylogenomics. We used the “greedy” algorithm
(heuristic search) with branch lengths estimated as “unlinked”
implemented in PartitionFinder to search for the best-fit scheme
as well as the worst-fit scheme. Additionally, we also systemati-
cally surveyed some of the most frequently used a priori partition-
ing schemes in mitochondrial phylogenomics and compared them
against the best-fit scheme selected by PartitionFinder. A total of
21 a priori schemes with varying degrees of complexity and the
best-fit and the worst-fit schemes were statistically compared (Ta-
ble 2). We used AIC, a modified version of AIC. (McGuire et al.,
2007), and the Bayesian Information Criterion (BIC) (Miller et al.,
2009; Pons et al., 2010), all of which were natively implemented
in PartitionFinder, to compare different partitioning schemes. For
all decision-making techniques, the analysis with the lowest score
was identified as the optimal partitioning scheme.

2.6. Phylogenetic analyses

We performed partitioned maximum likelihood analyses using
the best-fit and the worst-fit partitioning schemes recommended
by PartitionFinder as well as various conventional a priori parti-
tioning schemes (Table 2). Because the goal of this study was to
compare the effect of data partitioning schemes, we decided to

use the most parameter-rich general time reversible model
(GTR+1+T") applied to each partition across all analyses. We jus-
tified this approach because GTR + 1+ I" was selected as the most
appropriate model for the vast majority of the partitioned datasets
when evaluated using jModelTest (Posada, 2008) and it has been
shown that the consequences of over-parameterizing are not as se-
vere as under-parameterizing (McGuire et al., 2007). All datasets
were analyzed using RAXML 7.2.8 (Stamatakis et al., 2008) on
XSEDE (Extreme Science and Engineering Discovery Environment,
https://www.xsede.org) through CIPRES Science Gateway (Miller
et al., 2011). Nodal support was evaluated using 1000 replications
of rapid bootstrapping implemented in RAXML. In order to com-
pare resulting topologies between the best-fit partitioning scheme
and other schemes, we used the program TOPD/FMTS (Puigho
et al.,, 2007) for calculating nodal distance (nodal method) and
identifying taxa with topological disagreement (disagree method).
Although there is no comprehensive cladistic analysis of Acridoi-
dea to date, Eades (2000) presented a synthesis evolutionary tree
based on all previous studies. We compared all resulting topologies
against the Eades’ (2000) hypothesis to assess the phylogenetic
accuracy.

3. Results
3.1. New mitochondrial genomes

We generated complete mtgenomes for Lentula callani
(15,944 bp), Prionotropis hystrix (15,651 bp), Tristira magellanica
(16,494 bp), Pyrgacris descampsi (15,618 bp), Lithidiopsis carinatus
(15,652 bp), Ommexecha virens (15,536 bp), and Tanaocerus kobelei
(15,515 bp). We also generated most of the mtgenome for Hemich-
arilaus monomorphus except the tail end of 12S through tRNA-Cys,
Trigonopteryx hopei except for tRNA-Arg and tRNA-Ser, Trachytettix
horridus except the control region and ~60 bp of 12S, and Paramas-
tax nigra except 16S through tRNA-Met. All newly generated mtge-
nomes followed the ancestral insect gene order (Clary and
Wolstenhome, 1985), with an exception to the inversion of tRNA-
Asp and tRNA-Lys between protein-coding genes COIl and ATPS.
We also found conserved patterns of start and stop codons, func-
tional overlap, and intergenic spacers across Acridomorpha (Ta-
ble 3). In COI, we found a tetranucleotide start codon (AUGA) for
all included caeliferans, which was proposed by Sheffield et al.
(2010), except in T. kobelei and Mekongiana xiangchengensis, which
exhibited a substitution of G for the first nucleotide, resulting in
the sequence GUGA (Table 4).

3.2. Partitioning strategy assessment

The greedy analysis in PartitionFinder (Lanfear et al., 2012) cre-
ated 109,737 schemes and selected the best-fit partitioning
scheme based on AIC, AIC,, and BIC. The selected best-fit partition-
ing scheme had 8 partitions and 599 parameters and the worst-fit
scheme had 86 partitions and 6389 parameters (Table 5). Specific
schemes for the best-fit and the worst-fit schemes are presented
in Table 6. The best-fit scheme grouped different codon positions
of different PCGs and stems and loops of different rRNAs and
tRNAs. When compared with the a priori partitioning schemes,
the best-fit scheme had a better information criterion score than
any of the typical partitioning schemes (Table 5). The best a priori
scheme was p5, which divided the dataset into codon positions (i.e.
all 1st codon positions of PCGs into a single partition) and one par-
tition of rRNAs and one partition of tRNAs. Partitioning by 13 PCGs,
2 rRNA, and a single partition of tRNAs (p16), which is the most
commonly used scheme in mitochondrial phylogenomics, had a
mediocre information criterion score. Finely partitioned schemes,
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Table 2

A list of a priori partitioning schemes tested in this study. (PCG: Protein-coding gene).

p1 = no partition (the entire dataset treated as a single data block)

P2 = partition by strandedness (major and minor strands)

Partition by gene

p3 = PCGs + rRNAs + tRNAs (individual gene categories treated as single data blocks)

p6¢c = ATPs + COXs + CYTB + NDs + rRNAs + tRNAs (individual PCG categories treated as single data blocks)

p15 =13 PCG + rRNAs + tRNAs

p16 = 13 PCG + 2 rRNA + tRNAs (most commonly used partition scheme in mitochondrial phylogenomics)

p37 =13 PCG + 2 rRNA + 22 tRNA

Partition by codon position

p5 = 1st codon PCGs + 2nd codon PCGs + 3rd codon PCGs + rRNAs + tRNAs (individual codon positions of 13 PCGs treated as single data blocks)

P6 = 1st codon PCGs + 2nd codon PCGs + 3rd codon PCGs + 2 rRNA + tRNAs

p7 = 1st codon PCGs + 2nd codon PCGs + 3rd codon PCGs + rRNA stems + rRNA loops + tRNA stems + tRNA loops (stems and loops combined into single partition)

P27 = 1st codon PCGs + 2nd codon PCGs + 3rd codon PCGs + 2 rRNA + 22 tRNA

p51 = 1st codon PCGs + 2nd codon PCGs + 3rd codon PCGs + 2 rRNA stem + 2 rRNA loop + 22 tRNA stem + 22 tRNA loop

Partition by gene and codon position
p28 = 1st & 2nd codons of 13 PCG + 3rd codon of 13 PCG + rRNAs + tRNAs
P29 = 1st & 2nd codons of 13 PCG + 3rd codon of 13 PCG + 2 rRNA + tRNAs

p30 = 1st & 2nd codons of 13 PCG + 3rd codon of 13 PCG + rRNA stems + rRNA loops + tRNA stems + tRNA loops

p50 = 1st & 2nd codons of 13 PCG + 3rd codon of 13 PCG + 2 rRNA + 22 tRNAs

p41 = 1st codon of 13 PCG + 2nd codon of 13 PCG + 3rd codon of 13 PCG + rRNAs + tRNAs

p42 = 1st codon of 13 PCG + 2nd codon of 13 PCG + 3rd codon of 13 PCG + 2 rRNA + tRNAs

p43 = 1st codon of 13 PCG + 2nd codon of 13 PCG + 3rd codon of 13 PCG + rRNA stems + rRNA loops + tRNA stems + tRNA loops

P63 = 1st codon of 13 PCG + 2nd codon of 13 PCG + 3rd codon of 13 PCG + 2 rRNA + 22 tRNA

p87 = 1st codon of 13 PCG + 2nd codon of 13 PCG + 3rd codon of 13 PCG + 2 rRNA stem + 2 rRNA loop + 22 tRNA stem + 22 tRNA loop (most finely partitioned scheme)

in which individual tRNA genes were partitioned or further dis-
sected into stems and loops, performed very poorly in general. In
fact, the most finely dissected a priori scheme, which partitioned
the dataset into individual codon positions and stems and loops
of individual RNAs (p87) was the second worst-fit scheme selected
by PartitionFinder.

To understand more general trends across different partitioning
schemes, we plotted the BIC score against the log likelihood score
based on 109,737 schemes from the PartitionFinder search
(Fig. 1A) and based on the a priori schemes (Fig. 1B). The partition-
ing scheme that resulted in the best likelihood score did not have
the lowest BIC score. There were many partitioning schemes that
resulted in highly similar BIC scores (Fig. 1A). When we plotted
the BIC score against the number of partitions, there was a strong
positive correlation between the two in that the partitioning
schemes with more partitions had higher BIC scores (Fig. 1C). How-
ever, no data partition at all (p1) or the schemes with a small num-
ber of partitions (p2, p3, p4, p6, p6c, and p7) had higher BIC scores
than the best-fit scheme (Fig. 1D).

3.3. Topology comparisons

All of the resulting topologies from the different partitioning
schemes recovered robust monophyletic relationships for Acrido-
morpha, Pyrgomorphoidea, and Acridoidea (Supplementary
Fig. S1). Specifically, we recovered the following relationship for
Acridomorpha at the superfamily level: (Eumastacoidea (Tanaoce-
roidea ((Pneumoroidea + Trigonopterygoidea) (Pyrgomorphoi-
dea + Acridoidea)))). This relationship was more refined
compared to Eades (2000) who did not resolve the phylogenetic
position of Trigonopterygoidea. In terms of internal relationships
within Acridoidea, all of the partitioning schemes recovered a sis-
ter relationship between Charilaidae and Pamphagidae, which was
congruent with Eades (2000). A sister relationship between Lentu-
lidae and Lithidiidae was also found across the partitioning
schemes, but the phylogenetic placement of Lentulidae was unre-
solved in Eades (2000). The phylogenetic placements of nine taxa
within Acridoidea (Gastrimargus, Locusta, Oedaleus, Ommexecha,

Oxya, Phlaeoba, Pyrgacris, Traulia, Xyleus) were affected by different
partitioning schemes (Table 7).

The best-fit partitioning scheme produced the following phylo-
genetic relationships within Acridoidea (Fig. 2): ((Charilai-
dae + Pamphagidae) (Pyrgacrididae ((Lentulidae + Lithidiidae)
(Tristiridae (Acrididae (Ommexechidae + Romaleidae)))))). Because
Eades’ (2000) hypothesis was largely unresolved at this level, it
was difficult to directly compare and contrast our finding with
the past findings. Instead, we compared the topology resulting
from the analysis of the best-fit partitioning scheme with other a
priori schemes as well as the worst-fit scheme using nodal dis-
tance, a measure developed by Puigho et al. (2007) which com-
pares the number of nodes separating each taxon from the other
taxa in the tree between two trees. This analysis found that the
best-fit scheme resulted in an identical topology as the ones from
p41 and p42, but the majority of the a priori schemes resulted in
topologies that were different from the best-fit scheme (Table 7).
Using the disagree method implemented in TOPD/FMTS (Puigbo
et al., 2007), we were able to identify what taxa were the causes
of topological disagreement. Except for the topologies resulting
from p41 and p42 schemes, the majority of the a priori schemes
had between one and six taxa that caused topological disagree-
ments with the best-fit scheme (Table 7).

4. Discussion
4.1. Mitochondrial genome evolution within Orthoptera

The present study adds 11 new species to the growing list of
orthopteran mtgenomes, ten of which are new families that have
never been sequenced before. Based on this comprehensive taxon
sampling, we can make some inferences about the mtgenome evo-
lution within Orthoptera. One of the characteristic features of cae-
liferan mtgenomes is the tRNA rearrangement between COII and
ATP8, which has tRNA-Asp before tRNA-Lys, compared to most
other insects that have tRNA-Lys before tRNA-Asp (Fenn et al.,
2008; Flook et al., 1995b; Sheffield et al., 2010). In the present
study, we included all basal caeliferan lineages to test the new
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Nucleotide positions and anticodons (for tRNAs) for all genes newly generated for this study.
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Gene Strand Anticodon Trachytettix Paramastax nigra Tanaocerus Trigonopteryx Hemicharilaus Prionotropishystrix
horridus” koebelei hopei” monomorphus”
tRNA-Ile  + GAU 1-66 (0) - 1-67 (0) 1-66 (0) - 1-66 (0)
tRNA-GIn  — uuG 66-134 (1) - 65-133 (-3) 71-139 (4) - 67-135 (0)
tRNA-Met + CAU 134-201 (1) - 133-201 (-1) 139-207 (—1) - 135-203 (—1)
ND2 + 202-1213 (0) 19-1015 (18) 223-1225 (21) 208-1222 (0) - 204-1226 (0)
tRNA-Trp  + UCA 1214-1281 (0) 1020-1083 (4) 1226-1291 (0) 1223-1286 (0) - 1230-1295 (3)
tRNA-Cys — GCA 1274-1335 (-8) 1076-1137 (-8) 1284-1348 (-8) 1279-1340 (-8) 4-69 (3) 1288-1352 (-8)
tRNA-Tyr  — GUA 1336-1399 (0) 1138-1201 (0) 1357-1423 (8) 1353-1421 (12) 79-144 (9) 1362-1427 (9)
COX1 + 1400-2930 (0) 1202-2738 (0) 1425-2955 (1) 1423-2953 (1) 146-1676 (1) 1429-2962 (1)
tRNA-Leu + UAA 2931-2997 (0) 2739-2802 (0) 2956-3021 (0) 2954-3018 (0) 1677-1742 (0) 2963-3028 (0)
CoX2 + 3010-3676 (12) 2805-3489 (2) 3024-3705 (2) 3021-3702 (2) 1750-2432 (7) 3036-3719 (7)
tRNA-Asp  + GUC 3677-3739 (0) 3490-3558 (0) 3706-3772 (0) 3703-3767 (0) 2433-2497 (0) 3723-3793 (3)
tRNA-Lys + Cuu 3741-3807 (1) 3561-3632 (2) 3774-3844 (1) 3769-3838 (1) 2503-2573 (5) 3796-3866 (2)
ATP8 + 3812-3970 (4) 3645-3803 (12) 3858-4016 (13) 3846-4013 (7) 2587-2748 (13) 3884-4042 (17)
ATP6 + 3967-4635 (—4) 3800-4477 (—4) 4013-4684 (—4) 4010-4681 (—4) 2745-3338 (—4) 4039-4713 (—-4)
COX3 + 4635-5424 (-1) 4464-5253 (—14) 4684-5474 (1) 4685-5471 (3) 3414-4214 (75) 4718-5509 (4)
tRNA-Gly + ucc 5425-5486 (0) 5254-5316 (0) 5475-5541 (0) 5472-5534 (0) 4215-4280 (0) 5513-5581 (3)
ND3 + 5487-5838 (0) 5317-5668 (0) 5542-5893 (0) 5535-5887 (0) 4281-4634 (0) 5582-5933 (0)
tRNA-Ala  + UGC 5839-5903 (0) 5669-5732 (0) 5894-5959 (0) 5888-5952 (0) 4636-4700 (1) 5934-5999 (0)
tRNA-Arg  + UCG 5902-5964 (-2) 5732-5796 (-1) 5960-6026 (0) - 4708-4772 (7) 6002-6063 (2)
tRNA-Asn  + GUU 5964-6027 (-1) 5800-5864 (3) 6031-6094 (4) 6021-6085 (68) 4775-4840 (2) 6067-6131 (3)
tRNA-Ser  + GCU 6028-6094 (0) 5862-5928 (—3) 6095-6161 (0) 6086-6152 (0) 4841-4907 (0) 6132-6198 (0)
tRNA-Glu  + uuc 6095-6161 (0) 5929-5992 (0) 6162-6227 (0) 6153-6218 (0) 4912-4978 (4) 6199-6264 (0)
tRNA-Phe — GAA 6160-6226 (—2) 5991-6055 (-2) 6226-6292 (-2) 6219-6287 (0) 4979-5044 (0) 6267-6332 (2)
ND5 6227-7952 (0) 6056-7775 (0) 6293-8028 (0) 6288-8025 (0) 5045-6770 (0) 6333-8064 (0)
tRNA-His — GUG 7956-8020 (3) 7779-7842 (3) 8030-8096 (1) 8026-8093 (0) 6777-6843 (6) 8065-8132 (0)
ND4 - 8032-9345 (11) 7844-9166 (1) 8097-9427 (0) 8094-9414 (0) 6844-8177 (0) 8133-9466 (0)
ND4L - 9351-9641 (5) 9172-9465 (5) 9421-9714 (-7) 9420-9713 (5) 8171-8464 (-7) 9460-9753 (-7)
tRNA-Thr  + UGU 9644-9707 (2) 9468-9530 (2) 9717-9783 (2) 9716-9779 (2) 8467-8535 (2) 9756-9821 (2)
tRNA-Pro  — UGG 9708-9773 (0) 9532-9595 (1) 9784-9848 (0) 9781-9844 (1) 8536-8603 (0) 9822-9888 (0)
ND6 + 9775-10,266 (1) 9597-10,100 (1) 9850-10,367 (1) 9847-10,371 (2) 8606-9127 (2) 9894-10,412 (5)
CYTB + 10,266-11,400 (-1) 10,100-11,237 (-1) 10,368-11,505 (0)  10,371-11,507 (-1) 9131-10,268 (3) 10,416-11,556 (3)
tRNA-Ser  + UGA 11,401-11,467 (0) 11,238-11,310 (0) 11,506-11,574 (0) - 10,269-10,338 (0) 11,557-11,626 (0)
ND1 - 11,470-12,417 (2) 11,337-12,284 (26) 11,619-12,542 (44) 11,728-12,517 (0) 10,364-11,311 (25) 11,653-12,600 (26)
tRNA-Leu — UAG 12,418-12,484 (0) 12,285-12,350 (0) 12,543-12,608 (0)  12,518-12,582 (0)  11,312-11,377 (0) 12,601-12,666 (0)
16S - 12,485-13,781 (0) - 12,609-13,905 (0)  12,583-13,886 (0)  11,378-12,689 (0) 12,667-13,987 (0)
tRNA-Val — UAC 13,782-13,849 (0) - 13,906-13,975 (0)  13,887-13,956 (0) 12,690-12,760 (0) 13,988-14,058 (0)
128 - 13,850-14,578 (0) - 13,976-14,739 (0)  13,957-14,735 (0)  12,760-13,291 (—1) 14,059-14,858 (0)
Control N/A - - 14,740-15,515 (0)  14,736-16,732 (0) - 14,859-15,651 (0)
Gene Strand Anticodon Pyrgacris descampsi Lentula callani Lithidiopsis carinatus Tristira magellanica Ommexecha virens
tRNA-Ile + GAU 1-64 (0) 1-65 (0) 1-67 (0) 1-66 (0) 1-64 (0)
tRNA-GIn - UuuG 81-149 (16) 66-134 (0) 69-137 (1) 67-135 (0) 66-134 (1)
tRNA-Met + CAU 149-216 (-1) 135-202 (0) 137-206 (—1) 135-203 (-1) 134-203 (-1)
ND2 + 217-1242 (0) 203-1222 (0) 207-1227 (0) 204-1223 (0) 204-1221 (0)
tRNA-Trp + UCA 1249-1317 (6) 1228-1295 (5) 1228-1295 (0) 1890-1955 (666) 1222-1288 (0)
tRNA-Cys - GCA 1310-1374 (-8) 1288-1352 (—8) 1288-1352 (—8) 1948-2010 (-8) 1281-1343 (-8)
tRNA-Tyr - GUA 1401-1468 (26) 1369-1434 (16) 1358-1424 (5) 2015-2081 (4) 1348-1413 (4)
COX1 + 1470-3000 (1) 1436-2966 (1) 1426-2956 (1) 2083-3613 (1) 1415-2945 (1)
tRNA-Leu + UAA 3001-3066 (0) 2967-3033 (0) 2957-3021 (0) 3614-3680 (0) 2946-3010 (0)
CoX2 + 3067-3748 (0) 3042-3723 (8) 3027-3709 (5) 3688-4371 (7) 3013-3694 (2)
tRNA-Asp + GUC 3749-3811 (0) 3724-3789 (0) 3710-3775 (0) 4372-4436 (0) 3695-3760 (0)
tRNA-Lys + CUuuU 3818-3887 (6) 3794-3864 (4) 3781-3851 (5) 4441-4511 (4) 3763-3833 (2)
ATP8 + 3896-4066 (8) 3868-4041 (3) 3873-4034 (21) 4528-4689 (16) 3849-4010 (15)
ATP6 + 4063-4737 (—-4) 4038-4712 (—-4) 4031-4705 (—4) 4686-5355 (—4) 4007-4681 (—4)
COX3 + 4742-5532 (4) 4716-5506 (3) 4709-5499 (3) 5356-6156 (0) 4686-5475 (4)
tRNA-Gly + ucc 5533-5599 (0) 5507-5573 (0) 5500-5575 (0) 6158-6224 (1) 5476-5543 (0)
ND3 + 5600-5951 (0) 5574-5925 (0) 5576-5928 (0) 6225-6578 (0) 5544-5896 (0)
tRNA-Ala + UGC 5952-6016 (0) 5926-5988 (0) 5929-5995 (0) 6579-6642 (0) 5897-5961 (0)
tRNA-Arg + UcCG 6019-6082 (2) 5989-6056 (0) 5996-6065 (0) 6646-6711 (3) 5964-6028 (2)
tRNA-Asn + GUU 6083-6147 (0) 6059-6124 (2) 6067-6131 (1) 6715-6780 (3) 6034-6098 (5)
tRNA-Ser + GCU 6148-6213 (0) 6125-6191 (0) 6132-6198 (0) 6781-6847 (0) 6099-6165 (0)
tRNA-Glu + uuc 6217-6282 (3) 6193-6256 (1) 6200-6266 (1) 6849-6914 (1) 6166-6230 (0)
tRNA-Phe - GAA 6281-6345 (-2) 6257-6319 (0) 6267-6333 (0) 6913-6976 (-2) 6232-6297 (1)
ND5 — 6346-8065 (0) 6320-8047 (0) 6334-8067 (0) 6977-8715 (0) 6298-8023 (0)
tRNA-His - GUG 8081-8145 (15) 8049-8115 (1) 8069-8141 (1) 8716-8781 (0) 8030-8094 (6)
ND4 - 8147-9469 (1) 8116-9449 (0) 8143-9477 (1) 8782-10,119 (0) 8095-9432 (0)
ND4L - 9475-9768 (5) 9443-9736 (-7) 9471-9764 (-7) 10,113-10,406 (-7) 9426-9719 (-7)
tRNA-Thr + UGU 9771-9837 (2) 9739-9805 (2) 9767-9834 (2) 10,409-10,474 (2) 9722-9791 (2)
tRNA-Pro - UGG 9838-9900 (0) 9806-9868 (0) 9835-9898 (0) 10,475-10,538 (0) 9792-9856 (0)
ND6 + 9903-10,430 (2) 9871-10,392 (2) 9901-10,422 (2) 10,541-11,059 (2) 9859-10,380 (2)
CYTB + 10,430-11,570 (-1) 10,396-11,544 (3) 10,429-11,568 (6) 11,067-12,204 (7) 10,384-11,520 (3)
tRNA-Ser + UGA 11,571-11,640 (0) 11,550-11,618 (5) 11,571-11,640 (2) 12,205-12,274 (0) 11,525-11,594 (4)
ND1 11,662-12,609 (21) 11,640-12,587 (21) 11,660-12,607 (19) 12,301-13,248 (26) 11,616-12,563 (21)

(continued on next page)
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Gene Strand Anticodon Pyrgacris descampsi Lentula callani Lithidiopsis carinatus Tristira magellanica Ommexecha virens
tRNA-Leu - UAG 12,610-12,675 (0) 12,588-12,651 (0) 12,608-12,673 (0) 13,249-13,314 (0) 12,564-12,628 (0)
16S - 12,676-13,979 (0) 12,652-13,968 (0) 12,674-13,994 (0) 13,315-14,633 (0) 12,629-13,937 (0)
tRNA-Val - UAC 13,980-14,050 (0) 13,969-14,039 (0) 13,995-14,065 (0) 14,634-14,704 (0) 13,938-14,008 (0)
128 - 14,051-14,822 (0) 14,039-14,834 (-1) 14,066-14,862 (0) 14,705-15,506 (0) 14,009-14,787 (0)
Control N/A 14,823-15,618 (0) 14,835-15,944 (0) 14,863-15,652 (0) 15,507-16,494 (0) 14,788-15,536 (0)

" Indicates partially sequenced mtgenomes.

Table 4

Start codon of protein-coding genes for all taxa included in the analysis. The start codon for COI is hypothesized to be a conserved tetranucleotide (AUGA), which is found in all
caeliferans. Two exceptions are found in T. kobelei and M. xiangchengensis (indicated by asterisk), both of which have GUGA as the start codon.
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cor ND3 ND5

=
N

ND6

ﬁ
3

ND1

Ellipes minuta

Trachytettix horridus
Paramastax nigra
Tanaocerus kobelei
Physemacris variolosa
Trigonopteryx hopei
Atractomorpha sinensis
Mekongiella xizangensis
Mekongiana xiangchengensis
Hemicharilaus monomorphus
Thrinchus schrenkii
Prionotropis hystrix
Pyrgacris descampsi
Lithidiopsis carinatus
Lentula callani

Tristira magellanica
Ommexecha virens

Xyleus modestus
Calliptamus italicus
Schistocerca gregaria gregaria
Traulia szetschuanensis
Oxya chinensis

Prumna arctica

Ognevia longipennis
Phlaeoba albonema

Acrida willemsei

Oedaleus decorus asiaticus
Gastrimargus marmoratus
Locusta migratoria
Arcyptera coreana
Euchorthippus fusigeniculatus
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hypothesis by Sheffield et al. (2010), who suggested that this gene
rearrangement is a synapomorphy for a subgroup within the
orthopteran suborder Caelifera. We found that Tridactyloidea
was the only caeliferan that had the ancestral gene arrangement
(Fig. 2). In other words, the tRNA rearrangement probably evolved
in the common ancestor of Tetrigoidea and Acridomorpha after it
diverged from the ancestral Tridactyloidea and we consider this
rearrangement as a definitive molecular synapomorphy for
Tetrigoidea + Acridomorpha.

Besides this tRNA rearrangement, gene order, tRNA anticodons,
start and stop codons, and gene lengths are highly conserved
throughout the mtgenomes of Acridomorpha (Table 3). Based on
fossil data, the stem-group Acridomorpha (Locustopseidae) is
known from the Early Jurassic (198 MYA) (Zeuner, 1942) and the
stem-group Tetrigidae is known from the Early Cretaceous (125-
130 MYA) (Archaeotetrix and Prototetrix) (Sharov, 1968), which sug-
gested that the mtgenome structure has remained unmodified for
at least 150-170 million years. This pattern is in contrast with the
mtgenome structures in more recently evolved insect orders such
as paraneopterans (Covacin et al.,, 2006; Hua et al., 2008; Shao
and Barker, 2003; Shao et al., 2001) and Hymenoptera (Dowton
et al, 2009b) that are known to have extensive gene
rearrangements.

4.2. Partition strategies for analyzing mtgenome data

The main objective of this study is to address the effect of data
partitioning in a maximum likelihood framework, especially when
it is applied to complex, multi-locus datasets. With a total of 37
genes, there are numerous possible ways of partitioning mtgenome
data, but most mitochondrial phylogenomic studies to date have so
far relied on only a subset of partitioning schemes (e.g. Cameron
et al., 2004; Fenn et al., 2008), based on decisions made without
much justification. The present study represents the first attempt
to rigorously explore the vast landscape of mtgenome data
partitioning.

An in-depth look at the best-fit partitioning scheme, selected by
PartitionFinder, reveals some interesting patterns. The scheme par-
titioned the mtgenome data into 8 partitions, of which five parti-
tions grouped genes based on some structural characteristics
(Table 6). For example, one partition grouped the 2nd codon posi-
tion of 8 PCGs, and another partition grouped loop regions of 8
RNAs. This finding indicates that there may be some inherent sim-
ilarities in terms of nucleotide evolution among the same codon
positions across different PCGs and among stems and loops across
different RNAs. It is worth noting that PartitionFinder was able to
find structural similarities among different genes without our
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Table 5

Comparison of best-fit and worst-fit scheme as selected by PartitionFinder with commonly used a priori partitioning schemes.
Partition scheme InL #Parameters #Sites #Data blocks AIC AlCc BIC
best —211435.02 599 15,404 8 424068.04 424116.59 428645.83
p5 —216500.04 375 15,404 5 433750.08 433768.85 436615.98
p7 —215819.35 523 15,404 7 432684.70 432721.53 436681.67
p6 —216438.69 450 15,404 6 433777.37 433804.52 437216.44
p2 —218696.62 150 15,404 2 437693.24 437696.21 438839.60
p28 -210913.70 2085 15,404 28 425997.39 426650.54 441931.76
p30 —-210233.00 2233 15,404 30 424932.01 425689.57 441997.45
p6c —219083.98 450 15,404 6 439067.96 439095.10 442507.03
p29 —210852.34 2160 15,404 29 426024.68 426729.62 442532.22
p15 —216535.66 1124 15,404 15 435319.32 435496.43 443909.36
p16 —216474.30 1199 15,404 16 435346.61 435549.20 444509.82
p3 —221437.52 225 15,404 3 443325.04 443331.74 445044.57
pl —222427.65 75 15,404 1 445005.31 445006.05 445578.49
p41 —209214.19 3054 15,404 41 424536.38 426047.43 447876.21
p43 —208533.50 3202 15,404 43 423470.99 425152.17 447941.90
p42 —209152.83 3129 15,404 42 424563.66 426159.52 448476.68
p27 —215157.25 2004 15,404 27 434322.50 434922.25 449637.83
p50 —209570.90 3714 15,404 50 426569.80 428930.57 454953.61
p37 —-215192.87 2753 15,404 37 435891.73 437090.43 456931.21
p63 —207871.39 4683 15,404 63 425108.79 429201.17 460898.07
p51 —213594.57 3784 15,404 51 434757.15 437222.50 463675.92
p87 —206308.72 6463 15,404 87 425543.44 434889.49 474936.16
worst —207469.38 6389 15,404 86 427716.76 436775.05 476543.94

Table 6

The best and the worst partitioning scheme selected by PartitionFinder and the best a priori partitioning scheme. pn indicates individual codon position of PCGs.

Best: 8 partitions

Partition 1: (ATP6_p1, ATP8_p1, ATP8_p2, Ala_loop, Arg_loop, Asn_loop, Asp_loop, Cys_loop, Glu_loop, Gly_loop, Ile_loop, Leul_loop,
Lys_loop, Met_loop, ND2_p1, ND3_p1, ND6_p1, Ser1_loop, Ser2_loop, Thr_loop, Trp_loop, Tyr_loop)

Partition 2: (ATP6_p2, COX1_p2, COX2_p2, COX3_p2, CYTB_p2, ND2_p2, ND3_p2, ND6_p2)

Partition 3: (ATP6_p3, ATP8_p3, COX1_p3, COX2_p3, COX3_p3, CYTB_p3, ND2_p3, ND3_p3, ND6_p3)

Partition 4: (COX1_p1, COX2_p1, COX3_p1, CYTB_p1)
Partition 5: (12S_stem, 16S_stem, Ala_stem, Arg_stem, Asn_stem, Asp_stem, Cys_stem, GIn_stem, Glu_stem, Gly_stem, His_stem, Ile_stem,
Leul_stem, Leu2_stem, Lys_stem, Met_stem, ND1_p1, ND4_p1, ND5_p1, Phe_stem, Pro_stem, Ser1_stem, Ser2_stem, Thr_stem, Trp_stem,

Tyr_stem, Val_stem)

Partition 6: (ND1_p2, ND4L_p1, ND4L_p2, ND4_p2, ND5_p2)

Partition 7: (ND1_p3, ND4L_p3, ND4_p3, ND5_p3)

Partition 8: (12S_loop, 16S_loop, GIn_loop, His_loop, Leu2_loop, Phe_loop, Pro_loop, Val_loop);

p5 (best a priori): 5
partitions
Partition 1:
Partition 2:

(ATP6_p1, ATP8_p1, COX1_p1, COX2_p1, COX3_p1, CYTB_p1, ND1_p1, ND2_p1, ND3_p1, ND4_p1, ND4L_p1, ND5_p1, ND6_p1)
(ATP6_p2, ATP8_p2, COX1_p2, COX2_p2, COX3_p2, CYTB_p2, ND1_p2, ND2_p2, ND3_p2, ND4_p2, ND4L_p2, ND5_p2, ND6_p2)

Partition 3: (ATP6_p3, ATP8_p3, COX1_p3, COX2_p3, COX3_p3, CYTB_p3, ND1_p3, ND2_p3, ND3_p3, ND4_p3, ND4L_p3, ND5_p3, ND6_p3)

Partition 4: (16S, 12S)

Partition 5: (Ala, Arg, Asn, Asp, Cys, GIn, Gly, Glu, His, Ile, Leul, Leu2, Lys, Met, Phe, Pro, Ser1, Ser2, Thr, Trp, Tyr, Val)

Worst: 86 partitions

ATP6_p1) (ATP6_p2) (ATP6_p3) (ATPS_pl1) (ATPS_p2) (ATP8_p3) (COX1_pl) (COX1_p2)

COX1_p3, ND5_p2)

(COX2_p1) (COX2_p2) (COX2_p3) (COX3_pl) (COX3_p2) (COX3_p3)

CYTB_p1) (CYTB_p2) (CYTB_p3) (ND1_p1) (ND1_p2) (ND1_p3) (ND2_p1) (ND2_p2)
ND2_p3) (ND3_p1) (ND3_p2) (ND3_p3) (ND4_pl) (ND4_p2) (ND4_p3) (ND4L_p1)
ND4L_p2) (ND4L_p3) (ND5_p1) (ND5_p3) (ND6_p1) (ND6_p2) (ND6_p3) (16S_stem)

Asn_loop) (Asp_stem) (Asp_loop) (Cys_stem) (Cys_loop) (GIn_stem) (GIn_loop) (Glu_stem)
Glu_loop) (Gly_stem) (Gly_loop) (His_stem) (His_loop) (Ile_stem) (Ile_loop) (Leul_stem)

Leul_loop) (Leu2_stem) (Leu2_loop) (Lys_stem)

Phe_loop) (Pro_stem) (Pro_loop) (Serl_stem)

(Lys_loop) (Met_stem) (Met_loop) (Phe_stem)

(

(

(

(

(

(16S_loop) (12S_stem) (12S_loop) (Ala_stem) (Ala_loop) (Arg_stem) (Arg_loop) (Asn_stem)
(

(

(

( (Ser1_loop) (Ser2_stem) (Ser2_loop) (Thr_stem)
(

Thr_loop) (Trp_stem) (Trp_loop) (Tyr_stem) (Tyr_loop) (Val_stem) (Val_loop);

specifying their similarities a priori. However, we also found that
the remaining three partitions grouped different regions of the
genes regardless of their structural similarities. For example, one
partition grouped of the 1st codon position of 5 PCGs, the 2nd co-
don position of 1 PCG, and the loop region of 16 tRNAs. Perhaps
this is just noise, but we do not have a good explanation for this
kind of pattern at this point. One of the benefits of statistically ana-
lyzing partitioning schemes is the possibility of obtaining a robust
and justifiable solution through an extensive exploration of poten-
tial partitioning schemes rather than trying to speculate the most
reasonable partitioning scheme a priori.

Indeed, we find that the a priori partitioning schemes typically
employed in mitochondrial phylogenomics are suboptimal to the
best-fit scheme suggested by PartitionFinder in terms of the infor-
mation criterion scores (Table 5). This is the pattern also observed
by Lanfear et al. (2012) who compared partitioning schemes across
many types of mitochondrial and nuclear genes. One of the most
commonly used partitioning schemes in the mitochondrial phylog-
enomics includes 16 partitions in which 13 PCGs and 2 rRNAs are
individually partitioned and 22 tRNAs are combined into a single
partition (Fenn et al., 2008). This scheme (p16) had about twice
as many parameters as the best-fit scheme, and 9th of the 20
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Fig. 1. The relationship between Bayesian Information Criterion (BIC) score and log likelihood (A and B), and between BIC and the number of partitions (C and D). Based on
109,737 schemes explored using PartitionFinder, we find that the best BIC score (the best-fit partitioning scheme) does not necessarily have the best likelihood ratio (A), but
there is almost a direct correlation between the BIC score and the number of partitions (C). Among the a priori schemes, we find that the schemes that partitioned PCGs in a
similar manner tend to result in the similar BIC scores (B and D). For more detailed information about specific partitioning schemes, see Table 2.

Table 7

Comparisons of topologies between best-fit partitioning schemes and other schemes calculated using TOPD/FMTS (Puigbo et al., 2007).
Nodal distance is calculated from comparing pairwise distance matrices from the two input tree (the best-fit scheme vs others). The nodal
distance score is O for identical trees, and increases as the two trees become more dissimilar. Only the genus names are shown for the taxa

in disagreement.

Partition scheme

Nodal distance

Taxa in disagreement

Best
p5

p87
Worst

0.9784
0.9784
0.9784
0.8580
0.9374
0.9143
0.7932
0.9374
0.3378
0.3378
0.8580
0.8580
0.0000
0.6716
0.0000
0.9784
0.9374
0.7932
0.7739
0.9784
0.7517
0.7739

Ommexecha, Phlaeoba, Pyrgacris, Traulia, Xyleus

Ommexecha, Phlaeoba, Pyrgacris, Traulia, Xyleus

Ommexecha, Phlaeoba, Pyrgacris, Traulia Xyleus

Gastrimargus, Locusta, Oedaleus, Ommexecha, Pyrgacris, Xyleus
Gastrimargus, Locusta, Oedaleus, Traulia

Oxya, Gastrimargus, Locusta, Oedaleus, Traulia

Gastrimargus, Locusta, Oedaleus, Ommexecha, Xyleus
Gastrimargus, Locusta, Oedaleus, Traulia

Gastrimargus, Locusta, Oedaleus

Gastrimargus, Locusta, Oedaleus

Gastrimargus, Locusta, Oedaleus, Ommexecha, Pyrgacris, Xyleus
Gastrimargus, Locusta, Oedaleus, Ommexecha, Pyrgacris, Xyleus
none

Traulia

none

Ommexecha, Phlaeoba, Pyrgacris, Traulia, Xyleus

Gastrimargus, Locusta, Oedaleus, Traulia

Gastrimargus, Locusta, Oedaleus, Ommexecha, Xyleus
Gastrimargus, Locusta, Oedaleus, Ommexecha, Traulia, Xyleus
Ommexecha, Phlaeoba, Pyrgacris, Traulia, Xyleus

Gastrimargus, Locusta, Oedaleus, Traulia

Gastrimargus, Locusta, Oedaleus, Ommexecha, Traulia, Xyleus
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a priori schemes in terms of the BIC score (Table 5). In other words,
this commonly used scheme is not the best way to analyze the
mtgenome data in our study.

Among the a priori schemes, three best performing schemes
(p5, p7, and p6) all relied on a partitioning scheme that grouped
different codon positions of PCGs into single partitions (i.e. all
1st codon position of 13 PCGs grouping into a single partition).
The main difference among these three schemes was how rRNA
and tRNA genes were further partitioned. For example, rRNA
could be combined into a single partition, divided into two indi-
vidual genes (16S and 12S), or further divided into stems and
loops. The effect of partitioning 16S and 12S into various
schemes appeared to have a minimum effect to the performance
in terms of BIC scores and resulting topologies. However, when
tRNA genes were partitioned into individual genes (22 additional
partitions) or divided even further into stems and loops (44
additional partitions), the effect became dramatic. For example,
p51 was identical to p6 in terms of PCGs and rRNAs, but differed
in how tRNA genes were partitioned, and its performance
dropped down to one of the worst a priori schemes (Table 5).
It is possible that the increasingly poor performance of the high-
er number of partitions is related to over-parameterization. In
general, we find that partitioning schemes that dissect the data
finely perform more poorly than those with a small number of
partitions (Fig. 1). It has been shown that over-partitioning not
only increases computation time, but reduces the amount of
information available for estimating parameters, which can lead
to increased variance, added weight to divergent lineages, and
parameter nonidentifiability (Chang, 1996).

0.9

Ellipes minuta [Tridactylidae]

503

Our comparison among the a priori schemes is also revealing in
terms of the effect of partitioning by gene or by gene and codon po-
sition. The partitioning schemes p5 (best a priori scheme), p15,
p28, and p41 only differed in how PCGs were divided up. 13 PCGs
can be partitioned into three codon-based partitions (p5), 13 gene-
based partitions (p15), 26 partitions in which the 1st and 2nd co-
don positions of each gene are combined and the 3rd codon is trea-
ted separately (p28), or 39 partitions in which individual codon
positions of each gene are treated separately (p41). We find that
as the number of partitions increased, the BIC scores and likelihood
scores worsened. Similarly to the effect of over-partitioning of
tRNA genes, over-partitioning of PCGs appears to have a detrimen-
tal impact in terms of phylogenetic reconstruction. Although parti-
tioning by gene is a more commonly used strategy, we show that
partitioning 13 PCGs into three codon-based partitions is a more
appropriate method in our dataset. Our findings are also congruent
with Fenn et al. (2008) and Pons et al. (2010) who discouraged par-
titioning schemes that would partition mitochondrial PCGs by both
gene and codon position because doing so would result in over-
parameterization and stochastic error.

4.3. Effect of data partitioning in terms of phylogenetic reconstruction

We find that our mtgenome data contained strong phylogenetic
signal for robustly resolving the higher-level relationships within
Acridomorpha because identical superfamily-level relationships
were recovered regardless of the partitioning schemes. However,
we also show that the relationships within Acridoidea were
sensitive to partitioning schemes. The topology resulting from
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Fig. 2. A maximum likelihood tree of Acridoidea based on the analysis of the best-

Trigonopteryx hopei [Trigonopterygidae]
Atractomorpha sinensis [Pyrgomorphidae]

Mekongiana xiangchengensis [Pyrgomorphidae]
Mekongiella xizangensis [Pyrgomorphidae]
Hermohanlatlls monémorphus [C.hanlaldae] Acridoidea
Prionotropis hystrix [Pamphagidae]

Thrinchus schrenkii [Pamphagidae]

Pyrgacris descampsi [Pyrgacrididae]

Lentula callani [Lentulidae]

Lithidiopsis carinatus [Lithidiidae]

Tristira magellanica [Tristiridae]

Xyleus modestus [Romaleidae]

Ommexecha virens [Ommexechidae]

Calliptamus italicus [Calliptaminae]

Schistocerca gregaria [Cyrtacanthacridinae]

Traulia szetschuanensis [Catantopinae]

Oxya chinensis [Oxyinae]

Ognevia longipennis [Melanoplinae]

Prumna arctica [Melanoplinae]

Phlaeoba albonema [Acridinae]

Acrida willemsei [Acridinae]

Locusta migratoria [Oedipodinae]
Gastrimargus marmoratus [Oedipodinae]
Oedaleus decorus [Oedipodinae]
Arcyptera coreana [Gomphocerinae]
Euchorthippus fusigeniculatus [Gomphocerinae]
Chorthippus chinensis [Gomphocerinae]
Gomphocerus licenti [Gomphocerinae]
Gomphocerippus rufus [Gomphocerinae]

9EepIPLOY

100

fit partitioning scheme selected by PartitionFinder. Numbers above nodes are bootstrap

values. tRNA rearrangement between COII and ATPS8 is found in all caeliferans except Tridactyloidea, suggesting that this rearrangement is a molecular synapomorphy for

Tetrigoidea + Acridomorpha.
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the best-fit scheme was different from the best a priori scheme (p5)
in the placement of five taxa. In fact, 18 out of the 20 a priori
schemes resulted in topologies that were different from the best-
fit scheme. The topological conflicts resulted from the alternative
placements of nine taxa: Gastrimargus, Locusta, Oedaleus, Ommexe-
cha, Oxya, Phlaeoba, Pyrgacris, Traulia, and Xyleus. Based on the
topology resulting from the best-fit scheme, the nodal support val-
ues for the placement of these taxa were not robust, often less than
the bootstrap value of 50. This pattern may indicate that our mtge-
nome data did not contain enough phylogenetic information to
correctly resolve lower-level relationships or it may be that these
taxa are so closely related (especially in the case of Gastrimargus,
Locusta, and Oedaleus) that data partitioning itself reduced the
number of informative sites to group them correctly. It is notable
that these nine taxa do not appear to exhibit long branches, com-
positional bias, or any other symptoms of possible rogue taxa that
are sensitive to phylogenetic reconstruction. Unfortunately, there
is no previous phylogenetic hypothesis of Acridoidea to test the
phylogenetic accuracy of our study at this level. Given the fact that
different partitioning schemes affect the relationships within Acri-
doidea, it makes sense to select the partitioning scheme that has
the best information criterion score as the most likely solution.

Our study represents one of few empirical examples of explor-
ing data partitioning schemes in a maximum likelihood frame-
work. It has been demonstrated that appropriate partitioning
schemes within a likelihood framework can greatly improve the
phylogenetic reconstruction (Minin et al., 2003; Pagel and Meade,
2004; Roberts et al., 2009) and our study clearly advocates this
point. Most of the data partitioning studies have been done in a
Bayesian framework (Brandley et al., 2005; Brown and Lemmon,
2007; Miller et al., 2009) because the current implementation of
Bayesian phylogenetics readily allows applying different models
to different partitions and analyzing them simultaneously
(Nylander et al., 2004). The most common way of assessing parti-
tioning strategies is the use of Bayes Factor (Kass and Raftery,
1995), which has been shown to be a reliable and statistically
sound way of finding the optimal solution (Brown and Lemmon,
2007). In contrast, a thorough maximum likelihood analysis is
computationally expensive (Holder and Lewis, 2003) and partition-
ing data with mixed models can introduce a prohibitively large
burden for computing likelihood. Currently, there are only two
phylogenetic programs available (RAXML and GARLI) that can han-
dle partitioned data, but only the latest version of GARLI (ver. 2.0)
can handle mixed model partitioning with some limitations. To our
knowledge, there is no maximum likelihood software that allows
applying different models to different partitions similar to what
has been implemented in Bayesian software such as MrBayes.
We analyzed our data using RAXML to take advantage of its fast
algorithm as well as its capacity to handle partitioned datasets.
One drawback, which is a major weakness of our study, is that
the current version of RAXML applies the same model of evolution
to each partition separately in a partitioned analysis. Given the
objective of our study, however, we argue that our application of
a single, identical model to datasets that differ in partitioning
schemes allows us to better focus the effect of data partitioning,
not confounded by other factors.

4.4. Phylogeny of Acridoidea

The present study represents the most character-rich phyloge-
netic analysis of Acridomorpha and Acridoidea to date. Although
taxon sampling is relatively small, it includes all six acridomorph
superfamilies and nine of eleven families within Acridoidea to
comment on the higher-level relationships. Below we elaborate
on the evolution of grasshoppers based on the topology resulting
from the best-fit partitioning scheme (Fig. 2). For simplicity, we

also present a reduced phylogeny that depicts family-level rela-
tionships (Fig. 3).

Among the outgroups, we find that Eumastacoidea, the second
largest superfamily including about 1200 species, is the earliest
diverging lineage within Acridomorpha. This group is character-
ized by the lack of tympanum and monoscleritic penis (Dirsh,
1975) and its most basal placement within Acridomorpha has been
consistently supported by both morphology (Amédégnato, 1974;
Dirsh, 1975; Eades, 2000) and DNA (Flook et al., 1999; Flook and
Rowell, 1997). Our study lends additional support for the basal
placement of Eumastacoidea within Acridomorpha. Tanaoceroidea,
Pneumoroidea, and Trigonopterygoidea are small relict superfam-
ilies whose phylogenetic relationships have not been well under-
stood (Flook et al., 2000). Tanaoceroidea contains a single family
(Tanaoceridae) endemic to the southwestern US, characterized by
extremely long antennae and a rudimentary male phallic complex
(Dirsh, 1955; Grant and Rentz, 1967; Rehn, 1948). Pneumoroidea
also contains one family (Pneumoridae) endemic to South Africa,
known for its unique femoroabdominal stridulatory mechanism
(Dirsh, 1965). Trigonopterygoidea consists of two divergent fami-
lies, Trigonopterygidae and Xyronotidae. The former is endemic
to the Southeast Asia and characterized by reversed male genitalia
and foliaceous tegmina (Dirsh, 1952) and the latter contains four
species endemic to central Mexico and can be characterized by
rudimentary male genitalia and a stridulatory ridge on the third
abdominal tergite (Dirsh, 1955). Dirsh (1975) considered Trigono-
pterygidae to be highly unusual and placed it its own superfamily
Trigonopterygoidea and grouped Pneumoridae, Tanaoceridae, and
Xyronotidae into a single superfamily Pneumoroidea based on
membranous and rudimentary male genitalia. Based on molecular
data, Flook et al. (1999) found that Trigonopterygidae and Xyronot-
idae formed a monophyletic clade and revised the concept of Trig-
onopterygoidea, which now includes these two families, but they
failed to resolve relationships among other basal lineages. Flook
et al. (2000) expanded the taxon sampling of basal acridomorphs
and rejected Dirsh’s (1975) classification based on their findings
which found the following relationship: (Eumastacoidea (Tanaoce-
roidea (Trigonopterygoidea (Pneumoroidea (Pyrgomorphoi-
dea + Acridoidea))))). Our study corroborates with Flook et al.
(2000) in the placement of Tanaoceroidea, but disagrees in that
we find a strong monophyletic relationship between Trigonoptery-
goidea and Pneumoroidea. Since our analysis did not include Xyro-
notidae, we cannot comment on the monophyly of
Trigonopterygoidea, but our novel relationship raises an intriguing
possibility of these two geographically separated, divergent lin-
eages’ sharing an immediate common ancestor.

The phylogenetic placement of Pyrgomorphidae (the sole
member of Pyrgomorphoidea) within Acridomorpha was first
hypothesized to be close to Pamphagidae (“Chasmosacci” sensu
Roberts, 1941) based on the form of the ejaculatory sac (open
ejaculatory sac) and associated phallic structures. Both Dirsh
(1956) and Amédégnato (1976) considered the family closely re-
lated to South African endemic Lentulidae also based on male
phallic structures. Using a small molecular dataset, Flook and Ro-
well (1997) found that Pyrgomorphidae was not related to
Pamphagidae and Flook et al. (2000) further confirmed this idea
based on a denser taxon sampling of basal Acridomorpha and
proposed a new superfamily Pyrgomorphoidea. Synthesizing all
known information at the time, paying special attention to male
phallic structures, Eades (2000) hypothesized that Pyrgomor-
phoidea is sister to Acridoidea. Our study corroborates with
Eades (2000) in recovering a sister relationship between Pyrgo-
morphoidea and Acridoidea, despite low nodal support, which
also confirms a hypothesis set forth by Eades (1962) that similar
male phallic structures must have evolved independently in both
Pyrgomorphoidea and Acridoidea.
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Our study represents a robust phylogenetic anlaysis of Acridoi-
dea and we report several novel relationships. Here, we discuss
about the relationships starting from the base of this monophyletic
clade. At the base of Acridoidea, we find a robustly supported clade
consisting of Charilaidae and Pamphagidae. Charilaidae, a small
family including only five species disjunctly distributed in North
and South Africa, has been considered a subfamily of Acrididae
(Dirsh, 1953), a subfamily of Pamphagidae (Eades, 1963), and as
a separate family (Dirsh, 1956). Dirsh (1975) suggested that Chari-
laidae might represent a relic lineage that is closely related to
Pamphagidae, which has a wider Old World distribution from Afri-
ca to Asia. The affinity of Charilaidae to Pamphagidae has been con-
sistently suggested by Dirsh (1956), Amédégnato (1976), and
Eades (2000) based on the similarity of phallic structures and our
study confirms this hypothesis based on independent molecular
data. In our phylogeny, this clade is sister to the remaining Acridoi-
dea and represents the earliest diverging lineage within the super-
family. The phylogenetic position of Pyrgacrididae, which contains
two species known only from Mauritius and Réunion Islands in the
Western Indian Ocean (Descamps, 1968; Hugel, 2005), has been
contentious because of its geographic isolation and the similarity
of its male phallic complex to both Pyrgomorphidae and Acrididae
(hence the family name) (Eades and Kevan, 1974). Descamps
(1968) originally placed it as a subfamily under Acrididae and both
Eades and Kevan (1974) and Dirsh (1975) placed it under Pyrgo-
morphidae. Later Eades (2000) elevated it to its own family and
placed it under Acridoidea and suggested that Pyrgacrididae might
represent a surviving remnant of a superfamily ancestral to both
Pyrgomorphoidea and Acridoidea. Our phylogeny finds that Pyrg-
acrididae is not closely related to either Pyrgomorphidae or Acrid-
idae, but occupies a rather divergent position near the base of
Acridoidea. Mauritius is a volcanic island that emerged in the early
Pliocene (6.8-7.8 MYA) and Réunion is even younger (McDougall
and Chamalaun, 1969), which suggests that the ancestral Pyrg-
acrididae that originally colonized the islands cannot be the relict
lineage of the common ancestor between Pyrgomorphoidea and
Acridoidea.

Another novel relationship in our phylogeny is a sister relation-
ship between two African families, Lithidiidae and Lentulidae. Dirsh

Tridactylidae

Tetrigidae

Charilaidae [AFR]

Lentulidae [AFR]

Tristiridae [NEQ]

Eumastacidae [AFR, NEO, AUS, IND]
Tanaoceridae [NEA]
I—Tngonopterygldae [IND]

— Pneumoridae [AFR]

Pyrgomorphidae [AFR, PAL, NEO, AUS, IND] Ihqa{elelVielxzz[0]In]= NEKy)]

Pamphagidae [AFR, PAL]
Pyrgacrididae [AFR]

Lithidiidae [AFR]

Ommexechidae [NEO]
Romaleidae [NEO, NEA]
Acrididae [Worldwide]

(1975) placed Lithidiidae as a subfamily of Acrididae but com-
mented that its phylogenetic position was unclear. Eades (2000) ele-
vated it to family-level because it did not fit in any of the existing
families, but suggested a possibility of its affinity to Lentulidae.
The sister relationships recovered from our study thus supports
Eades’ (2000) suggestion. Amédégnato (1976) considered Lentuli-
dae closely related to Pyrgomorphidae based on the similarity of
male genitalia, but our analysis does not support her hypothesis,
suggesting that the morphological similarity might be due to
convergence.

The phylogenetic relationships of the remaining four families
included in our study are also novel. We found that Ommexechidae
and Romaleidae form a monophyly, which is sister to Acrididae,
and these three families are in turn sister to Tristiridae. Of the four
families, Ommexechidae, Romaleidae, and Tristiridae are found
exclusively in the New World, mainly in South America. Acrididae
is cosmopolitan. Considering that all other basal families within
Acridoidea are distributed only in the Old World, the placement
of South American families within the phylogeny of Acridoidea
seems to suggest a possibility of multiple colonization events from
the Old World to the New World. Tristiridae comprises 18 genera
endemic to the steppe zones of Argentina, Chile and Peru (Cigliano,
1989). Several authors (Amédégnato, 1976; Cigliano, 1989; Eades,
1962; Eades and Kevan, 1974) have expressed that it is a primitive
family that has a unique male phallic complex that appears to be
intermediate between Robert’s (1941) Chasmosacci and Cryptosac-
ci. Because of its morphological affinity to Pyrgomorphidae and
Lentulidae, both of which are of the Old World origin, Amédégnato
(1993) further hypothesized that Tristiridae might represent rem-
nants from the Antarctic fauna that later colonized South America
in the Cenozoic. The phylogenetic position of Tristridae in our
study cannot refute Amédégnato’s (1993) scenario. Ommexechi-
dae, Romaleidae, and Acrididae are considered modern
grasshoppers that fit Robert’s (1941) definition of Cryptosacci
(Amédégnato, 1976; Eades, 1961). Eades (1961) examined male
genitalia of several ommexechids and suggested that the family
(which he considered as a subfamily then) had a more affinity to
Romaleidae than Acrididae. Amédégnato (1976) expressed the
same opinion. Eades (2000), however, later suggested that

EUMASTACOIDEA (1239)

TRIGONOPTERYGOIDEA (21)

PNEUMOROIDEA (17)

VHdYOWNOAIdov

ACRIDOIDEA (7095)

Fig. 3. A family-level phylogeny of Acridomorpha reduced from Fig. 2. The code next to the family name indicates the geographical distribution of each family: AFR, Africa;
NEO, Neotropic; AUS, Australia; IND, Indo-Pacific; NEA, Nearctic; PAL, Palearctic. The number next to the superfamily name indicates the number of described species within

each superfamily. The figure of the grasshopper was taken from Dirsh (1975).
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Ommexechidae was more closely related to Tristiridae. Our study
corroborates with the original assessment of Eades (1961) as well
as Amédégnato (1976) in finding a sister relationship between
Ommexechidae and Romaleidae. Acrididae is the largest family
within Acridoidea containing more than 6500 species worldwide.
Our taxon sampling within Acrididae does not include all known
subfamilies to thoroughly comment on the internal relationships,
but we find that the Old World subfamilies (Calliptaminae, Cyrt-
acantharidinae, Oxyinae, and Catantopinae) are positioned at the
base of the clade, which suggests the Old World origin of the fam-
ily, which has long been suspected (Amédégnato, 1993). In other
words, we can speculate that there was an initial divergence be-
tween the common ancestor of Ommexechidae and Romaleidae
and the ancestral Acrididae, in which the former remained con-
fined mainly to South America and the latter spread from Africa
to other parts of the Old World. Following this, there must have
been several independent colonization events from the Old World
to the New World by ancestral acridids at different times. It is how-
ever unclear when the original split might have happened because
fossil data for modern grasshoppers are notoriously lacking.

4.5. Final remarks and recommendations

In this study, we have thoroughly demonstrated the effect of
data partitioning in a maximum likelihood framework in the con-
text of the mitochondrial phylogenomics of Acridoidea. We have
shown that the a priori partitioning schemes are suboptimal to
the best-fit scheme suggested by PartitionFinder. Based on our
study, we recommend the following procedures when analyzing
mtgenome data for phylogenetics, but the same idea can be ap-
plied to any phylogenetic analyses utilizing multiple loci. The first
step is to dissect the dataset into as many partitions as possible
when pre-defining the configuration file for PartitionFinder. In
our case, we created a total of 87 partitions, which incorporated
not only the individual codon positions of PCGs, but also stems
and loops of rRNAs and tRNAs. This step is crucial because the fi-
nely dissected input data provide PartitionFinder more combina-
tions to search through, therefore increasing the likelihood of
finding the most appropriate way of partitioning the data. The
“greedy” algorithm implemented in PartitionFinder is an effective
heuristic search tool that can search through the vast space of
possible partitioning schemes. For our study, this space consisted
of Bg7 = 6.39 x 10° possible schemes and the program compared
109,737 schemes. Admittedly, the schemes that were compared
represent only a fraction of the total space, but the best-fit
scheme selected by this method produced the mostly likely re-
sult, better than any of the a priori schemes. We strongly recom-
mend that any future studies of mitochondrial phylogenomics
should include a thorough examination of the effect of data
partitioning.
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