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Abstract

The Mediterranean Basin, recognized as a global biodiversity hotspot, harbors a remarkable diversity of grasshoppers, katydids, and
crickets, many of which are endemic and potentially contain cryptic lineages. In this study, we generated a comprehensive dataset
comprising 1,441 barcodes from 270 identified species within the Ensifera and Caelifera suborders. These were combined with
existing data to form a dataset of 2,606 barcodes representing 351 species. We employed Maximum Likelihood (ML) topology re-
construction and applied five species delimitation methods (BIN, ABGD, ASAP, GMYC, and PTP) to detect potential incongruences
between Operational Taxonomic Units (OTUs) and existing taxonomic classifications. Our analysis revealed that OTUs delimited by
these methods corresponded to 71.39% of the evaluated species, with a notably higher congruence in Ensifera (88.53%) compared
to Caelifera (52.15%). Across the dataset, we identified 54 lineages comprising cryptic species, indicating significant unrecognized
diversity within these groups. Additionally, 21 instances of species being merged into consensus OTUs were observed, suggesting
either the need for taxonomic revision or highlighting the limitations of current genetic markers. Among the methods tested, ABGD,
particularly with the Kimura two-parameter model, was the most consistent with traditional taxonomy, yielding the highest consen-
sus rates. In contrast, the PTP method exhibited the lowest consensus, often leading to an oversplitting of lineages. These findings
underscore the complexity of species delimitation in recently radiated taxa and emphasize the importance of using multiple method-
ologies to accurately capture biodiversity, especially in regions characterized by a high prevalence of cryptic species.
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1.  Introduction

Over the last two decades, DNA barcoding has developed
into an invaluable tool for taxonomists, enhancing the
ability to diagnose species across all life history stages,
particularly when traditional morphology-based taxon-
omy is challenging or when taxa are morphologically
ambiguous (Kress and Erickson 2012; Fiser Pecnikar
and Buzan 2013; Shadrin 2021). This method also flags
potential new species, including undescribed and cryptic
species, with applications extending into conservation bi-
ology, ecological studies, medicine, pharmaceuticals, and
systems biology (FiSer Pecnikar and Buzan et al. 2013;
Shadrin 2021). Barcoding employs small, standardized
DNA regions, in metazoans particularly the mitochon-
drial cytochrome C Oxidase I (COI) locus, for rapid and
reliable species identification due to their minimal varia-
tion within species (Hebert et al. 2003; Ratnasingham et
al. 2007; Kress and Erickson 2012). The Barcode of Life
Data System (BOLD) provides a platform for the man-
agement, quality assurance, and analysis of barcode data
while facilitating collaboration among global research
communities (BOLD - http://www.boldsystems.org;
Ratnasingham and Hebert 2007). As of early-2025, it in-
cludes barcodes for 20,768,000 specimens, representing
361,000 species.

Orthoptera are prime candidates for DNA barcoding
due to their significant diversity and ecological impor-
tance (Hawlitschek et al. 2016). With over 30,000 spe-
cies described (Grimaldi and Engel 2005), they make up
a substantial part of the biomass of grassland ecosystems
(Belovsky and Slade 2018), serve as key indicators of
environmental changes (Bazelet and Samways 2011),
and are linked to human agriculture as both pests and
species threatened by intensive land use (Aragén et al.
2012; Huang et al. 2013; Hawlitschek et al. 2016; Dey
et al. 2021). Europe is home to over 1,033 orthopteran
species, with the highest diversity in the Mediterranean
region (Cigliano et al. 2024). The Mediterranean has ex-
perienced various geomorphological and climatic chang-
es over geological history, which have influenced species
distribution. These changes facilitated orthopteran radi-
ation through the evolution of new genetic variants and
allopatric speciation, resulting in high endemism in ar-
eas such as the southern Balkan Peninsula, western Asia
Minor, and the Iberian Peninsula (Kenyeres et al. 2009;
Keppel et al. 2011; Hochkirch et al. 2023). At the same
time, more than a quarter of European orthopteran spe-
cies are under threat due to limited distribution areas and
anthropogenic impacts (Samways and Lockwood 1998;
Lemonnier-Darcemont et al. 2018; Iorio et al. 2019).

So far, comparatively few dedicated barcoding studies
worldwide have targeted Orthoptera (Huang et al. 2013),
and barcodes have long been available only for a small
number of European species (Vedenina and Mugue et
al. 2011). Recent studies using DNA barcoding for spe-
cies delimitation in orthopterans involved species from
Central Europe (Hawlitschek et al. 2016; De Jesus-Bo-
nilla et al. 2017), Portugal (Pina et al. 2024), the Canary

Islands (Lopez et al. 2006; Lopez et al. 2013), Mexico
(Pedraza-Lara et al. 2015), and the Andean area (Pocco
et al. 2015). The Mediterranean basin, stretching across
southern Europe, northern Africa, and parts of western
Asia, covers diverse habitats such as temperate forests,
grasslands, wetlands, and arid zones. Mediterranean cli-
mate with hot, dry summers and mild, wet winters fosters
remarkable biodiversity (Blondel et al. 2010). Renowned
for its high endemism, supporting a wide range of flora
and fauna, the Mediterranean is recognized as one of the
most ecologically significant regions globally (Myers et
al. 2000). The current study thus aims at enriching the
publicly available dataset of COI sequences for ortho-
pterans of the Mediterranean and other parts of Europe.

Shortcomings still affect DNA barcode efficiency, es-
pecially in caeliferans (Hawlitschek et al. 2016). Hybrid-
ization and mtDNA introgression are common in ortho-
pterans, leading to potential identification errors (Ballard
2000; Babik et al. 2005; Gottsberger and Mayer 2019;
Hawlitschek et al. 2022). Symbiont exchange, especial-
ly with Wolbachia bacteria, further complicates barcode
accuracy (Mandel et al. 2001; Zabal-Aguirre et al. 2010;
Boto 2014; Bugrov et al. 2016; Ilinsky et al. 2022; Zhou
and Luo et al. 2022). Additionally, the prevalence of nu-
clear mitochondrial pseudogenes (numts) in grasshopper
genomes can result in erroneous phylogenetic patterns
(Moulton et al. 2010; Hanrahan and Johnston 2011; Leite
2012; Wang et al. 2014; Pereira et al. 2020; Hawlitschek
et al. 2023).

Nabholz et al. (2023), analysing data from Hawlitschek
et al. (2016, 2022), highlighted incomplete lineage sort-
ing (ILS) as a likely reason for DNA barcoding failures in
Orthoptera. This finding aligns with Nolen et al. (2020),
who observed extensive ILS across independent gene
trees in Chorthippus Fieber 1852 (Caelifera: Acrididae).
Such genomic studies on ecological radiations, driven by
divergent natural selection, suggest that rapid speciation
can lead to extensive ILS, resulting in non-monophyletic
nominal species (Lamichhaney et al. 2015). In this con-
text, Acrididae represents one of the comparatively most
recently diverged lineages within Orthoptera. Their cos-
mopolitan distribution was likely achieved through dis-
persal followed by rapid radiation (Chintauan-Marquier
et al. 2014; Song et al. 2018). ILS may thus obscure spe-
cies boundaries in DNA barcoding efforts (Vedenina and
Mugue et al. 2011; Nabholz et al. 2023).

Species delimitation requires integrating multiple in-
dependent lines of evidence, in order to obtain accurate
results (Dayrat 2005; Tang et al. 2014; Blair and Bryson
2017). COI barcoding represents one of these and is wide-
ly used in combination with species delimitation algo-
rithms such as Barcode Index Numbers (BINs) from the
BOLD system (Ratnasingham and Hebert 2013). Given
the challenges posed by DNA barcoding of orthopterans,
a multifaceted approach based on different theoretical
frameworks has been used for species delimitation and
identification of Molecularly defined Operational Taxo-
nomic Units (MOTUs).

Several European orthopteran species were barcoded
for the first time in this study, contributing to the expand-
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ing dataset of COI sequences available for Orthoptera.
Given the challenges posed by incomplete lineage sorting
(ILS), mtDNA introgression, and nuclear mitochondri-
al pseudogenes, this study highlights the importance of
integrating multiple complementary species delimitation
methods to overcome these limitations. By employing a
multifaceted approach, we aim to enhance species iden-
tification accuracy, uncover cryptic diversity, and define
more reliable Molecular Operational Taxonomic Units
(MOTUs). Through the integration of molecular and
morphological evidence, this study reveals hidden biodi-
versity and establishes a foundation for future taxonomic
revisions and conservation efforts. Our findings will help
refine species delimitation in Orthoptera, supporting bio-
diversity assessments and guiding targeted conservation
strategies, particularly in the Mediterranean, a region
renowned for its high endemism and ecological signifi-
cance.

2. Materials and Methods

2.1. Sampling and species identifica-

tion

Since 1999, the entomologists and orthopterologists
Baudewijn Od¢, Rob Felix, Luc Willemse, and Roy Kleu-
kers have been organizing Orthoptera collection expedi-
tions on the field, in southern Europe, focusing primarily
on Spain, Portugal, Italy, Greece, and Romania. Voucher
specimens were killed using ethyl acetate, dried, mounted,
and identified utilizing literature and identification keys
specifically designed for European orthopterans (e.g., Wil-
lemse etal. 2018; Iorio et al. 2019). Some individuals were
included in the dataset even if they could not be identified
to species level. Based on the barcode data results, more
precise information will be possible in future projects.
The right middle legs were taken from freshly killed
specimens and preserved in 97% ethanol (Rentz 2010;
Willemse et al. 2018). A total of 1,698 voucher specimens
are stored at the collections at the Naturalis Biodiversity
Center, the national research institute for biodiversity lo-
cated in Leiden, Netherlands.

2.2. Laboratory procedures

The DNA extraction, amplification and sequencing were
performed in two parts. 630 samples were processed at the
Leibniz Institute for the Analysis of Biodiversity Change
(LIB) in Hamburg (Germany), and 1,068 samples at the
Naturalis Biodiversity Center in Leiden (Netherlands).
At LIB, DNA was extracted according to the methods
of Chelex® 100 resin-based protocol (de Lamballerie et
al. 1992). For PCR amplification of the DNA barcode re-
gion, the COBL (forward) and COBU (reverse) primers
were used, tailored for Orthoptera to improve amplifica-
tion and sequencing results (Huang et al. 2013). The re-

action master mix composition and cycling protocol are
outlined as supplementary material (File S1 [protocol a]).
The PCR products were checked for successful amplifi-
cation on an agarose gel and recorded using a gel imaging
system. Samples were sequenced by Macrogen Europe
(Amsterdam).

The Sanger sequencing results (ab1 files) underwent a
quality check. Sequences chromatograms were analysed
using Geneious Prime 2023.1.1, trimming poor-quality
edges and manually correcting bases with low-quality
peak maps. Sequences with unreliable peaks were sub-
jected to PCR and sequencing repetition, adjusting the
annealing temperature to 49°C, which improved out-
comes in several instances. Sanger sequencing data were
filtered, selecting sequences longer than 500 bp (base
pairs), except for some species where only few longer se-
quences were available.

At Naturalis, DNA extraction was performed adher-
ing to the ARISE (Authoritative and Rapid Identification
System for Essential biodiversity information) protocol
(van Ommen Kloeke 2022; protocols.io; bomb.bio). Fol-
lowing DNA extraction and cleanup using KingFisher,
PCR was conducted on all samples. This step employed
the same primers (COBL and COBU).

PCR products were verified on a 2% agarose E-Gel,
with nearly all samples showing positive results, prompt-
ing continuation with all samples (detailed PCR protocol
in File S1 [protocol b]). Subsequently, the Nanopore
dual barcoding protocol with kit 14 was applied for the
sequencing. In this protocol, samples with no bands in
the elektrophoresis were also used for library prepara-
tion.

2.3. Sequences quality check and
upload to BOLD

All sequences were aligned using MAFFT V 7.505 (Ka-
toh and Standley 2013) on the CIPRES Science Gateway
(Miller et al. 2010). Sequences with excessively wide
gaps and those containing internal stop codons were re-
moved. Next, all sequences underwent contamination or
misidentification checks using BLASTn (Camacho et al.
2009).

The newly generated sequence data and metadata
were then uploaded to the Barcode of Life Data Systems
(BOLD PROJECT “MEDOR Barcoding of Mediterra-
nean Orthoptera”). Thanks to our preliminary quality as-
sessments, all barcode sequences met the automatic qual-
ity criteria of BOLD upon upload.

2.4. Merged dataset and phylogenetic
analyses

The initial dataset was augmented with two additional
datasets of European Orthoptera sequences available on
the BOLD system, named GBORT-GBOL (Hawlitschek
et al. 2016; 745 records) and IBIOR (Pina et al. 2024; 420
records), resulting in the merged dataset DS-MEDORI.
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The former consists of records primarily from Austria,
Germany, and Switzerland, while the latter comprises re-
cords from continental Portugal. This integration aimed
to achieve a more accurate subdivision of the samples by
species within the phylogenetic tree. This was facilitat-
ed by the fact that the datasets from other European and
Mediterranean basin areas share several species and gen-
era with those in the current study.

DNA barcoding shows variable efficiency between
Caelifera and Ensifera due to factors such as numts
frequency (Kaya and Ciplak 2018), hybridization rate
(Hawlitschek et al. 2016), ILS (Nabholz 2023), and Wol-
bachia infections (Ilinsky et al. 2022). Thus, phylogenet-
ic and species delimitation analyses were conducted sep-
arately for each suborder (unless stated otherwise), which
are well-supported as monophyletic lineages (Song et al.
2015; Cigliano et al. 2024), dividing the merged dataset
into two subsets. This division significantly reduced the
initial dataset size, facilitating the management of the ex-
tensive number of sequences.

Two preliminary Maximum Likelihood (ML) trees
(Felsenstein 1981) were reconstructed of the aligned
dataset using 1Q-Tree v2.2.2.7 (Nguyen et al. 2015). The
GTR (General Time Reversible) + I + G model (Tavaré
1986), identified by ModelFinder (Kalyaanamoorthy et
al. 2017) as the best-fit model for nucleotide substitution,
was used in both analyses. The merged datasets revealed
sequences occupying potentially incorrect or ambiguous
positions within the phylogenetic trees. To resolve possi-
ble issues of contamination or misidentification, voucher
specimens were re-verified with the assistance of experts
at the Naturalis Biodiversity Center in Leiden. In accor-
dance with the approaches recommended by Song et al.
(2008) and Leite (2012), chromatograms and sequence
editing were meticulously re-examinated. Furthermore,
bioacoustic, biogeographic, and morphological data were
consulted to ensure accurate species verification. Se-
quences presumed to represent numts or contaminations
were excluded from the final datasets and trees.

Specimens not identified at the species level were re-
tained for further analysis, provided their most specifical-
ly identified clade was accurately placed within the ML
tree, aligning with currently accepted Orthoptera taxono-
my (Cigliano et al. 2024).

After quality measures, each definitive subset was re-
aligned and trees reconstructed using the same parame-
ters as for the preliminary analyses described above.

All phylogenetic analyses were executed with XSEDE
(eXtreme Science and Engineering Discovery Environ-
ment) through the CIPRES Science Gateway (www.phy-
lo.org; Miller et al. 2010).

The effectiveness of DNA barcoding in species identi-
fication was assessed by calculating the ratio between the
number of species not exhibiting BIN sharing and the to-
tal number of species assigned a BIN code, following the
methodology described by Hawlitschek et al. (2016). Ad-
ditionally, a weighted average was computed to account
for the varying number of samples per genus, ensuring
that genera with a larger number of samples had a pro-
portional influence on the final estimate (Sokal and Rohlf

1995). The weighted average of species per genus was
calculated by multiplying the number of species within
each genus by the number of samples representing that
genus, summing these products, and dividing by the total
number of samples across all genera. Both statistics were
calculated for the entire dataset and for caeliferans and
ensiferans separately.

2.5. Species delimitation analyses

Species delimitation analyses were conducted on the
definitive datasets using various species delimitation
approaches to detect and compare MOTUs, to explore
species diversity and deepen the understanding of spe-
cies boundary delimitation issues. For this purpose, both
similarity (BIN, ABGD, ASAP) and clustering-based
(GMYC, PTP) approaches designed for a single-locus
strategy were utilized. In all methods we employed, the
term “partition” refers to the grouping of sequences into
distinct clusters or units, typically representing putative
species. In methods such as ABGD and ASAP, partitions
emerge from the identification of genetic gaps or distance
thresholds, while in GMYC and PTP, partitions are de-
termined by tree-based criteria, such as branch length
distributions or coalescent processes (Pons et al. 2006;
Puillandre et al. 2011, 2020; Ratnasingham and Hebert
2013; Zhang et al. 2013).

BIN method: the Cluster Sequences tool, implemented
by BOLD, generates MOTUs through the REfined Sin-
gle Linkage (RESL) algorithm, grounded on uncorrected
pairwise distances (p-distance). The Barcode Index Num-
ber (BIN) informatics system provides a unique alpha-
numeric code for MOTUs (BOLD: 3 letters, 4 numbers
(Ratnasingham and Hebert 2013)). BIN-assignment data
were retrieved from the dedicated web interface for all
chosen specimens. Cases of BIN discordance arise when
traditionally recognized species encompass more than
one BIN, whereas BIN sharing pertains to single BINs
containing members from multiple recognized species
(Hebert et al. 2004).

ABGD method: the Automatic Barcode Gap Discovery
wasadoptedtodividesamplesbasedongeneticdistance, de-
tecting the so-called “barcode gap” (Puillandre etal. 2011).
The analysis used a relative gap width of 1 and 20 bins,
and results were interpreted using a prior intraspecif-
ic divergence limit of P = 0.01 (Puillandre et al. 2011;
Gongalves et al. 2021) with four combinations of different
substitution models and partitions employed: Jukes-Can-
tor (Jukes and Cantor 1989) or Kimura two-parameter
(Kimura 1980) models and initial or recursive partition.

ASAP method: the Assemble Species by Automat-
ic Partitioning creates new partitions by amalgamating
sequences at equal pairwise distances into progressive-
ly larger groups until the final partition encompasses
all records (Puillandre et al. 2020). This analysis used
Jukes-Cantor distances and default parameters, with the
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best initial and recursive partitions selected based on the
lowest “asap-score”.

For both ABGD and ASAP, the initial partition refers
to the first grouping of sequences based on broader genet-
ic thresholds, while the recursive partition further refines
these clusters by progressively splitting them to detect
finer genetic distinctions, potentially identifying cryptic
species. Both ABGD and ASAP analyses were run on the
respective online platforms (available at https://bioinfo.
mnhn.fr/abi/public/abgd and https://bioinfo.mnhn.fr/abi/
public/asap/asapweb.html, respectively).

GMYC method: the Generalized Mixed Yule Coalescent
discerns the most likely putative species clusters basing
on an ultrametric tree (Pons et al. 2006). Concatenated
sequence alignments were analysed using BEAST v.2.6.7
(Drummond and Rambaut 2007; Suchard and Rambaut
2009; Bouckaert et al. 2014), a Bayesian inference tool
generating ultrametric trees. Parameters included a range
of clock and speciation model priors (strict or optimized
relaxed clock model and Yule or Coalescent Constant
Population process). According to ModelFinder (im-
plemented by 1Q-Tree), GTR+I+G was chosen as the
most suitable model of nucleotide substitution. Due to
predominantly non-converging runs and lower-than-ex-
pected Effective Sample Size (ESS) values, likely from
over-parametrization, the partition scheme was adjust-
ed to employ the simpler HKY model (Hasegawa et al.
1985). Each run, totaling eight, was set for 100 million
iterations, adjusting the burn-in rate for optimal con-
vergence. Tree and parameter sampling occurred every
1,000 steps, with TRACER v.1.7.2 employed to ensure
ESS values exceeded 200, as advised by Drummond et al.
(2007). The posterior distribution was summarized into
the maximum clade credibility tree using TreeAnnotator
v.2.6.6 (Drummond and Rambaut 2007). Newick files,
post-burnin, were then subsampled to 10,000 trees each
for processing. The resulting ultrametric trees supported
only single-threshold GMYC analyses to prevent spe-
cies number overestimation, a common issue with mul-
tiple-threshold approaches (Fujisawa and Barraclough
2013). The GMYC species delimitation analysis was then
executed within R Software (Team, R Core 2014), using
the “ape” package for phylogenetic analysis (Paradis
and Schliep 2019), “paran” for parallel analysis (Dinno
2012), “rncl” for reading and manipulating phylogenetic
data (Michonneau et al. 2016), and “splits” for species
delimitation and network analysis (FitzJohn et al. 2009).

PTP method: this method delineates hypothetical spe-
cies clusters by analysing branch length distributions in
a rooted non-ultrametric gene tree. The PTP model, en-
hanced by the bPTP version with Bayesian support for
delimited species on the input tree (Zhang et al. 2013),
underwent analysis via an online server for both PTP
and bPTP versions (http://species.h-its.org), targeting the
maximum likelihood tree as input. Analysis parameters
included 500,000 MCMC generations, a thinning of 500,
and a burn-in of 0.1, with convergence checked as Zhang
et al. (2013) recommended.

2.6. Species delimitation results com-
parison

The Python-based script SPdel v.2.0 (Ramirez et al.
2023) was utilized to visualize a summary representation
of all delimitation methods, including the ML tree, spec-
imen labels, and putative species clusters. This was com-
puted according to each of the five species delimitation
methods implemented and their different combinations of
parameters, along with a manually designed consensus,
which compares features summarizing all results based
on a majority criterion (MOTUs found in more than 50%
of methods). Records lacking a BIN code were exclud-
ed from the species delimitation summary, as SPdel can
only provide graphical output for records assessed by all
involved methods. All species were still represented ex-
cept for Glyphanus obtusus Fieber, 1853, Tettigonia cau-
data (Charpentier, 1845), and Isophya lemnotica Werner,
1932. For these species, the delimitation analysis was
also conducted, but results were only described and not
displayed in the summary representation.

A comprehensive description of the command, input
files, and options used for the SPdel.py analysis can be
found in File S8.

3. Results

3.1. Dataset description and barcod-

ing effectiveness

The final MEDOR (Barcoding of Mediterranean Or-
thoptera) alignment comprises 1,441 newly generated,
quality-checked barcodes, each 726 bp in length (acces-
sion numbers for newly generated sequences on BOLD
(Ratnasingham and Hebert 2013) are listed in File S5).
These barcodes correspond to 270 identified species, in-
cluding 10 subspecies. Additionally, 209 barcodes lack
species-level identification, with most assigned to the
genus level (49 genera). Among these, three records are
identified as Pamphagidae sp., two as Ephippigerini sp.,
and one as Tettigoniinae sp. Notably, the dataset includes
barcodes for 26 species (and two subspecies) of ensifer-
ans and four species (and one subspecies) of caeliferans
that had no publicly available barcodes before this study.

Incorporating data from Hawlitschek et al. (2016)
and Pina et al. (2024), the complete dataset totals 2,606
specimens across 351 identified species, with a total of
14 subspecies and an equivalent number of taxa not iden-
tified at the species level (209). A significant portion of
specimens were collected in Spain and the Canary Is-
lands (851), Germany (544), Portugal (511), Italy (173)
and Greece (145), followed by 15 other countries in the
Mediterranean Area, plus two specimens from Sri Lan-
ka and two from the United Arab Emirates (Fig. 1, with
the exclusion of non-European specimens). Relative to
the known Orthoptera species richness described in each
country (Cigliano et al. 2024), the coverage of Orthoptera
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biodiversity is 100.00% in Germany, 93.44% in Portugal,
63.47% in Spain, 43.89% in Italy, and 31.12% in Greece
(further details in File S5).

The analysis of the merged dataset revealed significant
variation in barcoding effectiveness between ensiferans
and caeliferans. Overall, 76.72% of all studied Orthoptera
species were accurately identified through DNA barcod-
ing. However, the success rate differs markedly between
the suborders: 63.64% for Caelifera, primarily due to BIN
sharing among certain species, compared to 88.53% for
Ensifera. The datasets for ensiferans and caeliferans also
highlight differences in the species richness of the respec-
tive genera, with a weighted mean of 3.78 and 8.29 spe-
cies per genus, respectively.

The ML trees of Caelifera and Ensifera are shown in
Figs 2 and 3, and more in detail in File S2 [graphs a, b]
respectively. Species delimitation analyses were then
performed separately on two distinct datasets: Caelifera,
with 1,478 records, and Ensifera, with 1,128 records.

3.2. Species delimitation results

The various species delimitation approaches employed
yielded hypothetical OTU counts ranging from 355 to
505, compared to 351 previously identified species (Ta-
ble 1). BOLD identified 445 BINs (162 for caeliferans
and 283 for ensiferans). 278 species demonstrated BIN

concordance, where all barcodes from specimens of
a given species grouped into a single BIN, exclusively
containing barcodes from that species alone. 95 species
displayed singleton BINs, characterized by containing
only a single record without additional sequences. BIN
discordance was observed in several species, indicating a
mismatch between the BIN system and traditional taxo-
nomic classifications. 21 and 10 BINSs, in caeliferans and
ensiferans respectively, were identified as shared across
multiple species, impacting 60 and 21 species in total.
Additionally, 35 and 17 records were not assigned any
BIN due to the absence of sequences longer than 500
bp, the minimum length required for BIN assignment on
BOLD. These records were omitted from the BIN discor-
dance analyses. However, for each of these, there was at
least one co-specific record that did possess a BIN code,
with the sole exceptions being Glyphanus obtusus, Iso-
phya lemnotica, and Tettigonia caudata. Detailed associ-
ations between BIN codes and the associated species are
provided in File S4 [tables a, b] and in File S6.

The ABGD method, especially its initial partition us-
ing the Kimura two-parameter model, emerged as the
most conservative, contrasting with the PTP method,
which identified the highest number of hypothetical spe-
cies. Parameter variations within ABGD resulted in parti-
tions of varying sizes, with the Jukes-Cantor model gen-
erally less conservative than the Kimura two-parameter,
leading to a higher MOTUs count across both suborders,

Figure 1. Sampling localities of all European samples involved in this study. Color legend: blue [MEDOR project], green
[GBORT-GBOL project (Hawlitschek et al. 2016)], orange [IBIOR project (Pina et al. 2024)]. The four samples from Sri Lanka

and Saudi Arabia are not included in this map.
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Figure 2. Maximum Likelihood tree of Caelifera from Central and Southern Europe. The tree was created with 1Q-Tree v.2.2.2.7 on
XSEDE (eXtreme Science and Engineering Discovery Environment) through the CIPRES Science Gateway (www.phylo.org). The
tree displays 1,443 barcodes of identified (164) and unidentified species. Higher taxonomic levels (all families and the subfamilies
of Acrididae) are coloured in the tree. The species depicted inside the tree is Arcyptera (Arcyptera) tornosi Bolivar, 1884.
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Figure 3. Maximum Likelihood tree of Ensifera from Central and Southern Europe. It was created with 1Q-Tree v.2.2.2.7 on
XSEDE (eXtreme Science and Engineering Discovery Environment) through the CIPRES Science Gateway (www.phylo.org). The
tree displays 1,111 barcodes of identified (185) and unidentified species. Higher taxonomic levels (all families and the subfamilies
of Tettigoniidae) are coloured in the tree. The species depicted inside the tree is Pseudomogoplistes vicentae Gorochov, 1996.
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Table 1. Barcoding data and putative species clusters, according to all combinations of species delimitation approaches. — * dis-

played in SPdel summary graph (1. lemnotica, T. caudata, and G. obtusus delimitation features were discussed but not included in

the graph).

Quantity Caelifera Ensifera Total

Barcordes count
MEDOR dataset 821 620 1441
Hawlitschek et al. (2016) 482 263 745
Pina et al. (2024) 175 245 720
Merged dataset 1478 1128 2606

Identified species count 166 185 351

Records without BIN 35 17 52

MOTU count*
BINs count 162 283 445
ABGD Jukes-Cantor Initial partition 130 237 367
ABGD Jukes-Cantor Recursive partition 145 250 395
ABGD Kimura two-parameter Initial partition 116 239 355
ABGD Kimura two-parameter Recursive partition 123 250 373
ASAP Jukes-Cantor Recursive partition 138 218 356
ASAP Kimura two-parameter Recursive partition 130 275 405
GMYC Yule process and strict clock model 160 304 464
GMYC Yule process and relaxed clock model 160 265 425
GMYC Coalescent Constant Pop. process and strict clock 160 318 478
PTP 234 271 505

Table 2. Delimitation pattern of the caeliferan taxa. This only includes cases for which less than seven methods out of eleven

reflect the traditional taxonomy. Unidentified MOTUs are included too. Unidentified records clustering within species-level iden-

tified MOTUs are not included. The first column indicates the taxon name, while the second one represents the relative number of

specimens represented in the current database. The third column describes the pattern of consensus delimitation observed, while
the fourth one delineates the name and number of methods not supporting the OTUs proposed in the previous field. In the fourth
column, in square brackets, the method names are coded as follows: 1 = BIN; 2 = ABGD JC INIT; 3 = ABGD JC REC; 4 =
ABGD_K2 INIT; 5 =ABGD_K2 REC; 6 = ASAP_JC; 7=ASAP_K2; 8 = GMYC_STRICT_YULE; 9 =GMYC_REL_YULE;
10 =GMYC STRICT _COAL; 11 = PTP. — (*): taxa for which the delimitation pattern is not clear, due to methods splitting and

merging the same clusters simultaneously.

Taxa Specimens | COnSenus delimitation the consensus delmitation
Tetrigidae

Tetrix bipunctata 8 Merged with T kraussii —

Tetrix ceperoi 11 Merged in a single MOTU 5/11 [3,5,6,7,11]

Tetrix depressa 13 Split into two MOTUs 1/11 [11]

Tetrix kraussii 9 Merged with 7. bipunctata —

Tetrix nodulosa 2 Split into two MOTUs —
Pamphagidae

Acinipe segurensis 5 Split into two MOTUs 1/11 [11]

Eumigus monticola 12 Split into three MOTUs 3/11 [1,3,5]

Eumigus sp. 1 (MEDORS863-23) 1 Independent unidentified MOTU —

Eumigus sp. 2 3 Independent unidentified MOTU —

Ocnerodes sp. (MEDOR392-23) 1 Independent unidentified MOTU —

Orchamus sp. (MEDORO81-23) 1 Independent unidentified MOTU —

Pamphagidae sp. | (MEDOR1128-23) 1 Merged with Glauia sp. —

i;ggg%iﬁ 255) 2 (MEDOR348-23, 2 Independent unidentified MOTU —
Acrididae — Dericorythinae

Dericorys sp. 3 Independent unidentified MOTU —
Acrididae — Pezotettiginae

Pezotettix giornae 6 Split into three MOTUs 3/11 [4,5,11]
Acrididae — Melanoplinae

Miramella alpina 4 Forming an independent MOTU, but one record 211 [4,11]

fits with M. irena
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O. uhagonii, O. femoralis, O. antigai antigai,
Myrmeleotettix maculatus, M. antennatus

Taxa Num.b er of Consenus delimitation Methods not sup.p ().rtu}g
specimens the consensus delimitation
Odontopodisma schmidtii 3 Split into two MOTUs 5/11 [2,4,5,6,7]
Odontopodisma sp. 6 Independent unidentified MOTU 6/11[1,2,3,4,5,11] *
Peripodisma sp. 1 Independent unidentified MOTU —
Acrididae — Calliptaminae
Calliptamus barbarus 28 Split into two MOTUs —
Calliptamus siciliae 13 Split into two MOTUs 1/11 [11]
Acrididae — Acridinae
Acrida sp. (GBORT781-15) 1 Independent unidentified MOTU —
Acrididae — Oedipodinae
Acrotylus fischeri 5 i\i/ierged with A. insubricus and part of A. patrue- o
Acrotylus insubricus 11 Merged with A. fischeri and part of 4. patruelis —
Aerotvlus patruelis 1 Forming an independent MOTU, but two records -
yius p fit with 4. insubricus and A. fischeri
Aiolopus puissanti 2 Merged with 4. thalassinus —
. . Forming an independent MOTU, but eight
Aiolopus thalassinus 9 records fit with A. puissanti 1/11 [4]
Bryodemella tuberculata 8 Split into two MOTUs 3/11 [2,4,11]
Oedaleus decorus 11 Split into two MOTUs 1/11 [4]
Oedipoda coerulea 7 Merged with O. fuscocincta and O. germanica —
Oedipoda fuscocincta 2 Merged with O. germanica and O. coerulea —
Oedipoda germanica 3 Merged with O. fuscocincta and O. coerulea —
Psophus stridulus 5 Split into two MOTUs 5/11 [1,2,4,6,11]
Divided into three main MOTUs, from different
species: S. azurescens, S. almeriense, S. sub-
Sphingonotus spp. (except Sphingonotus laevis, S. caerulans, S. morini, S. nodulosus;
94 . . 10/11 [1-10] *
guanchus) S. caerulans, S. rubescens, S. lluciapomaresi,
S. lusitanicus, S. azurescens and S. azurescens,
S. almeriense, S. imitans
Thalpomena sp. 2 Independent unidentified MOTU —
Acrididae — Gomphocerinae
Arcyptera spp. 32 Merged in a single MOTU 5/11 [1,8,9,10,11]
N . Divided into two main MOTUs, one including
Chorlhl.p Pus d(‘)rsatus, Chorthippus loratus and 27 just Chorthippus dorsatus and one including all 4/10 [2,4,5,7]
Chorthippus dichrous e
three species
Chorthippus jucundus 2 Split into two MOTUs —
Chorthippus sp. (MEDOR421-23) 222 Merged in a single MOTU 1m [1’2’3’4;5’7’8’9’10’1 1]
. Merged in a single MOTU, but C. v. dissimilis %
Chorthippus vagans 16 specimens cluster into a different MOTU 6/11[2,3,4,5,7,11]
Euchorthippus spp. (except Euchorthippus 47 Merged in a single MOTU 5/11[1,8,9,10,11]
albolineatus)
Omocestus panteli, O. viridulus, O. rufipes, O.
haemorrhoidalis, O. femoralis, Myrmeleotettix . . %
maculatus, Stenobothrus festivus, S. bolivarii, 116 Merged in a single MOTU 8/11[1,4,5,7.8,9,10,11]
S. stigmaticus, S. grammicus, S. sp.
Pseudochorthippus parallelus and Pseudochor- Divided into five main MOTUS, three ones in- 144,111 5345789, 10,11]
. 27 cluding just P. parallelus and two ones including
thippus montanus . *
both species
Stauroderus scalaris, Gomphocerus sibiricus,
Stenobothrus sp., Gomphocerippus rufus, Chor-
thippus yersini, Ch. apricarius, C. brunneus,
C. mollis, C. jacobsi, C. binotatus, C. messinai, 137 Merged in a single MOTU 1om [1’2’3’4;5’7’8’9’10’11]
C. nevadensis, C. biroi, C. acroleucus, C. mac-
rocerus, C. mollis ignifer, C. biguttulus, C. sp.,
C. vagans dissimilis, C. maritimus maritimus
Stenobothrus eurasius, S. lineatus, S. fischeri,
S. stigmaticus, S. nigromaculatus, S. rubicun- 43 Merged in a single MOTU 4/11[4,5,7,11]
dulus, S. sp.
Stenobothrus grammicus, S. lineatus, S. festi-
vus, S. bolivarii, S. stigmaticus, S. crassipes,
S. sp., Omocestus bolivari, O. minutissimus, 236 Merged in a single MOTU 5/11 [1,8,9,10,11]
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Table 3. Delimitation pattern of the ensiferan taxa. This only includes cases for which less than seven methods out of eleven reflect
the traditional taxonomy. Unidentified MOTUs are included too. Unidentified records clustering within species-level identified MO-
TUs are not included. The first column indicates the taxa name, while the second one represents the relative number of specimens
represented in the current database. The third column describes the pattern of consensus delimitation observed, while the fourth one
delineates the name and number of methods not supporting the OTUs proposed in the previous field. In the fourth column, in square
brackets, the method names are coded as follows: 1 = BIN; 2 =ABGD JC_INIT; 3 =ABGD JC REC;4=ABGD K2 INIT; 5=
ABGD_K2 REC; 6 =ASAP_JC; 7=ASAP_K2; 8=GMYC_STRICT YULE; 9=GMYC_REL _YULE; 10 =GMYC_STRICT _
COAL; 11 =PTP. — (*): Taxa for which the delimitation pattern is not clear, due to methods splitting and merging the same clusters
simultaneously. — (**): See supplementary for discussion on this species’ delimitation pattern.

Taxa specimens | COnSenuS delimitation the consensus demitation
Gryllidae
Eugryllodes escalerae 7 Split into two MOTUs 4/11[7,8,10,11]
Eugryllodes pipiens pipiens 7 Split into two MOTUs —
Gryllomorpha longicauda 12 Split into three MOTUs 7/11 [2,3,6,8,9,10,11] *
Modicogryllus frontalis 2 Merged with M. truncatus** —
ﬁ;%gﬁg;gg;? 1 (MEDOR957-23, 2 Independent unidentified MOTU 5//11 [2,4,8,9,11]
Modicogryllus sp. 2 7 Independent unidentified MOTU 5/111 [2,4,8,9,11]
Modicogryllus truncatus 1 Merged with M. frontalis** —
1\0/1‘;;]?(7)[&‘; 658_'213§MEDOR1 122-23, 2 Independent unidentified MOTU —
ﬁvgﬁgﬁg; (;));223§MEDOR1 121-23, 2 Independent unidentified MOTU _
Petaloptila aliena 4 Merged with P. galaica —
Petaloptila galaica 13 Merged with P. aliena —
Petaloptila sp. | (MEDOR429-23) 1 Independent unidentified MOTU 4/11[1,2,4,6]
Petaloptila sp. 2 12 Independent unidentified MOTU —
Oecanthidae
Oecanthus pellucens 15 Split into two MOTUs 8/11 [2,3,4,5,6,8,10,11] *
Mogoplistidae
Paramogoplistes dentatus 3 Split into two MOTUs 2/11 [6,9]
Gryllotalpidae
Gryllotalpa vineae 3 Split into two MOTUs 2/11 [6,9]
Trigonidiidae
Nemobius sylvestris 16 Split into three MOTUs 6/11[1,2,3,6,9,11] *
Pteronemobius sp. 2 Independent unidentified MOTU —
Rhaphidophoridae
Dolichopoda (MEDOR276-23) 1 Independent unidentified MOTU —
Tettigoniidae — Meconematinae
Cyrtaspis scutata 6 Split into two MOTUs —
Meconema meridionale 6 Split into two MOTUs —
Tettigoniidae — Phaneropterinae
Barbitistes serricauda 7 Split into two MOTUs —
Isophya brevicauda 4 Merged in a single MOTU 6/11[2,3,4,5,6,9] *
Isophya kraussii 8 Merged in a single MOTU 8/11 [2,3,4,5,6,8,9,10] *
Isophya modestior 6 Split into three MOTUs 3/11 [6,9,11]
Leptophyes albovittata 6 Split into three MOTUs 5/11 [1,6,7,8,10]
1?/[[]1301’)1611}?1 (5)2012(3%\,4 E{%ODI({)IIS(()) 594;_223 3’) 3 Independent unidentified MOTU —
Odontura sp. 2 (MEDOR1016-23) 1 Independent unidentified MOTU 5/11 [2,3,4,5,6]
ﬁ‘gg’g ggb?z(yf/[%%%g]]gﬁg 3 3 Independent unidentificd MOTU 5/11[2,3,4,5,6]
Odontura sp. 4 (MEDOR1018-23,
MEDOR1019-23, MEDOR1022-23, 4 Independent unidentified MOTU 6/11 [2,3,4,5,6,11]
MEDORS531-23)
Phaneroptera nana 22 Split into two MOTUs —
Phaneroptera sparsa 8 Split into two MOTUs —
Poecilimon (MEDOR1253-23) 1 Independent unidentified MOTU —
Poecilimon cretensis 3 Split into two MOTUs —
Poecilimon fussii 7 Split into two MOTUs 3/11 [1,7,10]
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Taxa Num'b er of Consenus delimitation Methods not sup'po'rtll}g
specimens the consensus delimitation
Poecilimon schmidtii 4 Split into two MOTUs 1/10 [10]
Tettigoniidae — Conocephalinae
Conocephalus sp. (MEDOR778-23, . .
MEDOR779-23) 2 Independent unidentified MOTU —
Tettigoniidae — Bradyporinae
Ephippiger diurnus 4 Split into two MOTUs 2/11 [6,9]
Ephippiger sp. (MEDOR820-23, ME- . .
DORS21-23) 2 Independent unidentified MOTU —
Ephippigerida diluta 5 Split into two MOTUs 1/11 [9]
Ephippigerini sp. (MEDOR223-23, . .
MEDOR441-23) 2 Independent unidentified MOTU 1/11 [9]
Lluciapomaresius anapaulae 1 Merged with L. asturiensis 1/11 [6]
Lluciapomaresius asturiensis 8 Split into three MOTUs, one of which includes 5/11[1,6,8,10,11]
one specimen of L. anapaulae
Lluciapomaresius sp. | (MEDOR233-23) 1 Independent unidentified MOTU 5/11 [2,3,6,9,11]
Lluciapomaresius stalii 15 Merged in a single MOTU 5/11 [1,7,8,9,10]
Neocallicrania lusitanica 3 Split lntq two MOTUS.’ one of which includes 3/11[7,8,10]
one specimen of N. miegii
Neocallicrania miegii 9 Split into Fwo MOT.Us,'wnh one single specimen 311 [7.8,10]
merged with N. lusitanica
Neocalltcram.a .selltg'era (except N. s. selligera 6 Split into three MOTUs 5/11[6,7.8.10,11]
and N. s. meridionalis)
Parasteropleurus martorellii 9 Split into two MOTUs 1/11 [10]
Platystolus martinezii 9 Split into three MOTUs 5/11 [2,3,4,5,6]
Pycnogaster cucullatus 2 Split into two MOTUs —
Steropleurus brunnerii 4 Split into two MOTUs —
Steropleurus flavovittatus 6 Split into two MOTUs 2/11 [6,11]
Steropleurus sp. (MEDOR046-23) 1 Independent unidentified MOTU —
Tettigoniidae — Tettigoniinae
Antaxius difformis 6 Split into two MOTUs —
Antaxius kraussii 9 Split into three MOTUs 7/11 [4,5,6,8,9,10,11] *
Bicolorana bicolor 7 Split into two MOTUs 3/11 [6,8,10]
Decticus verrucivorus 4 Split into two MOTUs 4/11 [2,4,6,9]
Eupholidoptera schmidti 10 Merged in a single MOTU 5/11 [1,3,5,8,10]
Eupholidoptera smyrnensis 8 Split into two MOTUs 2/11 [6,9]
Eupholidoptera sp. | (MEDOR128-23, ME- . .
DOR129-23) 2 Independent unidentified MOTU 5/11 [2,3,4,6,9]
Eupholidoptera sp. 2 (MEDOR127-23, ME- . .
DOR282-23) 2 Independent unidentified MOTU 5/11 [2,3,4,6,9]
Incertana decorata 2 Merged with 1. drepanensis —
Incertana drepanensis 1 Merged with . decorata —
Montana sp. (MEDORS537-23, MEDORO059-23, S
MEDOR058-23) 3 Independent unidentified MOTU —
Parnassiana sp. (MEDOR292-23) 1 Independent unidentified MOTU —
Pholidoptera fallax 3 Split into two MOTUs —
. . Split into three MOTUs, one of which includes
Platycleis affinis 19 one specimen of P falx 2/11 [8,10]
Split into two MOTUs, one of which includes
Platycleis albopunctata 22 specimens of P. sabulosa, while the second one 3/11 [8,9,10]
is merged with P, concii, P. grisea, P. intermedia
Platycleis concii 4 Merged Wlth P. albopunctata, P. grisea, P. 3/11[8.9,10]
intermedia
Platycleis falx 1 Merged with P. affinis —
Platycleis grisea 5 Merged Wlth P. albopunctata, P. concii, P. 3/11[8,9,10]
intermedia
Platycleis intermedia 6 Merged with P. albopunctata, P. grisea, P. concii 3/11 [8.9,10]
Platycleis sabulosa 33 Spht. into two MOTUs, one of which includes 311 [8.9.10]
specimens of P. albopunctata
Pterolepis lusitanica 2 Merged with P. spoliata —
Pterolepis spoliata 12 Split 1ntq three MOTUs., one of which includes 1111
two specimens of P, lusitanica
Rhacocleis annulata 6 Split into three MOTUs 1/11 [9]
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Taxa Specimens | Consenus delimitaton the consensus delimitation
Rhacocleis sp. 1 (MEDORO070-23) 1 Independent unidentified MOTU —
Rhacocleis sp. 2 (MEDOR1298-23) 1 Independent unidentified MOTU 4/11 [2,3,6,9]
fj’gggﬁ&;{’g)(MEDOR‘297‘23 ; 2| Independent unidentificd MOTU 411 [2,3,6,9]
Roeseliana oporina 2 Merged with R. 1. roeselii 1/11 [10]
Roeseliana roeselii roeselii 8 Merged with R. oporina 1/11 [10]
Sporadiana sporadarum 5 Split into two MOTUs 3/11 [6,9,11]
Tessellana lagrecai 3 Merged with 7. tessellata 8/11[1,2,3,6,8,9,10,11] *
Tessellana sp. (MEDOR1449-23) 1 Independent unidentified MOTU 4/11 [2,3,6,11]
Tessellana tessellata (except T. t. tessellata) 15 Merged with T lagrecai 8/11[1,2,3,6,8,9,10,11] *
Tessellana tessellata tessellata 1 Independent MOTU 4/11 [2,3,6,11]
Thyreonotus bidens 13 Split into four MOTUs 7/11 [2,3,4,5,6,7,11] *
Thyreonotus corsicus 4 Split into two MOTUs 1/11 [9]

apart from the initial partition for caeliferans. Recursive
partitions consistently indicated more species than initial
partitions. Contrary to ABGD findings, the ASAP method
with Kimura two-parameter resulted in larger partitions
compared to those from Jukes-Cantor.

The GMYC method, applied with four different pa-
rameter combinations, produced a consistent number of
species clusters for both ensiferans and caeliferans. How-
ever, the application of the Coalescent Constant Popula-
tion process combined with a relaxed clock model result-
ed in an anomalously high species count for this dataset,
leading to its results being set aside due to poor fit. The
outcome of this specific combination, indicating an un-
expectedly large number of species, suggests it may not
be suitable for this particular dataset analysis. The PTP
output in caeliferans surpassed the average species count
across BIN, ABGD, ASAP, and GMYC methods, while in
ensiferans, the 271 clusters of PTP aligned closely with
the averages from other methods. The bPTP analysis,
despite extensive generation counts, failed to converge,
leading to the exclusion of its results in favour of maxi-
mum likelihood outcomes, as recommended by Zhang et
al. (2013).

The graphic outputs from SPdel are depicted in File S3
[graphs a, b], showcasing delimitation bars in the order of
11 method and parameter combinations, culminating in a
final consensus.

3.3. Delimited putative species clus-
ters in Caelifera

In the maximum likelihood tree, while barcodes are cor-
rectly assigned in the absence of BIN sharing, higher tax-
onomic groups are often not retrieved as monophyletic.
This suborder’s species delimitation methods generally
concur on the number of putative species clusters, except
for PTP, which delineates a higher species count. The
hypothetical species range from 118 to 251. For further
details see Table 2.

3.4. Delimited putative species clus-
ters in Ensifera

In the maximum likelihood tree, while barcodes are cor-
rectly assigned in the absence of BIN sharing, higher tax-
onomic groups are often not retrieved as monophyletic.
In Ensifera, the different delimitation methods show an
overall agreement on the number of putative species clus-
ters, with the only exception of PTP, showing a higher
number of delimited species. The hypothetical species
range from 118 to 251. For further details see Table 3.

4. Discussion

4.1. Influence of species richness on

barcoding efficiency

The percentages of DNA barcoding effectiveness in spe-
cies identification are somewhat lower than those report-
ed by Hawlitschek et al. (2016) (78.2% for Caelifera +
Ensifera, 59.1% for Caelifera, and 100% for Ensifera),
but the current findings are based on a substantially larger
dataset. Furthermore, in Hawlitschek et al. (2016), each
ensiferan genus was often represented by only one spe-
cies, making it less likely to include any closely related
species that might share barcodes. The datasets for en-
siferans and caeliferans also highlight differences in the
species richness of the respective genera. This significant
difference suggests that the higher species richness with-
in each caeliferan genus could contribute to the lower
barcoding effectiveness observed, as genera with many
species are more likely to exhibit BIN sharing and over-
lapping barcode clusters.

As expected from a barcode tree (Vences et al. 2005;
Hawlitschek et al. 2016), the inferred ML tree showed
the taxonomic relations above the generic level as poorly
adherent to the recognized taxonomy.
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4.2. Discussion of delimited putative
species clusters by taxonomic
families

The detailed discussion of the delimited putative species
clusters is organized according to traditional taxonomic
families and can be found in File S7 [part 1] for caelifer-
ans and File S7 [part 2] for ensiferans.

4.3. Overadll patterns of cryptic diver-
sity and recent radiation

The employment of multiple species delimitation meth-
ods, each with distinct parameter combinations, on a
comprehensive dataset has facilitated the identification
of various patterns of diversity, some of which are clear-
ly delineated, while others remain unresolved. In total,
12 cases for caeliferans and 42 cases for ensiferans were
identified as potentially harboring more than one cryp-
tic lineage. Additionally, there were 10 cases for caelif-
erans and 26 for ensiferans of unidentified independent
MOTUs. The detected instances of barcode sharing (12
cases for caeliferans and nine cases for ensiferans) can ei-
ther be attributed to intraspecific variability, suggesting a
need for synonymization among these taxa, or may high-
light the ineffectiveness of using a single genetic marker
for accurate species delimitation, like the case of Chor-
thippus spp.

Consistent with prior studies, delimitation patterns
within the Gomphocerinae (Hafayed et al. 2023) and
Oedipodinae (Kock et al. 2024) subfamilies (Acrididae)
are predominantly influenced by recent radiation events.
Species emerging from such events often evade detection
through DNA barcoding, resulting in shared BINs and
indistinguishable barcodes across all delimitation algo-
rithms. Notably, analogous patterns are also evident in
some Tettigoniinae, particularly within the genera Platy-
cleis Fieber, 1853 and Tessellana Zeuner, 1941 (Platy-
cleidini), which are believed to have undergone recent
divergence (Mugleston et al. 2018).

Among well-represented taxa of Caelifera, instanc-
es of potential cryptic diversity are notably prevalent
within the Pamphagidae and Tetrigidae families, as well
as the Calliptaminae and Melanoplinae subfamilies of
Acrididae. More distinct and frequent occurrences of
potential cryptic diversity are observed within Ensif-
era, especially among Gryllidae, and also Tettigoniinae,
Bradyporinae, and Phaneropterinae (Tettigoniidae). En-
siferans encompass a greater number of taxonomically
recognized species (185 vs. 164) and the highest number
of putative species clusters identified by each delimita-
tion method, despite a smaller initial specimen count
(1128 vs. 1478).

Among all the delimitation methods compared, ABGD,
particularly when using the combination of Kimura
two-parameters and the initial partition, produced results
most consistent with traditional taxonomy. On the other
hand, the PTP method was the least consistent, oversplit-
ting the lineages into a large number of clusters.

Geographical regions partially reflect genetic diversi-
fication. Various potential cryptic taxa have indeed been
identified in isolated localities, such as islands and glacial
refugia. Key examples are represented by Anterastes su-
persp. serbicus Brunner von Wattenwyl, 1882 in Anatolia
and the Balkans (Ciplak et al. 2010a), but also the genus
Oedipoda Latreille, 1829 in the Mediterranean (Hoch-
kirch et al. 2023), both showing correlation between the
radiation of the group and the topography of the species’
ranges. The diversification and frequency of these taxa
are intimately linked to climatic and geological events,
such as Pleistocene glacial cycles, which fragmented
populations and created ecological niches for allopatric
speciation (Allegrucci et al. 2017). This dynamic has
been particularly well-documented in orthopterans with
low dispersal capabilities, where repeated isolation and
reconnection events, driven by glaciation cycles, have re-
sulted in speciation bursts, especially in geographically
complex regions such as the Mediterranean and Anatolia
(Ortego et al. 2024).

Widespread European genera, like Calliptamus Ser-
ville, 1831, a member of the subfamily Gomphocerinae,
feature morphologically similar species but display dis-
tinct delimitation patterns, including probable cryptic
taxa (e.g., within C. siciliae Ramme, 1927 and C. barba-
rus (Costa, 1836)). However, these patterns within Cal-
liptamus diverge from those observed across other genera
in the Acrididae family, despite their similarly broad dis-
tribution across Europe.

Another factor impacting geographical diversifica-
tion patterns is anthropogenic transport and the intro-
duction of non-endemic species. A well-documented
case involves Rhacocleis annulata Fieber, 1853, native
to Sicily but subsequently transported across large areas
of continental Europe through the ornamental plant trade
(Barataud 2018). A similar scenario has been proposed
for Eupholidoptera smyrnensis (Brunner von Wattenwyl,
1882) in the Aegean islands (Ciplak et al. 2010b) and
may have affected numerous other species, both in recent
times and historically, altering distribution ranges and
complicating phylogeographic reconstructions (Jesse et
al. 2011).

4.4, Potential reasons for barcoding
and delimitation failure

The BIN discordance analysis and observed delimitation
patterns have revealed several cases of incongruency
with currently accepted taxonomy. In order to exclude
the misidentification of specimens and the use of obsolete
taxonomic units as reasons for these incongruencies as far
as possible, MEDOR was initially based exclusively on
specimens collected in the field over the last decade (be-
tween 2013 and 2022) which were identified by experts
directly after collection. The identification was verified
after analysing the ML trees using the most recently pub-
lished dichotomous keys. As taxonomic revisions of or-
thopterans are continuously being published (e.g., Barat
2007,2012, 2013; Massa et al. 2023), further updates for
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many groups were required. Consequently, this dataset
conforms to the most up-to-date taxonomy.

The quality control protocol, involving sequence
alignment assessment, phylogenetic reconstruction, chro-
matogram analysis, and sequence identification using
BLASTRN, has excluded most suspect records potentially
representing numts to the greatest extent possible. Addi-
tionally, the improvement in PCR primers has contributed
to reducing numts. Furthermore, Moulton et al. (2010)
noted that the proportion of amplified numts clustering
with an incorrect species is minimal compared to the
number of orthologs and paralogs that form independent
clusters or no clusters at all, suggesting numts occurrence
as a minor concern in this analysis.

The influence of Wolbachia bacteria was also exam-
ined by analysing each sequence with BLASTn. How-
ever, merely detecting the presence of this endosymbiont
does not necessarily indicate its impact on the host ge-
nome or the occurrence of horizontal gene transfer (HGT)
(Hawlitschek et al. 2016). HGT signatures are typically
identified and removed from data based on phylogenet-
ic incongruence, patchy distribution, or compositional
anomalies (Zhaxybayeva and Doolittle 2011), with this
project only adopting the first approach due to the limita-
tions of genome-wide strategies.

Signatures of potential hybridization and introgression
have been confirmed in several taxa within this dataset,
with notable cases reported among both caeliferans and
ensiferans. Hybrids among Chorthippus biguttulus (Lin-
naeus, 1758) and related species have been generated un-
der laboratory conditions, but hybrid males were found to
be behaviorally sterile due to their intermediate courtship
songs rejected by all females (Gottsberger and Mayer
2007), suggesting HGT in the wild to be minimal or ab-
sent. On the other hand, as reported by Korsunovskaya
(2016), all intermediate morphological forms between
Platycleis albopunctata (Goeze, 1778) and P. intermedia
(Serville, 1838) emitted calling signals that match the
temporal pattern of P. albopunctata, indicating that hy-
brid males may reproduce. DNA barcoding cannot detect
genetic admixture, as the mitochondrial COI is exclusive-
ly inherited through the maternal lineage. Therefore, the
presence of hybrid specimens in the current dataset can-
not be ruled out, requiring further evidence for confirma-
tion (Zhaoke et al. 2021).

Incomplete lineage sorting (ILS), the sharing of ances-
tral haplotypes among related species, is identified as a pri-
mary cause of barcoding failure in numerous groups. Rapid
and recent speciation, particularly within the Gomphoceri-
nae subfamily of Acrididae, which diverged approximately
in the last 6.44 million years (Hawlitschek et al. 2022), and
specifically within the genera Chorthippus and Stenobo-
thrus Fischer, 1853 (Vedenina and Mugue 2011), exem-
plifies this issue. Identical mitochondrial haplotypes and
barcodes can be obtained between populations isolated for
~1 million years (Nabholz 2023). Additionally, post-gla-
cial re-colonization has been suggested as the origin for
Central European populations of some Acrididae species,
potentially leading to recent secondary contacts and nar-
row hybrid zones (Lunt et al. 1998; Nolen et al. 2020).

The current delimitation analyses underscore the lim-
itations of barcoding in distinguishing extremely recently
diverged species, while also highlighting interesting pat-
terns in less recently diverged lineages that may conceal
cryptic taxa, due to nearly identical morphological and
bioacoustic characteristics among different species.

A prime example is provided by the insular Greek pop-
ulations of Eupholidoptera Maran, 1953 and Poecilimon
Fischer, 1853, particularly species such as E. smyrnensis
and P. cretensis Werner, 1903. Despite being classified
as a single taxon, populations from different islands or
even different regions within the same island (e.g., Crete)
exhibit clear genetic divergence. This divergence is in-
fluenced by the mutation rate of the marker in question
(COI), which dictates the expected number of mutations
diagnostic of a species. The mutation rate determines the
pace at which neutral divergence accumulates, potentially
enlarging the barcoding gap in rapidly evolving species
(Allio et al. 2017).

4.5. Perspectives

As previously noted, several evolutionary processes, pre-
dominantly hybridization and incomplete lineage sorting
(ILS), significantly influence the performance of species
delimitation based on barcode sequences. Utilizing meth-
ods based on diverse theoretical frameworks helps mitigate
biases associated with the limitations of each algorithm.

Taxonomically problematic groups, including Platy-
cleidini, Gomphocerinae, and Stenobothrinae, could be
more accurately delimited and phylogenetically resolved
through the adoption of more rigorous protocols. Schmidt
et al. (2024) have shown RADseq to be an effective meth-
od for elucidating the phylogeny of the C. biguttulus
group and other species within the genera Chorthippus
and Pseudochorthippus Defaut, 2012. The species clus-
ters derived from this approach closely correspond with
traditional taxonomy, notwithstanding the complexities
introduced by their recent evolutionary histories and fre-
quent occurrences of hybridization. Moreover, significant
disparities between nuclear and mitochondrial phylog-
enies were noted, rendering COI alone insufficient for
comprehensive phylogenetic analysis and the detection
of recent radiative events.

High-throughput genomic techniques promise to effec-
tively identify divergent lineages among both widespread
and endemic species. Esquer-Garrigos et al. (2019) un-
covered a surprisingly intricate level of biogeographical
complexity at a localized scale in populations of Ephip-
piger diurnus Dufour, 1841 in the Pyrenees. Similarly,
the current study has revealed potential divergent lineag-
es within endemic and geographically restricted species,
notably among ensiferans, with Antaxius difformis (Brun-
ner von Wattenwyl, 1861) and Thyreonotus bidens (Boli-
var, 1887) serving as prime examples.

Future investigations should leverage high-throughput
genetic methodologies not only to address existing taxo-
nomic uncertainties but also to explore the biogeograph-
ical characteristics of endemic orthopteran species, which
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may demonstrate greater (rather than less) variation and di-
vergence compared to their more ubiquitous counterparts.

5. Conclusion

Our barcoding data, thanks to rigid quality protocols and
a representative set of assessed species, will be useful for
a wide range of applications in taxonomy, conservation
management and ecology. The well-known advantages
of DNA barcoding will allow a reliable identification of
many Mediterranean orthopterans, even just basing on bi-
ological fragments and soil eDNA. This becomes crucial
for the detection of the presence of endangered species,
both globally and locally, in a certain area. Barcodes of
TUCN critically endangered species like Isophya harzi
Kis, 1960, Zubovskya banatica Kis, 1965 and Chorthip-
pus acroleucus (Miiller, 1924) were here published for
the first time on BOLD systems (IJUCN 2023).

To minimize misidentification and taxonomic confu-
sion, species exhibiting BIN sharing should not be fully
considered in species delimitation conclusions, as resolv-
ing such cases requires more robust investigations using
multi-locus or genomic approaches. However, these spe-
cies delimitation results provide key insights, including
evidence of potential cryptic undescribed taxa, instances
of synonymy requiring taxonomic revision, and geograph-
ically structured divergent lineages. This comprehensive
preliminary assessment of orthopteran biodiversity lays
the groundwork for future in-depth taxonomic studies,
population genomic analyses, and expanded sampling
programs, ultimately advancing the understanding of the
evolutionary and biogeographic dynamics of orthopter-
ans in the Mediterranean basin.

6. Funding

This research was partly subsidized by Erasmus+ Internship Program,
Stichting Fonds Pontium for systematic zoology and Synthesys+ Call 4
NL-TAF: “Barcoding of Mediterranean grasshoppers” and by personal
funding to LSD from Heinrich-Boll-Stiftung.

7. Disclosure statement

The authors report there are no competing interests to declare.

8. Acknowledgements

We are deeply thankful to Prof. Dr. Martin Husemann, Rob Felix and
Prof. Dr. Bruno Massa for their help with specimen identification and
for providing key publications. Our gratitude is further extended to
Mr. Matteo Calafato, Dr. Giobbe Forni, and Dr. Jorge Luis Ramirez
Malaver for their invaluable support with the application of SPdel
v.2.0 (Ramirez et al. 2023) and additional analytical tools, as well as
Mrs. Stacey Dubbeldam for the labwork at Naturalis. We acknowl-

edge the following authorities in Spain for research and collection
permits: Junta de Extremadura (CN27/16/ACA), Gobierno de Aragon
(500201/24/2020/01724 and 500201/24/2021/03114), Cabildo de Gran
Canaria (516/16), Junta de Andalucia (SGYB/AF/DGB Re 192/14), Co-
munidad de Madrid (10/148834.9/19), and Parque Nacional y Parque
Natural de Sierra Nevada (no permit number), Top of Form.

This project was funded by Synthesys + Call 4 (TAF-NL), DGFO
research fund for young scientists and by a doctoral stipend from Hein-
rich-Boll-Stiftung to LSD.

9. References

Allegrucci G, Ketmaier V, Di Russo C, Rampini M, Sbordoni V, Cobolli
M (2017) Molecular phylogeography of Troglophilus cave crickets
(Orthoptera, Rhaphidophoridae): A combination of vicariance and
dispersal drove diversification in the East Mediterranean region.
Journal of Zoological Systematics and Evolutionary Research 55:
310-325. https://doi.org/10.1111/jzs.12172

Allio R, Donega S, Galtier N, Nabholz B (2017) Large variation in the
ratio of mitochondrial to nuclear mutation rate across animals: Im-
plications for genetic diversity and the use of mitochondrial DNA
as a molecular marker. Molecular Biology and Evolution 34: 2762—
2772. https://doi.org/10.1093/molbev/msx 197

Aragon P, Coca-Abia MM, Llorente V, Lobo JM (2012) Estimation
of climatic favourable areas for locust outbreaks in Spain: Inte-
grating species’ presence records and spatial information on out-
breaks. Journal of Applied Entomology 137: 610-623. https://doi.
org/10.1111/jen.12022

Babik W, Branicki W, Crnobrnja-Isailovic J, Cogalniceanu D, Sas I,
Olgun K, Poyarkov NA, Garcia-Paris M, Arntzen JW (2005) Phy-
logeography of two European newt species — discordance between
mtDNA and morphology. Molecular Ecology 14: 2475-2491.
https://doi.org/10.1111/j.1365-294x.2005.02605.x

Ballard JW (2000) When one is not enough: Introgression of mitochon-
drial DNA in Drosophila. Molecular Biology and Evolution 17:
1126-1130. https://doi.org/10.1093/oxfordjournals.molbev.a026394

Barat J (2007) Revision taxonomica de los Ephippigerinae (Orthoptera:
Tettigonioidea: Bradyporidae) de la Peninsula Ibérica e Islas Bale-
ares. 1. Géneros: Callicrania Bolivar, 1898; Neocallicrania Pfau,
1996; Platystolus Bolivar, 1878 y Synephippius Navas, 1905. Bo-
letin Sociedad Entomologica Aragonesa 40: 55-118.

Barat J (2012) Revision preliminar de los géneros de Ephippigerini
Brunner von Wattenwyl, 1878 (Orthoptera: Tettigoniidae: Bradypo-
rinae). Boletin Sociedad Entomologica Aragonesa 50: 1-71.

Barat J (2013) Revision de la identidad de Neocallicrania serrata
(Bolivar, 1885) y descripcion de dos taxones afines: Neocallicra-
nia serrata pfaui ssp. n. y Neocallicrania barrosi sp. n. (Orthoptera,
Tettigoniidae, Bradyporinae, Ephippigerini). Boletin Sociedad En-
tomologica Aragonesa 52: 1-16. http://sea-entomologia.org/PDF/
Boletin52/001016BSEA520rthopteraJBarat.pdf

Barataud J (2018) Identification acoustique des espéces frangaises du
genre Rhacocleis Fieber, 1853 (Orthoptera, Tettigoniidae). Plume
de Naturalistes 2: 23—40. http://www.plume-de-naturalistes.fr/wp-
content/uploads/2018/11/03_BARATAUD-J 05-2018 Identifica-
tion-acoustique-Rhacocleis Plume2 23-40.pdf

Bazelet CS, Samways MJ (2011) Identifying grasshopper bioindi-
cators for habitat quality assessment of Ecological Networks.
Ecological Indicators 11: 1259-1269. https://doi.org/10.1016/j.

ecolind.2011.01.005


https://doi.org/10.1111/jzs.12172
https://doi.org/10.1093/molbev/msx197
https://doi.org/10.1111/jen.12022
https://doi.org/10.1111/jen.12022
https://doi.org/10.1111/j.1365-294x.2005.02605.x
https://doi.org/10.1093/oxfordjournals.molbev.a026394
http://sea-entomologia.org/PDF/Boletin52/001016BSEA52OrthopteraJBarat.pdf
http://sea-entomologia.org/PDF/Boletin52/001016BSEA52OrthopteraJBarat.pdf
http://www.plume-de-naturalistes.fr/wp-content/uploads/2018/11/03_BARATAUD-J_05-2018_Identification-acoustique-Rhacocleis_Plume2_23-40.pdf
http://www.plume-de-naturalistes.fr/wp-content/uploads/2018/11/03_BARATAUD-J_05-2018_Identification-acoustique-Rhacocleis_Plume2_23-40.pdf
http://www.plume-de-naturalistes.fr/wp-content/uploads/2018/11/03_BARATAUD-J_05-2018_Identification-acoustique-Rhacocleis_Plume2_23-40.pdf
https://doi.org/10.1016/j.ecolind.2011.01.005
https://doi.org/10.1016/j.ecolind.2011.01.005

226

Ragazzini M et al.: DNA Barcoding of Mediterranean orthopterans

Belovsky GE, Slade JB (2018) Grasshoppers affect grassland ecosystem
functioning: Spatial and temporal variation. Basic and Applied Ecol-
ogy 26: 24-34. https://doi.org/10.1016/j.baae.2017.09.003

Blair C, Bryson RWIJr (2017) Cryptic diversity and discordance in
single-locus species delimitation methods within horned lizards
(Phrynosomatidae: Phrynosoma). Mol Ecol Resour 17: 1168—1182.
https://doi.org/10.1111/1755-0998.12658

Blondel J, Aronson J, Bodiou JY, Boeuf G (2010) The Mediterranean
Region: Biological Diversity through Time and Space. Oxford Uni-
versity Press, Oxford, 392 pp.

Bomb.bio (2024) In: protocols.io. https://bomb.bio [accessed 28 May
2024]

Boto L (2014) Horizontal gene transfer in the acquisition of novel traits
by Metazoans. Proceedings of the Royal Society B: Biological Sci-
ences 281: 20132450. https://doi.org/10.1098/rspb.2013.2450

Bouckaert R, Heled J, Kiihnert D, Vaughan TG, Wu CH, Xie D, Suchard
MA, Rambaut A, Drummond AJ (2014) Beast 2: A software plat-
form for Bayesian evolutionary analysis. PLoS Computational Biol-
ogy 10(4): e1003537. https://doi.org/10.1371/journal.pcbi.1003537

Bring structure to your research (2024) In: protocols.io. https://www.
protocols.io [accessed 28 May 2024]

Bugrov AG, Ilinsky Y'Y, Strunov A, Zhukova M, Kiseleva E, Akimoto
S, Tatsuta H (2016) First evidence of Wolbachia infection in pop-
ulations of grasshopper Podisma sapporensis (Orthoptera: Acridi-
dae). Entomological Science 19: 296-300. https://doi.org/10.1111/
ens.12187

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K,
Madden TL (2009) BLAST+: architecture and applications. BMC
Bioinformatics 10: 421. https://doi.org/10.1186/1471-2105-10-421

Chintauan-Marquier IC, Amédégnato C, Nichols RA, Pompanon F,
Grandcolas P, Desutter-Grandcolas L (2014) Inside the Melano-
plinae: New molecular evidence for the evolutionary history of
the Eurasian Podismini (Orthoptera: Acrididae). Molecular Phy-
logenetics and Evolution 71: 224-233. https://doi.org/10.1016/j.
ympev.2013.09.009

Cigliano MM, Braun H, Eades DC, Otte D (2024) Orthoptera Species
File. Version 5.0/5.0. Retrieved May 24, 2024. http://Orthoptera.
SpeciesFile.org

Ciplak B, Kaya S, Giindiiz I (2010a) Phylogeography of Anterastes
serbicus Species Group (Orthoptera, Tettigoniidae): Phylogroups
Correlate with Mountain Belts, but not with the Morphospe-
cies. Journal of Orthoptera Research 19(1): 89-100. https://doi.
org/10.1665/034.019.0115

Ciplak B, Heller K-G, Willemse F (2010b) Phylogeny and biogeography
of Eupholidoptera Maran (Orthoptera, Tettigoniidae): morphologi-
cal speciation in correlation with the geographical evolution of
the eastern Mediterranean. Systematic Entomology 35: 722-738.
https://doi.org/10.1111/j.1365-3113.2010.00529.x

Dayrat B (2005) Towards integrative taxonomy. Biological Journal of
the Linnean Society 85: 407—415. https://doi.org/10.1111/1.1095-
8312.2005.00503.x

De Jesus-Bonilla VS, Barrientos-Lozano L, Zaldivar-Riveron A (2017)
Sequence-based species delineation and molecular phylogenetics of
the transitional Nearctic—-Neotropical grasshopper genus Staeniop-
oda (Orthoptera, Romaleidae). Systematics and Biodiversity 15:
600-617. https://doi.org/10.1080/14772000.2017.1313792

de Lamballerie X, Zandotti C, Vignoli C, Bollet C, de Micco P (1992)
A one-step microbial DNA extraction method using “Chelex 100”
suitable for gene amplification. Research in Microbiology 143: 785—
790. https://doi.org/10.1016/0923-2508(92)90107-y

De Queiroz K (2007) Species concepts and species delimita-
tion. Systematic Biology 56: 879-886. https://doi.org/10.1080/
10635150701701083

Dey LS, Simdes MV, Hawlitschek O, Sergeev MG, Xu SQ, Lkhag-
vasuren D, Husemann M (2021) Analysis of geographic centrality
and genetic diversity in the declining grasshopper species Bryo-
demella tuberculata (Orthoptera: Oedipodinae). Biodiversity and
Conservation 30: 2773-2796. https://doi.org/10.1007/s10531-021-
02221-8

Dinno A (2012) paran: Horn’s test of principal components/factors. R
package version. https://www.maths.bris.ac.uk/R/web/packages/pa-
ran/paran.pdf

Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evolutionary Biology 7: 214.
https://doi.org/10.1186/1471-2148-7-214

Esquer-Garrigos Y, Streiff R, Party V, Rewicz T, Bonnet T, Nadal D, De-
niau M, Bertrand R, Rigal F, Lasserre S, Quere G, Alessandri P, Plo-
quin EF, Sirami C (2019) Pleistocene origins of chorusing diversity
in Mediterranean Bush-cricket populations (Ephippiger diurnus).
Biological Journal of the Linnean Society 126: 598—613. https://doi.
org/10.1093/biolinnean/bly195

Felsenstein J (1981) Evolutionary trees from DNA sequences: a max-
imum likelihood approach. Journal of Molecular Evolution 17(6):
368-376. https://doi.org/10.1007/BF01734359

FiSer Pe¢nikar Z, Buzan EV (2013) 20 years since the introduction of
DNA barcoding: From theory to application. Journal of Applied Ge-
netics 55: 43-52. https://doi.org/10.1007/s13353-013-0180-y

FitzJohn RG, Maddison WP, Otto SP (2009) Estimating trait-dependent
speciation and extinction rates from incompletely resolved phylog-
enies. Systematic Biology 58(6): 595-611. https://doi.org/10.1093/
sysbio/syp067

Fontana P, Ode B, Malagnini V (1999) On the identity of Decticus
loudoni Ramme, 1933 (Insecta Orthoptera Tettigoniidae). Bolletti-
no dell’Istituto di Entomologia Guido Grandi della Universita degli
Studi di Bologna 53: 71-85. https://archive.bulletinofinsectology.
org/pdfarticles/vol53-1999-071-085fontana.pdf

Fujisawa T, Barraclough TG (2013) Delimiting species using single-lo-
cus data and the generalized mixed yule coalescent approach: A
revised method and evaluation on simulated data sets. Systematic
Biology 62: 707-724. https://doi.org/10.1093/sysbio/syt033

GBIF (2024) Rhacocleis annulata Fieber, 1853. GBIF Occurrence
Download. https://doi.org/10.15468/d1.25gt71

Geneious Prime 2023.1.1 (2024) https://www.geneious.com

Gongalves LT, Bianchi FM, Depra M, Calegaro-Marques C (2021) Bar-
coding a can of worms: testing cox1 performance as a DNA barcode
of Nematoda. Genome 64(7): 705-717. https://doi.org/10.1139/gen-
2020-0140

Gottsberger B, Mayer F (2007) Behavioral sterility of hybrid males in
acoustically communicating grasshoppers (Acrididae, Gomphocer-
inae). Journal of Comparative Physiology A 193: 703—714. https://
doi.org/10.1007/s00359-007-0225-y

Gottsberger B, Mayer F (2019) Dominance effects strengthen premat-
ing hybridization barriers between sympatric species of grasshop-
pers (Acrididae, Orthoptera). Journal of Evolutionary Biology 32:
921-930. https://doi.org/10.1111/jeb.13490

Grimaldi DA, Engel MS (2005) Evolution of the Insects. Cambridge
University Press, New York, 755 pp.

Hafayed R, Moussi A, Chang H, Huang Y (2023) Species delimitation
and molecular phylogeny of the grasshopper subfamily Gomphoce-
rinae (Orthoptera: Acrididae) from Algeria based on mitochondrial


https://doi.org/10.1016/j.baae.2017.09.003
https://doi.org/10.1111/1755-0998.12658
https://bomb.bio
https://doi.org/10.1098/rspb.2013.2450
https://doi.org/10.1371/journal.pcbi.1003537
https://www.protocols.io
https://www.protocols.io
https://doi.org/10.1111/ens.12187
https://doi.org/10.1111/ens.12187
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1016/j.ympev.2013.09.009
https://doi.org/10.1016/j.ympev.2013.09.009
http://Orthoptera.SpeciesFile.org
http://Orthoptera.SpeciesFile.org
https://doi.org/10.1665/034.019.0115
https://doi.org/10.1665/034.019.0115
https://doi.org/10.1111/j.1365-3113.2010.00529.x
https://doi.org/10.1111/j.1095-8312.2005.00503.x
https://doi.org/10.1111/j.1095-8312.2005.00503.x
https://doi.org/10.1080/14772000.2017.1313792
https://doi.org/10.1016/0923-2508(92)90107-y
https://doi.org/10.1080/%C2%AD1%C2%AD0635150701701083
https://doi.org/10.1080/%C2%AD1%C2%AD0635150701701083
https://doi.org/10.1007/s10531-021-02221-8
https://doi.org/10.1007/s10531-021-02221-8
https://www.maths.bris.ac.uk/R/web/packages/paran/paran.pdf
https://www.maths.bris.ac.uk/R/web/packages/paran/paran.pdf
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1093/biolinnean/bly195
https://doi.org/10.1093/biolinnean/bly195
https://doi.org/10.1007/BF01734359
https://doi.org/10.1007/s13353-013-0180-y
https://doi.org/10.1093/sysbio/syp067
https://doi.org/10.1093/sysbio/syp067
https://archive.bulletinofinsectology.org/pdfarticles/vol53-1999-071-085fontana.pdf
https://archive.bulletinofinsectology.org/pdfarticles/vol53-1999-071-085fontana.pdf
https://doi.org/10.1093/sysbio/syt033
https://doi.org/10.15468/dl.25gt71
https://www.geneious.com
https://doi.org/10.1139/gen-2020-0140
https://doi.org/10.1139/gen-2020-0140
https://doi.org/10.1007/s00359-007-0225-y
https://doi.org/10.1007/s00359-007-0225-y
https://doi.org/10.1111/jeb.13490

Arthropod Systematics & Phylogeny 83, 2025, 211-230

227

and nuclear DNA markers. African Zoology 58: 80-96. https://doi.
org/10.1080/15627020.2023.2263498

Hanrahan SJ, Johnston JS (2011) New genome size estimates of 134
species of arthropods. Chromosome Research 19: 809-823. https://
doi.org/10.1007/s10577-011-9231-6

Hasegawa M, Kishino H, Yano T (1985) Dating of the human-ape split-
ting by a molecular clock of mitochondrial DNA. Journal of Molec-
ular Evolution 22: 160—174. https://doi.org/10.1007/BF02101694

Hawlitschek O, Moriniere J, Lehmann GU, Lehmann AW, Kropf M,
Dunz A, Glaw F, Detcharoen M, Schmidt S, Hausmann A, Szucsich
NU, Caetano-Wyler SA, Haszprunar G (2016) DNA barcoding of
crickets, katydids and Grasshoppers (Orthoptera) from Central Eu-
rope with focus on Austria, Germany and Switzerland. Molecular
Ecology Resources 17: 1037-1053. https://doi.org/10.1111/1755-
0998.12638

Hawlitschek O, Ortiz EM, Noori S, Webster KC, Husemann M, Perei-
ra RJ (2022) Transcriptomic data reveals nuclear-mitochondrial
discordance in Gomphocerinae Grasshoppers (Insecta: Orthoptera:
Acrididae). Molecular Phylogenetics and Evolution 170: 107439.
https://doi.org/10.1016/j.ympev.2022.107439

Hawlitschek O, Sadilek D, Dey LS, Buchholz K, Noori S, Baez IL,
Wehrt T, Brozio J, Travnicek P, Seidel M, Husemann M (2023) New
estimates of genome size in Orthoptera and their evolutionary im-
plications. PLOS ONE 18(3): €0275551. https://doi.org/10.1371/
journal.pone.0275551

Hebert PD, Cywinska A, Ball SL, deWaard JR (2003) Biological iden-
tifications through DNA barcodes. Proceedings of the Royal Society
of London Series B: Biological Sciences 270: 313-321. https://doi.
org/10.1098/rspb.2002.2218

Hebert PD, Penton EH, Burns JM, Janzen DH, Hallwachs W (2004)
Ten species in one: DNA barcoding reveals cryptic species in the
Neotropical skipper butterfly Astraptes fulgerator. Proceedings of
the National Academy of Sciences 101: 14812—-14817. https://doi.
org/10.1073/pnas.0406166101

Hochkirch A, Dey LS, Husemann M (2023) Phylogeography of the
grasshopper genus Oedipoda (Acrididae: Oedipodinae) in the Med-
iterranean: Classic Refugia and cryptic lineages. Biological Journal
of the Linnean Society 140: 85-95. https://doi.org/10.1093/biolin-
nean/blad044

Huang J, Zhang A, Mao S, Huang Y (2013) DNA barcoding and spe-
cies boundary delimitation of selected species of Chinese acridoidea
(Orthoptera: Caelifera). PLoS ONE §8(12): e82400. https://doi.
org/10.1371/journal.pone.0082400

Ilinsky Y, Demenkova M, Bykov R, Bugrov A (2022) Narrow genetic
diversity of Wolbachia symbionts in Acrididae Grasshopper hosts
(Insecta, Orthoptera). International Journal of Molecular Sciences
23(2): 853. https://doi.org/10.3390/ijms23020853

Torio C, Scherini R, Fontana P, Buzzetti FM, Kleukers R, Baudewijn O,
Massa B (2019) Grasshoppers & Crickets of Italy: A photographic
field guide to all the species. World Biodiversity Association, Vero-
na, 360 pp.

TUCN (2023) The IUCN Red List of Threatened Species. Version 2023-
1. https://www.iucnredlist.org [accessed 21 February 2024]

Jesse R, Véla E, Pfenninger M (2011) Phylogeography of a land snail
suggests trans-Mediterranean Neolithic Transport. PLoS ONE 6(6):
€20734. https://doi.org/10.1371/journal.pone.0020734

Jukes TH, Cantor CR (1969) Evolution of protein molecules. In: Mun-
ro HN (ed) Mammalian Protein Metabolism. Academic Press, New
York, pp 21-132.

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment
software version 7: improvements in performance and usabili-
ty. Molecular Biology and Evolution 30(4): 772-780. https://doi.
org/10.1093/molbev/mst010

Kalyaanamoorthy S, Minh B, Wong T, von Haeseler A, Jermiin LS
(2017) ModelFinder: fast model selection for accurate phylogenet-
ic estimates. Nature Methods 14: 587-589. https://doi.org/10.1038/
nmeth.4285

Kaya S, Ciplak B (2018) Possibility of NUMT co-amplification from
gigantic genome of Orthoptera: Testing efficiency of standard PCR
protocol in producing orthologous coi sequences. Heliyon 4(11):
€00929. https://doi.org/10.1016/j.heliyon.2018.¢00929

Kenyeres Z, Racz IA, Varga Z (2009) Endemism hot spots, core areas
and disjunctions in European Orthoptera. Acta Zoologica Cracovi-
ensia - Series B: Invertebrata 52: 189-211. https://doi.org/10.3409/
azc.52b_1-2.189-211

Keppel G, Van Niel KP, Wardell-Johnson GW, Yates CJ, Byrne M, Mu-
cina L, Schut AG, Hopper SD, Franklin SE (2011) Refugia: Identi-
fying and understanding safe havens for biodiversity under climate
change. Global Ecology and Biogeography 21: 393—404. https://doi.
org/10.1111/j.1466-8238.2011.00686.x

Kimura M (1980) A simple method for estimating evolutionary rates
of base substitutions through comparative studies of nucleotide se-
quences. Journal of Molecular Evolution 16:111-120. https://doi.
org/10.1007/BF01731581

Kock L-S, Kors E, Husemann M, Davaa L, Dey LS (2024) Barcoding
fails to delimit species in Mongolian Oedipodinae (Orthoptera, Acri-
didae). Insects 15(2): 128. https://doi.org/10.3390/insects 15020128

Korsunovskaya OS (2016) On the distribution of the Bush Cricket
Platycleis albopunctata transiens Zeuner, 1941 (Orthoptera, Tetti-
goniidae) in the south of European Russia and in Uzbekistan.
Entomological Review 96: 288-293. https://doi.org/10.1134/
s0013873816030064

Kress WI, Erickson DL (2012) DNA barcodes: Methods and protocols.
In: Kress, W., Erickson, D. (eds) DNA Barcodes. Methods in Molec-
ular Biology, vol. 858. Humana Press, Totowa, NJ. pp. 3—8. https://
doi.org/10.1007/978-1-61779-591-6 1

Kristin A, Capka J, Zlamal N, Demes P (2022) First Records of the
alien bush-crickets Rhacocleis annulata Fieber, 1853 and Yersinel-
la raymondii (Yersin, 1860) (Orthoptera) in Slovakia. Biolnvasions
Records 11: 383-389. https://doi.org/10.3391/bir.2022.11.2.11

Lamichhaney S, Berglund J, Almén MS, Maqgbool K, Grabherr M,
Martinez-Barrio A, Promerova M, Rubin CJ, Wang C, Zamani N,
Grant BR, Grant PR, Webster MT, Andersson L (2015) Evolution of
Darwin’s finches and their beaks revealed by genome sequencing.
Nature 518: 371-375. https://doi.org/10.1038/nature 14181

Leite LA (2012) Mitochondrial pseudogenes in insect DNA barcoding:
Differing points of view on the same issue. Biota Neotropica 12:
301-308. https://doi.org/10.1590/5s1676-06032012000300029

Lemonnier-Darcemont M, Kati V, Willemse L, Darcemont C (2018)
Effects of changing grazing systems on the threatened genus Peri-
podisma (Orthoptera: Acrididae: Melanoplinae) in the Mediterra-
nean mountains of the southern Balkans. Journal of Mediterranean
Ecology 16: 67-79.

Lopez H, Contreras-Diaz HG, Oromi P, Juan C (2006) Delimiting spe-
cies boundaries for endangered Canary Island grasshoppers based
on DNA sequence data. Conservation Genetics 8: 587-598. https://
doi.org/10.1007/s10592-006-9199-5


https://doi.org/10.1080/15627020.2023.2263498
https://doi.org/10.1080/15627020.2023.2263498
https://doi.org/10.1007/s10577-011-9231-6
https://doi.org/10.1007/s10577-011-9231-6
https://doi.org/10.1007/BF02101694
https://doi.org/10.1111/1755-0998.12638
https://doi.org/10.1111/1755-0998.12638
https://doi.org/10.1016/j.ympev.2022.107439
https://doi.org/10.1371/journal.pone.0275551
https://doi.org/10.1371/journal.pone.0275551
https://doi.org/10.1098/rspb.2002.2218
https://doi.org/10.1098/rspb.2002.2218
https://doi.org/10.1073/pnas.0406166101
https://doi.org/10.1073/pnas.0406166101
https://doi.org/10.1093/biolinnean/blad044
https://doi.org/10.1093/biolinnean/blad044
https://doi.org/10.1371/journal.pone.0082400
https://doi.org/10.1371/journal.pone.0082400
https://doi.org/10.3390/ijms23020853
https://www.iucnredlist.org
https://doi.org/10.1371/journal.pone.0020734
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1016/j.heliyon.2018.e00929
https://doi.org/10.3409/azc.52b_1-2.189-211
https://doi.org/10.3409/azc.52b_1-2.189-211
https://doi.org/10.1111/j.1466-8238.2011.00686.x
https://doi.org/10.1111/j.1466-8238.2011.00686.x
https://doi.org/10.1007/BF01731581
https://doi.org/10.1007/BF01731581
https://doi.org/10.3390/insects15020128
https://doi.org/10.1134/s0013873816030064
https://doi.org/10.1134/s0013873816030064
https://doi.org/10.1007/978-1-61779-591-6_1
https://doi.org/10.1007/978-1-61779-591-6_1
https://doi.org/10.3391/bir.2022.11.2.11
https://doi.org/10.1038/nature14181
https://doi.org/10.1590/s1676-06032012000300029
https://doi.org/10.1007/s10592-006-9199-5
https://doi.org/10.1007/s10592-006-9199-5

228

Ragazzini M et al.: DNA Barcoding of Mediterranean orthopterans

Lopez H, Hernandez-Teixidor D, Macias-Hernandez N, Juan C, Oro-
mi P (2013) A taxonomic revision and species delimitation of the
genus Purpuraria Enderlein, 1929 (Orthoptera: Pamphagidae)
using an integrative approach. Journal of Zoological Systematics
and Evolutionary Research 51: 173—186. https://doi.org/10.1111/
jzs.12023

Lunt DH, Ibrahim KM, Hewitt GM (1998) MtDNA phylogeography
and postglacial patterns of subdivision in the meadow grasshop-
per Chorthippus parallelus. Heredity 80: 633-641. https://doi.
org/10.1038/sj.hdy.6883110

Mandel MJ, Ross CL, Harrison RG (2001) Do Wolbachia infections
play a role in unidirectional incompatibilities in a field cricket hy-
brid zone? Molecular Ecology 10: 703—709. https://doi.org/10.1046/
j.1365-294x.2001.01213.x

Massa B, Tagliavia M, Buzzetti FM, Fontana P, Carotti G, Bardiani M,
Leandri F, Scherini R, Lo Verde G (2023) A taxonomic revision of
the Palaearctic genus Roeseliana (Orthoptera: Tettigoniidae: Tettigo-
niinae: Platycleidini): A case of ongoing Mediterranean speciation.
Zootaxa 5270: 351-400. https://doi.org/10.11646/zootaxa.5270.3.1

Michonneau F, Brown JW, Winter DJ (2016) rncl: An R package to
infer phylogenetic trees and manipulate Newick files. Available on
CRAN: https://cran.r-project.org/package=rncl

Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES Sci-
ence Gateway for inference of large phylogenetic trees. Proceed-
ings of the Gateway Computing Environments Workshop (GCE),
14 Nov. 2010, New Orleans, LA, pp 1-8. https://doi.org/10.1109/
GCE.2010.5676129

Moulton MJ, Song H, Whiting MF (2010) Assessing the effects of
primer specificity on eliminating NUMT coamplification in DNA
barcoding: A case study from Orthoptera (Arthropoda: Insecta).
Molecular Ecology Resources 10: 615-627. https://doi.org/10.1111/
j.1755-0998.2009.02823.x

Mugleston JD, Naegle MA, Song H, Whiting MF (2018) A compre-
hensive phylogeny of Tettigoniidae (Orthoptera: Ensifera) reveals
extensive Ecomorph convergence and widespread taxonomic in-
congruence. Insect Systematics and Diversity 2(4): 5. https://doi.
org/10.1093/isd/ixy010

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GA, Kent J
(2000) Biodiversity Hotspots for Conservation Priorities. Nature
403: 853-858. https://doi.org/10.1038/35002501

Nabholz B (2023) Incomplete lineage sorting explains the low perfor-
mance of DNA barcoding in a radiation of four species of Western
European grasshoppers (Orthoptera: Acrididae: Chorthippus). Bio-
logical Journal of the Linnean Society 141(1): 33-50. https://doi.
org/10.1093/biolinnean/blad106

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ (2015) IQ-TREE:
A fast and effective stochastic algorithm for estimating maximum
likelihood phylogenies. Molecular Biology and Evolution 32: 268—
274. https://doi.org/10.1093/molbev/msu300

Nolen Z, Yildirim B, Irisarri I, Liu S, Crego CG, Amby D, Mayer F,
Pereira R (2020) Historical isolation facilitates species radiation by
sexual selection: Insights from Chorthippus Grasshoppers. Molecu-
lar Ecology 29: 4985-5002. https://doi.org/10.1111/mec.15695

Ortego J, Kaya S, Ciplak B, Lacey Knowles L (2024) Microgeographic
speciation in a complex of Anatolian bush crickets facilitated by fast
evolution of reproductive isolation. Journal of Evolutionary Biology
37: 14-27. https://doi.org/10.1093/jeb/voad008

Paradis E, Schliep K (2019) ape 5.0: an environment for modern phylo-
genetics and evolutionary analyses in R. Bioinformatics 35(3):526—
528. https://doi.org/10.1093/bioinformatics/bty633

Pedraza-Lara C, Barrientos-Lozano L, Rocha-Sanchez AY, Zaldi-
var-Riveron A (2015) Montane and coastal species diversification in
the economically important Mexican grasshopper genus Sphenarium
(Orthoptera: Pyrgomorphidae). Molecular Phylogenetics and Evolu-
tion 84: 220-231. https://doi.org/10.1016/j.ympev.2015.01.001

Pereira RJ, Ruiz-Ruano FJ, Thomas CJE, de Sousa HC, Pita S, Jansen
M, Sillero N, Sequeira F, Cabrero J, Camacho JP, Lopes RJ, Pires
MM, Martin JF, Lopez-Leén MD, Pinho C (2020) Mind the numt:
Finding informative mitochondrial markers in a giant grasshopper
genome. Journal of Zoological Systematics and Evolutionary Re-
search 59: 635-645. https://doi.org/10.1111/jzs.12446

Pina S, Rubinoff D, Roderick GK, Arnedo MA, Gillespie RG, Andrade
C, Sequeira F, Arnedo MA, Gillespie RG, Lopes C, Borges P, Sil-
va L, Elias M (2024) The inbio barcoding initiative database: DNA
barcodes of Orthoptera from Portugal. Biodiversity Data Journal 12:
¢118010. https://doi.org/10.3897/bdj.12.e118010

Pocco ME, Minutolo C, Dinghi PA, Marifio-Pérez R, Goiii JA, Cas-
tiglione IS, Remis MI (2015) Species delimitation in the Andean
grasshopper genus Orotettix Ronderos & Carbonell (Orthoptera:
Melanoplinae): an integrative approach combining morphological,
molecular and biogeographical data. Zoological Journal of the Lin-
nean Society 174: 733-759. https://doi.org/10.1111/z0j.12251

Pons J, Barraclough TG, Gomez-Zurita J, Cardoso A, Duran
DP, Hazell S, Kamoun S, Sumlin WD, Vogler AP (2006) Se-
quence-based species delimitation for the DNA taxonomy of un-
described insects. Systematic Biology 55: 595-609. https://doi.
org/10.1080/10635150600852011

Puillandre N, Brouillet S, Achaz G (2020) ASAP: Assemble species by
automatic partitioning. Molecular Ecology Resources 21: 609-620.
https://doi.org/10.1111/1755-0998.13281

Puillandre N, Lambert A, Brouillet S, Achaz G (2011) ABGD, auto-
matic barcode gap discovery for primary species delimitation.
Molecular Ecology 21: 1864—1877. https://doi.org/10.1111/j.1365-
294x.2011.05239.x

Ramirez JL, Valdivia P, Rosas-Puchuri U, Valdivia NL (2023) SPdel: A
pipeline to compare and visualize species delimitation methods for
single-locus datasets. Molecular Ecology Resources 23: 1959-1965.
https://doi.org/10.1111/1755-0998.13864

Ratnasingham S, Hebert PD (2013) A DNA-based registry for all an-
imal species: The barcode index number (bin) system. PLoS ONE
8(7): €66213. https://doi.org/10.1371/journal.pone.0066213

Ratnasingham S, Hebert PD (2007) BOLD: The Barcode of Life Data
System (http://www.barcodinglife.org). Molecular Ecology Notes.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1890991 [accessed
24 May 2024]

Rentz DC (2010) A guide to the katydids of Australia. CSIRO Publish-
ing, Collingwood, Victoria, 224 pp.

Samways M, Lockwood J (1998) Orthoptera conservation: pests and
paradoxes. Journal of Insect Conservation 2: 143—149. https://doi.
org/10.1023/A:1009652016332

Schmidt R, Dufresnes C, Kristin A, Kiinzel S, Vences M, Hawlitschek
O (2024) Phylogenetic insights into Central European Chorthip-
pus and Pseudochorthippus (Orthoptera: Acrididae) species using
ddRADseq Data. Molecular Phylogenetics and Evolution 193:
108012. https://doi.org/10.1016/j.ympev.2024.108012

Shadrin DM (2021) DNA barcoding: Applications. Russian Journal of
Genetics 57: 489-497. https://doi.org/10.1134/s102279542104013x

Sokal RR, Rohlf FJ (1995) Biometry: The principles and practice of
statistics in biological research. 3rd ed. W.H. Freeman, New York,
887 pp.


https://doi.org/10.1111/jzs.12023
https://doi.org/10.1111/jzs.12023
https://doi.org/10.1038/sj.hdy.6883110
https://doi.org/10.1038/sj.hdy.6883110
https://doi.org/10.1046/j.1365-294x.2001.01213.x
https://doi.org/10.1046/j.1365-294x.2001.01213.x
https://doi.org/10.11646/zootaxa.5270.3.1
https://cran.r-project.org/package=rncl
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.1111/j.1755-0998.2009.02823.x
https://doi.org/10.1111/j.1755-0998.2009.02823.x
https://doi.org/10.1093/isd/ixy010
https://doi.org/10.1093/isd/ixy010
https://doi.org/10.1038/35002501
https://doi.org/10.1093/biolinnean/blad106
https://doi.org/10.1093/biolinnean/blad106
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1111/mec.15695
https://doi.org/10.1093/jeb/voad008
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1016/j.ympev.2015.01.001
https://doi.org/10.1111/jzs.12446
https://doi.org/10.3897/bdj.12.e118010
https://doi.org/10.1111/zoj.12251
https://doi.org/10.1080/10635150600852011
https://doi.org/10.1080/10635150600852011
https://doi.org/10.1111/1755-0998.13281
https://doi.org/10.1111/j.1365-294x.2011.05239.x
https://doi.org/10.1111/j.1365-294x.2011.05239.x
https://doi.org/10.1111/1755-0998.13864
https://doi.org/10.1371/journal.pone.0066213
http://www.barcodinglife.org
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1890991
https://doi.org/10.1023/A:1009652016332
https://doi.org/10.1023/A:1009652016332
https://doi.org/10.1016/j.ympev.2024.108012
https://doi.org/10.1134/s102279542104013x

Arthropod Systematics & Phylogeny 83, 2025, 211-230

229

Song H, Buhay JE, Whiting MF, Crandall KA (2008) Many species
in one: DNA barcoding overestimates the number of species when
nuclear mitochondrial pseudogenes are coamplified. Proceedings of
the National Academy of Sciences 105: 13486—13491. https://doi.
org/10.1073/pnas.0803076105

Song H, Amédégnato C, Cigliano MM, Desutter-Grandcolas L, Heads
SW, Huang Y, Otte D, Whiting MF (2015) 300 million years of di-
versification: elucidating the patterns of orthopteran evolution based
on comprehensive taxon and gene sampling. Cladistics 31(6): 621—
651. https://doi.org/10.1111/cla.12116

Song H, Marifo-Pérez R, Woller DA, Cigliano MM (2018) Evolution,
diversification, and biogeography of grasshoppers (Orthoptera:
Acrididae). Insect Systematics and Diversity 2(4): 3. https://doi.
org/10.1093/isd/ixy008

Suchard MA, Rambaut A (2009) Many-core algorithms for statis-
tical phylogenetics. Bioinformatics 25: 1370-1376. https://doi.
org/10.1093/bioinformatics/btp244

Tang CQ, Humphreys AM, Fontaneto D, Barraclough TG (2014) Effects
of phylogenetic reconstruction method on the robustness of species
delimitation using single-locus Data. Methods in Ecology and Evo-
lution 5: 1086—-1094. https://doi.org/10.1111/2041-210x.12246

Tavaré S (1986) Some probabilistic and statistical problems in the anal-
ysis of DNA sequences. Lectures on Mathematics in the Life Sci-
ences 17: 57-86.

Team R Core (2014) R: A language and environment for statisti-
cal computing. MSOR connections 1. https://doi.org/10.1109/
GCE.2010.5676129

van Ommen Kloeke E, Huijbers C, Beentjes K, van der Hoorn B, Ver-
heul J, Kaspers T, Scholtens E, de Groot M, Vooren M, Timmers P,
Notté A, Engel J (2022) Arise: Building an infrastructure for species
recognition and biodiversity monitoring in the Netherlands. Biodi-
versity Information Science and Standards 6: €93613. https://doi.
org/10.3897/biss.6.93613

Vedenina V, Mugue N (2011) Speciation in gomphocerine grasshop-
pers: Molecular phylogeny versus bioacoustics and courtship be-
havior. Journal of Orthoptera Research 20: 109-125. https://doi.
org/10.1665/034.020.0111

Vences M, Thomas M, Bonett RM, Vieites DR (2005) Deciphering am-
phibian diversity through DNA barcoding: chances and challenges.
Philosophical Transactions of the Royal Society B 360: 1859-1868.
http://doi.org/10.1098/rstb.2005.1717

Wang X, Fang X, Yang P, Jiang X, Jiang F, Zhao D, Li C, Wang Z,
Zhang G, Luo L, Wang J, Wang J, Zhu Y, Yang H, XiY, Yu J, Kang
L (2014) The locust genome provides insight into swarm formation
and long-distance flight. Nature Communications 5: 2957. https://
doi.org/10.1038/ncomms3957

Willemse L, Kleukers R, Odé B (2018) The grasshoppers of Greece.
EIS Kenniscentrum Insecten en andere ongewervelden, Leiden, 432
pp.

Yang Z, Rannala B (2017) Bayesian species identification under the
multispecies coalescent provides significant improvements to DNA
barcoding analyses. Molecular Ecology 26(11): 3028-3036. https://
doi.org/10.1111/mec.14093

Zabal-Aguirre M, Arroyo F, Bella J (2010) Distribution of Wolba-
chia infection in Chorthippus parallelus populations within and
beyond a Pyrenean hybrid zone. Heredity 104: 174—184. https://doi.
org/10.1038/hdy.2009.106

Zhang J, Kapli P, Pavlidis P, Stamatakis A (2013) A general species
delimitation method with applications to phylogenetic placements.
Bioinformatics 29: 2869-2876. https://doi.org/10.1093/bioinfor-
matics/btt499

Zhaoke D, Yangzhou W, Chao L, Lili L, Xingyuan M (2021) Mitochon-
drial DNA as a Molecular Marker in Insect Ecology: Current Status
and Future Prospects. Annals of the Entomological Society of Amer-
ica 114(4): 470—476. https://doi.org/10.1093/aesa/saab020

Zhaxybayeva O, Doolittle WF (2011) Lateral gene transfer. Current Bi-
ology 21(7): R242-R246. https://doi.org/10.1016/j.cub.2011.01.045

Zhou X, Luo S (2022) H1 Connect Recommendation of [Li Y et al.,
Cell 2022: HGT is widespread in insects and contributes to male
courtship in Lepidopterans]. In H1 Connect, 26 Jul 2022; https://doi.
org/10.3410/£.742248834.793594411


https://doi.org/10.1073/pnas.0803076105
https://doi.org/10.1073/pnas.0803076105
https://doi.org/10.1111/cla.12116
https://doi.org/10.1093/isd/ixy008
https://doi.org/10.1093/isd/ixy008
https://doi.org/10.1093/bioinformatics/btp244
https://doi.org/10.1093/bioinformatics/btp244
https://doi.org/10.1111/2041-210x.12246
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.3897/biss.6.93613
https://doi.org/10.3897/biss.6.93613
https://doi.org/10.1665/034.020.0111
https://doi.org/10.1665/034.020.0111
http://doi.org/10.1098/rstb.2005.1717
https://doi.org/10.1038/ncomms3957
https://doi.org/10.1038/ncomms3957
https://doi.org/10.1111/mec.14093
https://doi.org/10.1111/mec.14093
https://doi.org/10.1038/hdy.2009.106
https://doi.org/10.1038/hdy.2009.106
https://doi.org/10.1093/bioinformatics/btt499
https://doi.org/10.1093/bioinformatics/btt499
https://doi.org/10.1093/aesa/saab020
https://doi.org/10.1016/j.cub.2011.01.045
https://doi.org/10.3410/f.742248834.793594411
https://doi.org/10.3410/f.742248834.793594411

230 Ragazzini M et al.: DNA Barcoding of Mediterranean orthopterans

Supplementary Material 1

Files S1-S8

Authors: Ragazzini M, Kleukers R, Willemse L, Baudewijn O, Dey L-S, Hawlitschek O (2025)

Data type: .zip

Explanation notes: File S1. notes on the protocols involved in PCR at LIB (Protocol a), PCR at Naturalis (Proto-
col b) and DNA sequencing (Protocol ¢). — File S2. Maximum Likelihood trees inferred for caeliferans (Graph
a) and ensiferans (Graph b). — File S3. Graphic outputs from SPdel (Ramirez et al. 2023), showcasing the species
delimitation patterns and consensus inferred for caeliferans and ensiferans. — File S4. Species delimitation and
consensus patterns from SPdel (Ramirez et al. 2023) for caeliferans and ensiferans. — Table S5. Table showing,
the first sheet, detailed specimen data, including Project, BIN code, Sample ID (accession number to the BOLD
PROJECT “MEDOR Barcoding of Mediterranean Orthoptera”), Sequence length, Species, Author, Voucher depos-
it, Collector, Collection date, Country, Exact site, Latitude, and Longitude. Additional sheets show the percentage
of Orthoptera biodiversity captured by this study across five key countries: Spain, Germany, Portugal, Italy, and
Greece. — File S6. Table presenting the results of BIN discordance analyses conducted on the BOLD System. It
includes counts of concordant, discordant, and singleton BINs for both caeliferans and ensiferans, with a total of six
separate sheets. — File S7. A concise discussion of species delimitation results, for both caeliferans (Part 1) and
ensiferans (Part 2). This includes biogeographical factors explaining geographic isolation, taxonomic comparisons
highlighting matches or conflicts with existing classifications, and references to previous studies to provide context
for the findings. — File S8. A comprehensive description of the command, input files, and options used for the
SPdel.py analysis.

Copyright notice: This dataset is made available under the Open Database License (http://opendatacommons.org/
licenses/odbl/1.0). The Open Database License (ODbL) is a license agreement intended to allow users to freely
share, modify, and use this dataset while maintaining this same freedom for others, provided that the original source
and author(s) are credited.
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