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Abstract

The barcoding of the mitochondrial COX1 gene has been instrumental in cataloguing
the tree of life, and in providing insights in the phylogeographic history of species. Yet,
this strategy has encountered difficulties in major clades characterized by large ge-
nomes, which contain a high frequency of nuclear pseudogenes originating from the
mitochondrial genome (numts). Here, we use the meadow grasshopper (Chorthippus
parallelus), which possesses a giant genome of ~13 Gb, to identify mitochondrial
genes that are underrepresented as numts, and test their use as informative phylo-
geographic markers. We recover the same full mitochondrial sequence using both
whole genome and transcriptome sequencing, including functional protein-coding
genes and tRNAs. We show that a region of the mitogenome containing the COX1
gene, typically used in DNA barcoding, has disproportionally higher diversity and
coverage than the rest of the mitogenome, consistent with multiple insertions of that
region into the nuclear genome. By designing new markers in regions of less elevated
diversity and coverage, we identify two mitochondrial genes that are less likely to
be duplicated as numts. We show that, while these markers show high levels of in-
complete lineage sorting between subspecies, as expected for mitochondrial genes,
genetic variation reflects their phylogeographic history accurately. These findings

allow us to identify useful mitochondrial markers for future studies in C. parallelus,
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1 | INTRODUCTION

The use of mitochondrial DNA has revolutionized the fields of phy-
logeography and taxonomy (Avise, 2000; Zhang & Hewitt, 1996).
Due to the high copy number of mitochondria relative to the nuclear
genome, its stable preservation in museum samples, and its fast
rate of evolution, the mitochondrial genome has become the mo-
lecular marker of choice to catalogue biodiversity. In particular, the
mitochondrial cytochrome c oxidase subunit | gene (COX1 or COI) has
become the most commonly used “DNA barcoding gene” in animal
taxonomy because it shows high rates of sequence change between
most animal groups while simultaneously showing constrained evo-
lution within species (Hebert et al., 2003). Although this gene has
played a pivotal role in global efforts to identify and map the distribu-
tion of species (Hebert et al., 2009), these efforts have encountered
difficulties in some of the most important branches of the animal
tree of life (Buhay, 2009). This is due to abundant nuclear copies of
mitochondrial DNA (termed “numts” (Lopez et al., 1994)), which can
lead to the inadvertent co-amplification or preferential amplification
of nuclear pseudogenes when amplified using PCR-based method-
ologies (Calvignac et al., 2011; Hazkani-Covo et al., 2010). Because
mitochondrial and nuclear markers have different rates of evolution
and modes of inheritance, numts can lead to erroneous estimates
of coalescent times and intraspecific variation, making studying the
evolutionary history of many organisms challenging using standard
PCR-based methods (Bensasson et al., 2001).

Gene transfer from the organelle to the nuclear genome has
been a key process in the evolution of the mitochondrial and chlo-
roplast genomes and in the evolution of eukaryotic life (Gould
et al., 2008; Kleine et al., 2009; Rand et al., 2004). This gene trans-
fer is still an ongoing evolutionary process. Studies in humans and
closely related species suggest that the rate of numt insertion is rel-
atively high (~5.1-5.6 x 107 per germ cell per generation (Bensasson
et al., 2003; Ricchetti et al., 2004)), yet only ~80% of numts are
shared with chimpanzees (Hazkani-Covo & Graur, 2006), and less
to more distantly related species. This decay of numts is believed
to be caused by pseudogenization upon the arrival into the nucleus
due to differences between the nuclear and the mitochondrial ge-
netic codes (Perna & Kocher, 1996) as well as rapid methylation
(Huang et al., 2005). Nevertheless, the rate of decay of numts var-
ies widely across taxa, and recent studies sequencing eukaryotic

genomes show that the frequency of numts is positively correlated

an important biological system for evolutionary biology. More generally, this study
exemplifies how non-PCR-based methods using next-generation sequencing can be
used to avoid numts in species characterized by large genomes, which have remained

challenging to study in taxonomy and evolution.

barcoding, mitogenome, numt, Orthoptera, pseudogene

with genome size (Bensasson et al., 2001; Hazkani-Covo et al., 2010;
Kaya & Ciplak, 2018). PCR-based barcoding efforts using the COX1
mitochondrial gene in organisms with large genomes, such as some
invertebrate clades, have resulted in the co-amplification and se-
quencing of numts with stop codons (Buhay, 2009), leading to inac-
curate sequence data. Although several laboratory strategies have
been suggested to avoid amplifying numts (Ibarguchi et al., 2006),
these tasks are often prohibitive for a large number of samples, lim-
iting research programs at several significant animal clades.

Grasshoppers have some of the largest genomes among insects
(Tsutsui et al., 2008), with genome sizes varying from ~6 Gb in
Locusta migratoria (Wang et al., 2014) to ~17 Gb in Podisma pedestris
(Westerman et al., 1987). Similar to other invertebrates with large
genomes, the insertion of numts has been rampant during ortho-
pteran diversification (Song et al., 2014). For example, numts paral-
ogous to the COX1 and ND5 mitochondrial genes have been found
in Podisma pedestris, with 87 ND5-derived numts resulting from at
least 12 separate integrations into the nuclear genome (Bensasson
et al., 2000). Although this has posed important challenges to stud-
ies using these genes (Moulton et al., 2010; Song et al., 2008), it is
yet unclear whether other mitochondrial genes are less likely to have
been transferred to the nuclear genome and thus constitute more
reliable loci for use in PCR-based methodologies.

Here, we test this hypothesis using the short-horned meadow
grasshopper Chorthippus parallelus (Zetterstedt, 1821). This species
has recently been ascribed to the genus Pseudochorthippus (Defaut,
2012), based on a 653 bp fragment of the COX1 gene (Vedenina
& Mugue, 2011). However, due to lack of follow-up studies using
other markers and for consistency with previous evolutionary stud-
ies on this system (Butlin, 1998; Hewitt, 1993), here we maintain
the historical denomination of Chorthippus parallelus. This species is
particularly suitable to determine whether some regions of the mito-
chondrial genome are disproportionally incorporated as numts, since
its large nuclear genome of 13.26 + 0.98 Gb (Lechner et al., 2012) is
hypothesized to be tolerant to a high incidence of numts.

Several studies have established a phylogeographic hypothesis for
the evolution of this species that is common across many European
species (Hewitt, 2000). In short, during the last glacial maximum in
Europe (18,000-20,000 years ago) ice sheets extended down across
central Europe, isolating the distribution of temperate species to the
southern peninsulas of Iberia, Italy and the Balkans (Hewitt, 1993).

Geographic isolation in these refugia led to differentiation of the
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subspecies C. p. erythropus in the Iberian Peninsula, and of the sub-
species C. p. parallelus in the Italic and/or Balkan peninsulas (Korkmaz
et al., 2014). With the warming of the climate starting ~10,000 years
ago ice sheets began receding and these subspecies underwent a rapid
post-glacial expansion following the expansion of suitable habitat. The
two subspecies’ ranges finally met in secondary contact along the
ridge of the Pyrenees, forming a hybrid zone. This hybrid zone has re-
mained narrow (between 10 and 42 km in a nuclear marker (Vazquez
et al., 1994)), suggesting that genetic boundaries between subspecies
are maintained by a balance between selection against hybrids and dis-
persal of parentals into the hybrid zone (Butlin, 1998; Hewitt, 1993).
Experimental crosses have demonstrated selection against hybrids
due to the interaction between the autosomal background and the
X-chromosome (Hewitt et al., 1987), with the contribution of the
cytosolic endosymbiont Wolbachia (Zabal-Aguirre et al., 2014). The
strength of such incompatibilities depends on the maternal genetic
background, potentially favoring asymmetric gene flow between
subspecies as is observed in the X-chromosome. Although this evo-
lutionary scenario is reflected in nuclear allozymic loci (Butlin, 1998;
Hewitt, 1993), phylogeographic studies using the COX1 gene show
a low number of genetic differences between subspecies (Lunt
et al., 1998), limiting the scope of evolutionary studies in this species.

In this study, we first use non-PCR-based methods, combining
next-generation sequencing data derived from DNA and RNA, to as-
semble the complete mitogenome of Chorthippus parallelus. Second,
we use reads from the whole genome to identify mitochondrial
genes that are less likely to be represented in numts. Finally, we test
if these mitochondrial genes are suitable for phylogeographic stud-

ies between these subspecies.

2 | MATERIALS AND METHODS
2.1 | Sampling

Samples for assembling the mitochondrial genomes were collected
from localities within the range of the two pure subspecies of
Chorthippus parallelus, that is outside of the known boundaries of the
Pyrenean hybrid zone (Butlin, 1998; Hewitt, 1993). For the whole
genome sequencing (WGS) dataset, we collected one male and one
female from each subspecies: individuals of C. p. erythropus were col-
lected in Escarrilla (Pyrenees, Spain, 42°43'54.1"N, 0°18'39.3"0),
and individuals of C. p. parallelus were collected in Arudy (Pyrenees,
France, 43°7'0"N, 0°25'60.0"W). Individuals were sacrificed and
fixed in 100% ethanol. For the RNA sequencing (RNAseq) dataset,
we sampled one adult male of C. p. erythropus from Escarrilla. This
individual was sacrificed and preserved in RNAlater (Sigma). We use
the terms “WGS” and “RNAseq” data to refer to the original mol-
ecules that were sequenced even though, in both cases, we only ana-
lyzed reads with homology to the mitogenome.

Samples for the phylogeographic study were collected through-
out the known distribution of C. p. erythropus across the Iberian

Peninsula, in order to represent as much of the genetic diversity as
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possible within this subspecies (Bella et al., 2007; Bufio et al., 1994).
In addition, we sampled C. p. parallelus from localities far removed
from the Iberian Peninsula (England, Alps, Germany and Slovenia), to
account for genetic variation found within the range of this subspe-
cies. We have also sampled a transect across the Pyrenean hybrid
zone (Serrano et al., 1996; Vazquez et al., 1994), in order to describe
the genetic transitions in mitochondrial markers. Together, the phy-
logeographic sampling included 43 localities and 133 individuals,
with between one and 14 individuals sampled in each locality (see
details in Table S1). These samples were preserved in 100% ethanol.
All tissue samples were stored at -20°C in a 2-mL centrifuge tube

until extraction.

2.2 | Whole genome and transcriptomic sequencing

For DNA extraction, tissues were frozen in liquid nitrogen and subse-
quently homogenized in a mill (Retsch, Germany). TNES buffer (300
pL; 50 mM Tris-HClI, pH 8.0; 400 mM NaCl; 20 mM EDTA, pH 8.0;
0.5% SDS) containing proteinase K (0.03%w/v) was added to each
homogenized sample and incubated at 37°C overnight. Standard
phenol-chloroform extraction followed by purification with etha-
nol precipitation was used to extract DNA. Resulting DNA pellets
were dissolved in Tris—-EDTA (1 mM Tris-HCl pH 8.0; 1 mM EDTA pH
8.0) and incubated with 5 ug/mL RNase for 2 hr. DNA samples were
standardized at a final concentration of 50 ng/uL using a NanoDrop
1000 Spectrophotometer (Thermo Scientific, Wilmington, USA). In
all cases, it was previously verified that the individuals were not in-
fected by Wolbachia, using a nested PCR amplification of the 16S
rRNA gene, as described by Martinez-Rodriguez et al. (2013). The
four samples were individually barcoded and sequenced in one lane
of lllumina HiSeq 2000 with 101 bp paired-end sequencing. This
generated between 4.5 and 6.4 Gb of reads for each library (acces-
sion number for the BioProject: PRJINA679335).

For the RNA extraction, tissue from the whole body was used
with the exception of the head, to avoid contaminant RNA from the
upper digestive tract and inhibitors associated with eye pigments.
Total RNA was extracted using the standard Tri-Reagent protocol
(Sigma), and re-suspended RNA pellets were further purified with
RNeasy Mini columns (Qiagen). Final sample integrity and quantity
were assessed with an Agilent 2100 BioAnalyzer. The mRNA enrich-
ment, library construction, and sequencing were performed by the
Beijing Genomics Institute (BGI), using 150 bp paired-end sequenc-
ing on an Illumina HiSeq 4000. This gave a final total of ~60 million
cleaned reads, approximately 9 Gb of data (accession number for the
BioSample: SAMN16264389; Nolen et al., 2020).

2.3 | Assembly of the mitochondria and
identification of numts

The mitogenome was assembled for the four WGS libraries indi-
vidually with NOVOPIlasty software (Dierckxsens et al., 2017). The
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complete mitogenome of Chorthippus chinensis (Liu & Huang, 2008;
accession number NC_011095.1) was used as a seed, with a kmer
size of 39. The assemblies derived from WGS are expected to include
reads largely enriched for the original mitochondrial genes relative
to numts, because of the larger amount of mitochondrial DNA se-
quenced relative to nuclear DNA per cell. However, recently dupli-
cated numts are still expected to map to their original mitochondrial
genes due to a lack of accumulated mutations.

The mitochondrial assembly from the RNAseq library was gener-
ated using Trinity de novo assembler (Grabherr et al., 2011), which
uses Trimmomatic with default parameters for trimming and filtering
the raw data. After testing three different kmer sizes, K = 51 was cho-
sen as this retrieved the longest scaffolds. The assembled scaffolds
were blasted to the mitogenome of C. chinensis used for the genomic
assemblies above, which produced a single scaffold containing all mi-
tochondrial genes. The assembly derived from RNAseq is expected
to include exclusively original mitochondrial genes because numts
become quickly pseudogenized and are not transcribed into mRNA.

The mitochondrial assemblies derived from DNA and RNA data
were aligned using the MAFFT software (Katoh & Standley, 2013)
with LINSI options (see Alignment S1 in Supplementary Information).
This alignment was used to test if the gene order and sequence was
similar between alternative assembly approaches.

The annotation of the mitogenome was performed using the
WGS library of the female individual of C. p. parallelus as a refer-
ence. The MITOS2 program (Bernt et al., 2013) was used for the
annotation of protein-coding genes, tRNAs, and rRNAs. In addition,
the tRNA annotation was refined considering its secondary struc-
tures with ARWEN (Laslett & Canback, 2008). We then visualized
the annotation of the whole mitogenome with OGDRAW (Greiner
et al., 2019). The resulting assemblies and annotations were depos-
ited in GenBank with accession numbers MT166298-302.

To test if certain mitochondrial genes are overrepresented in
numts, the four genomic samples were used to estimate coverage
and diversity across the mitogenome. The reads for each library
were mapped against our reference mitogenome, using SSAHA2
(Ning et al., 2001) and considering reads with at least 40 bp and a
minimal mapping identity of 80%. Then, coverage and nucleotide
diversity per position were calculated for each individual, using the
pysamstats software (https://github.com/alimanfoo/pysamstats),
and 100 bp non-overlapping windows. The coverage values were
normalized by the size of the smallest library (C. p. erythropus male;
coverage ~0.34x). Mitochondrial genes that are overrepresented in
numts are expected to have higher coverage and diversity relative
to other mitochondrial genes due to the additional mapping of reads

from diploid numts.

2.4 | Phylogeographic analyses

Primers were designed for two mitochondrial genes, CYTB and

COX3, which show lower diversity and coverage, and thus are less

likely to be represented in numts. All the 133 samples of the phy-
logeographic dataset were extracted as described for the WGS
data. The samples were amplified and sequenced for both genes
with forward and reverse primers (CYTB_fwd: CGA ACA CTA CAC
GCA AAT GGA GCA; CYTB_rev: AGG TTC TTC AACTGG TCG TTT
TCC A; COX3_fwd: CCT TGA CCA TTA ACA GGA GCA ATT GGA;
COX3_rev: TGT CAG TAT CAT GCT GCT GCT TCA A), using a T |
of 68 °C and 69 °C for CYTB and COX3, respectively. The length
of the PCR products generated was 686 bp for COX3 and 801 bp
for CYTB. The ends of forward and reverse sequencing reads were
trimmed in Geneious (v. 11.1.4). Generally, chromatograms showed
single unambiguous peaks, but some positions had a secondary peak
with a variable height. A first alignment without ambiguities was
produced by keeping the original calls based on the highest peak.
A second alignment including ambiguities was produced by calling
ambiguities wherever the secondary peak was greater than 50% of
the height of the primary peak, using Geneious (v. 11.1.4). Paired
forward and reverse sequences were then aligned together for each
individual, and where they overlapped, the highest quality base was
used to call the final consensus sequence. Consensus sequences
or single reads were aligned for each gene and gaps were removed
(GenBank accessions for CYTB: MW2322466-MW232411, and for
COX3: MW232097-MW232245; see Table S1 for details). The two
mitochondrial genes were trimmed to the same length and concate-
nated for phylogenetic analyses, since these genes do not recombine
and thus share the same genealogical history. The alignments with
and without ambiguities were deposited in GenBank are available
as Supplementary Information (Alignment S2 and S3, respectively).

To test if the new markers reflect the known phylogeographic his-
tory of C. parallelus, a phylogenetic network was estimated using the
program PHYLOViZ online (https://online.phyloviz.net/). Because
network methods do not accommodate ambiguities, we used the
alignment without ambiguities to estimate a minimum spanning tree.
For visualization purposes, each haplotype was color-coded consid-
ering the range of each subspecies, scaling notes and links with a
factor of ten. The most divergent haplogroups were identified by
varying the number of mutational steps between haplotypes (nLV
value), and by choosing the haplogroups that were consistent across
a wider range of mutations. The distribution of these haplogroups
was then inferred on the basis of the geographic coordinates of the
sampling localities.

To confirm that the phylogenetic signal of the network is not
confounded by ambiguities caused by sequencing error, hetero-
plasmy or by a lower representation of these genes in numts, we also
estimated a maximum likelihood tree, using the alignment with ambi-
guities. The COX3 and CYTB sequences taken from the annotated C.
chinensis genome were included as an outgroup. The optimal substi-
tution models for each alignment were determined using Modeltest
(Posada & Crandall, 1998), and a maximum likelihood tree was esti-
mated using a PHYML plugin (Guindon & Gascuel, 2003) under the
GTR +I"model. The support for the inferred topology was estimated
using 1,000 bootstrap replicates.
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3 | RESULTS
3.1 | Assembly of the mitochondria and
identification of numts

Our assemblies based on whole genome sequencing (WGS) show
that the complete mitogenome of C. parallelus is ~15,620 bp and
has an A + T content of ~75.5%. By combining the annotations from
MITOS2 and ARWEN, we show that the C. parallelus mitogenome
consists of 13 protein-coding genes, 22 tRNAs, two rRNAs and the
control region (Figure 1). All the 13 protein-coding genes show com-
plete coding sequences, and the tRNAs show their typical secondary
structure (Figure S1).

Combining the four assemblies derived from WGS with the as-
sembly derived from RNAseq resulted in an alignment of 15,632 bp
(Figure S2). By comparing the assemblies of C. p. erythropus derived
from both datasets, we observed one single nucleotide polymor-
phism (SNP) in the ND4 gene without aminoacidic change, and a 6 bp
indel close to the 3’ end of the large rRNA gene. The assembly de-
rived from RNAseq lacked most of the control region and the three
first tRNAs (length of 14,716 bp), as expected since these regions are
not transcribed into mRNA. By comparing the four WGS assemblies
from the two subspecies, we found a total of 169 SNPs, none of
them adding a stop codon or shift in the open reading frame of the
protein-coding genes, but showing some SNPs. Of these, 19 SNPs
are consistent with fixation between subspecies, 142 are consistent

with polymorphisms within C. p. erythropus, 10 are consistent with
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polymorphisms within C. p. parallelus, and two are consistent with
shared polymorphisms between subspecies. However, a geograph-
ically broader sampling is required to confirm the fixation of these
SNPs.

As expected for mitochondrial genome sequencing, all individ-
uals show very high coverage: averaging 500x for three individuals
and 1,000x for a deeply sequenced sample (Figure 2). Notably, the
region between 1,100 and 4,600 bp shows a coverage 1.61 to 2.92
times higher than the rest of the mitogenome. The same pattern is
seen in average nucleotide diversity, where this region is 2.50 to
4.46 times higher than the rest of the mitogenome (Table S2).

3.2 | Phylogeographic analyses

The trimmed alignment of the CYTB gene had 652 bp and 32 SNPs.
We find that six of these SNPs were never ambiguous, 26 contained
an ambiguity in at least one individual, and none was consistently
ambiguous across more than half of the individuals. On average,
there were some ambiguities called for 11% of all individuals. The
trimmed alignment of the COX3 gene had 504 bp and 55 SNPs. Of
these, 12 SNPs were never ambiguous, 43 contained one ambigu-
ity in at least one individual, and two were ambiguous in more than
half of the total number of individuals. On average, there were some
ambiguities called in 12% of all individuals. We did not observe a
bias on ambiguities regarding certain SNPs or geographic location

for either gene.
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FIGURE 1 Annotation of the reference mitochondrial genome of Chorthippus parallelus parallelus
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representing more than five mutational steps. Colored areas on the map show the known distribution of the subspecies. Dots show the
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co-occur are amplified for visualization purposes

The phylogenetic network showed two highly divergent hap-
logroups that are separated by 11 mutations (Figure 3) and that re-
mained distinct considering nLV thresholds between three to 10
mutations (Figure S3). Both haplogroups contain samples from both

subspecies at different frequencies. Haplogroup 1 is most common

in C. p. parallelus, including the samples from Slovenia, Italy, Alps, and
Germany. Haplogroup 2 is most common in C. p. erythropus, including
the samples from South and Central Spain. Individuals from the hybrid
zone have both haplogroups. Across the hybrid zone, the frequency

of the haplogroups does not appear to vary clinally. The northmost
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locality of the transect (Arudy, n = 2) has both mitochondrial haplo-
types, followed by localities (n = 1-3) where we only found haplogroup
2, typical of C. p. erythropus, including in the locality at the crest of the
Pyrenees (Portalet, n = 14). The following southern localities (Corral de
Mulas, n = 8; Escarrilla, n = 7) have both haplogroups or haplogroup 1,
typically found in C. p. parallelus (Sallent de Gallego, n = 3). Localities
further south generally have haplogroup 2, typical of C. p. erythro-
pus. Notably, some localities far removed from the hybrid zone (i.e.
Slovenia, Lugo and Alava) contain both haplogroups, and the three in-
dividuals sampled in England contain only haplogroup 2.

The maximum likelihood tree containing ambiguities confirmed
the results of the network with the mitochondrial haplotypes fall-
ing into two major clades (Figure S4). One clade (bootstrap = 61)
contains mainly samples of the subspecies C. p. parallelus, including
the samples from central Europe. The other clade (bootstrap = 70)
contains mainly samples of C. p. erythropus from central and south-
ern Spain. Hybrids are distributed among both clades, as well as the

three other localities removed from the hybrid zone.

4 | DISCUSSION

4.1 | Standard barcoding genes have multiple copies
to the nuclear genome

The COX1 gene has played a pivotal role in global efforts to docu-
ment and map biodiversity. Although such efforts have been suc-
cessful and valuable in many taxa, it has been most challenging in
those characterized by larger genomes, arguably due to their fre-
quent involvement in pseudogenes or numts (Buhay, 2009). Here,
we test if COX1 and other genes are preferentially involved in numts
in the giant genome of the grasshopper Chorthippus parallelus.

Combining genomic and transcriptomic reads, we assembled
five high coverage (>200x) mitochondrial genomes with a total size
(~15,620 bp) and A + T content (~75.5%), similar to what was reported in
other orthopteroid mitogenomes (Erler et al., 2010; Liu & Huang, 2010;
Yin et al., 2012). Our reference shows the same gene number, order,
and orientation found in Acrididae (Song et al., 2015), without stop
codons in the 13 protein-coding genes. The analysis of the mitoge-
nome in RNA is recommended to reduce the noise generated by numts
(Bertheau et al., 2011). We found scarce differences between the C. p.
erythropus assemblies derived from WGS and RNAseq datasets (one
SNP and a 6 bp deletion in a rRNA), suggesting that our assembled mi-
tochondrial genomes are unlikely to be influenced by numts and thus
provide a reliable reference for the mitogenome of C. parallelus.

By mapping WGS reads against our reference mitogenome, we
observed a similar pattern of coverage and diversity throughout
most of the mitogenome, with the exception of the region between
1,100 and 4,600 bp, where coverage was around two times higher
and nucleotide diversity was around three times higher (Figure 2
and Table S2). Notably, this mitochondrial region encompasses the
gene COX1, which is commonly used in barcoding projects (Hebert
et al., 2003), along with the COX2, ATP8, and ATP6 genes.
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Because mitochondria are exclusively maternally inherited,
usually there is only one mitochondrial haplotype per individual.
However, mitochondrial polymorphisms within individuals can occur
due to numts, or due to heteroplasmy. Heteroplasmy occurs because
mitochondria compete for transmission during cell division, and
sometimes more than one lineage can survive in a cell line or in an
individual. Recognizing the presence of heteroplasmy is important
because it can distort phylogenetic inference (Klucnika & Ma, 2019).
Oncethoughttoberare, heteroplasmy isincreasingly being described
in many animals, including humans (Naeem & Sondheimer, 2019),
crustaceans (Rodriguez-Pena et al., 2020), and ants (Meza-Lazaro
et al., 2018). Although heteroplasmy is also known to occur in C. par-
allelus (Zhang et al., 1995), it cannot explain our results because (a)
heteroplasmy involves the whole mitochondrion and thus, cannot
result in localized variation of coverage, and (b) SNPs between al-
ternate heteroplasmic variants are expected to be randomly located
along the mitogenome and thus, would not increase diversity in only
one mitochondrial region. This pattern is instead more consistent
with the hypothesis that this region of the mitogenome has been
duplicated multiple times into the nuclear genome (i.e. as numts).
As a result, these numt sequences may be mapping to their original
mitochondrial genes. This result coincides with the previous obser-
vation of multiple copies of the mitochondrial COX1 gene in close
association to repetitive centromeric sequences of the C. parallelus
evidenced by in situ hybridization (Vaughan et al., 1999). This is also
consistent with previous studies using Sanger sequencing of the
genes COX1, COX2 and ATP8 that showed abnormally high rates of
sequence variation in this species (Szymura et al., 1996).

Given an estimated genome size of 13.26 + 0.98 Gb (Lechner
et al., 2012) and our sequencing effort, we expect to achieve below
1x coverage for nuclear genes and above 300x coverage for mito-
chondrial genes (Table S2). Our observation of a 1.5- to 2-fold in-
crease in coverage in a single mitochondrial region suggests that this
region has been copied into the nuclear genome hundreds of times.
However, estimating the exact number of duplications and their tim-
ing will require a high-quality reference nuclear genome, long read
sequencing, and much higher sequencing effort than presented here.

4.2 | Other mitochondrial genes are
phylogenetically informative

The gene COX1 has been particularly instrumental not only for
barcoding the animal tree of life (Hebert et al., 2003), but also for
phylogeographic studies. Recent barcoding projects in grasshoppers
(Hawlitschek et al., 2016), as well as earlier phylogeographic studies
on Chorthippus parallelus (Lunt et al., 1996, 1998), have found few
phylogenetically informative SNPs in the COX1 gene. Here, we used
a phylogeographic approach to understand if alternative mitochon-
drial genes that do not appear to be overrepresented in numts are
phylogenetically informative for C. parallelus.

We designed new primers for the CYTB and COX3 genes that, ac-

cording to our hypothesis, are less likely to be duplicated as numts
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(Figure 2). When comparing 145 individuals, we found a modest
amount of variability: 5% for CYTB and 8.5% for COX3. These values
are similar to those reported in COX1 studies of C. parallelus (5.3%
(Lunt et al., 1998)). Contrary to previous attempts to amplify and se-
quence COX1 in C. parallelus, these two genes show sequences with
single peaks in almost all positions and no stop codons. Using a strin-
gent threshold for detecting ambiguities, we detect at least one am-
biguity in 11%-12% of the individuals. Yet, these ambiguities tend to
occur rarely across individuals and thus can be explained by sequenc-
ing error and by heteroplasmy. We tested if the reduced number of
ambiguities detectable in these gene sequences results in a different
phylogenetic signal from the most commonly sequenced nucleotide.
By comparing a phylogenetic network that does not accommodate
ambiguities (Figure 3) with a maximum likelihood tree that accommo-
dates ambiguities (Figure S4), we show that the phylogenetic relation-
ships between samples are identical. We thus conclude that, in these
two mitochondrial genes, ambiguities potentially caused by sequenc-
ing error, heteroplasmy or by recently duplicated numts do not change
the phylogenetic signal significantly. Our observation of an absence
of stop codons and rarity of double peaks that do not affect phyloge-
netic inference, does not preclude these genes from being involved
in numts (see Haran et al., 2015). However, our results are consistent
with a lower duplication of these mitochondrial genes into the nuclear
genome relative to the barcoding COX1 gene, providing a more reliable
PCR-based approach for mitochondrial studies in this species.

We further investigated how geographic patterns of this ge-
netic variability reflect the known phylogeographic history of C.
parallelus. In particular, we were interested in signals of popula-
tion contraction in the southern European peninsulas during the
Pleistocene glacial periods, which is expected to result in changes
of haplotype frequency between subspecies, and expansion and the
secondary contact in the Pyrenees during the last post-glacial pe-
riod, which is expected to result in genetic admixture (Butlin, 1998;
Hewitt, 1993). Our results show that the subspecies C. p. parallelus
and C. p. erythropus do not form reciprocally monophyletic clades
(Figure 3 and Figure S4). One haplogroup is found more frequently
within the European subspecies C. p. parallelus, and however, it also
occurs at low frequency in the Iberian C. p. erythropus in localities
far removed from the hybrid zone and therefore not affected by
introgression (Figure 3). Conversely, the other haplogroup is more
frequently found within C. p. erythropus and also occurs in geograph-
ically distant population of C. p. parallelus in England and Slovenia.
These results are consistent with a large amount of incomplete
lineage sorting between subspecies, which can result from a rela-
tively recent divergence time and from large effective population
sizes. Incomplete lineage sorting has also been reported in previous
phylogeographic studies of C. parallelus using the COX1 gene (Lunt
et al., 1998), suggesting that this evolutionary process is important
in shaping the current genetic variability found in the mitochondria.

The localities sampled across the hybrid zone contain both
haplogroups (Figure 3), consistent with a post-glacial expansion
from the Balkans and central Iberia followed by secondary contact

at the crest of the Pyrenees, as previously suggested by nuclear

markers. Nevertheless, based on our current sampling, the transi-
tion between the two haplogroups does not appear to be clinal. It
is important to note that the current sampling density varied largely
across the hybrid zone (between one and 14 individuals per site) and
thus sampling stochasticity might preclude finding an existing clinal
transition in the mitochondria, as was found in previous studies with
nuclear markers using a population level sampling (Butlin, 1998;
Hewitt, 1993).

Several published studies of C. parallelus suggest that selection
favors the asymmetric inheritance of several co-inherited cytoplas-
matic factors in the same direction observed in our study. First,
experimental crosses involving sequential mating of single females
with males of both subspecies show that there is an excess of
pure progeny, particularly when C. p. parallelus is the mother (Bella
et al., 1992), perhaps favoring the introgression of C. p. parallelus
mitochondrial haplotypes into the hybrid zone. Second, experimen-
tal crosses performed with hybrid individuals carrying different
cytoplasmatic strains of Wolbachia show asymmetric Wolbachia-
incompatibilities, which could favor crosses in the direction of C. p.
erythropus and prevent those in the opposite direction (Martinez-
Rodriguez & Bella, 2018; Zabal-Aguirre et al., 2010, 2014). Third,
patterns of cytogenetic introgression across the hybrid zone show
that X-linked markers characteristic of C. p. parallelus have moved
five to 15 km south from the center of the hybrid zone into the ge-
nomic background of C. p. erythropus (Ferris et al., 1993; Serrano
etal., 1996; Vazquez et al., 1994), suggesting that the X-chromosome
or any other co-inherited cytoplasmatic factors are under asymmet-
ric introgression. The same demographic or selective processes that
could be favoring the asymmetric introgression of X-linked markers
or of Wolbachia are also expected to lead to sweeps in the mito-
chondrial haplogroup associated with C. p. parallelus. This could ex-
plain the presence of the haplogroup typical of C. p. parallelus in the
southern part of the transect. However, future studies using a popu-

lation level sampling are needed to clarify this hypothesis.

4.3 | Concluding remarks

Taken together, our results show that, in a grasshopper species
characterized by a gigantic genome, numts are, in fact, common.
Numts frequently appear to originate predominantly from a con-
tiguous mitochondrial region of 3,500 bp. This region contains the
entirety of the COX1 gene, elucidating why barcoding projects
reliant on this marker have remained challenging in some spe-
cies complexes of grasshoppers, including in closely related spe-
cies that are challenging to distinguish based on morphology or
bioacoustics (Hawlitschek et al., 2016). We show that alternative
mitochondrial markers, such as CYTB and COX3 genes, are less du-
plicated as numts, and can provide useful information about the
phylogeographic history of closely related subspecies, without
requiring strenuous laboratorial protocols to avoid the co-amplifi-
cation of numts (Ibarguchi et al., 2006; Moulton et al., 2010; Song

etal., 2008). More generally, our study shows how next-generation
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sequencing methods can be used to identify mitochondrial genes
that are useful for phylogeographic analyses in species that have
remained largely unstudied until now.
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