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Abstract

Theoretical and empirical studies have shown that species radiations are facilitated
when a trait under divergent natural selection is also involved in sexual selection. It
is yet unclear how quick and effective radiations are where assortative mating is un-
related to the ecological environment and primarily results from sexual selection. We
address this question using sympatric grasshopper species of the genus Chorthippus,
which have evolved strong behavioural isolation while lacking noticeable ecomor-
phological divergence. Mitochondrial genomes suggest that the radiation is relatively
recent, dating to the mid-Pleistocene, which leads to extensive incomplete lineage
sorting throughout the mitochondrial and nuclear genomes. Nuclear data shows
that hybrids are absent in sympatric localities but that all species have experienced
gene flow, confirming that reproductive isolation is strong but remains incomplete.
Demographic modelling is most consistent with a long period of geographic isola-
tion, followed by secondary contact and extensive introgression. Such initial periods
of geographic isolation might facilitate the association between male signaling and
female preference, permitting the coexistence of sympatric species that are geneti-
cally, morphologically, and ecologically similar, but otherwise behave mostly as good

biological species.
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1 | INTRODUCTION

Speciation begins when populations accumulate genetic differences
that result in reproductive barriers (Mayr, 1963), such as incompati-
ble mating signals that prevent interbreeding, incompatible ecologi-
cal interactions that render hybrids unfit in either extrinsic parental
habitat, or incompatible gene interactions that cause intrinsic hybrid
dysfunction (Presgraves, 2010). Although multiple barriers are ex-
pected to become coupled during the speciation process (Butlin &
Smadja, 2018), behavioural barriers usually evolve early during di-
vergence, leading taxonomists to rank their importance “far ahead
of all others” (Mayr, 1963). Although sexual selection is generally
accepted as an important driving force of such early behavioural
incompatibilities, it is thought to result in assortative mating only
when acting in concert with divergent natural selection (Servedio
& Boughman, 2017). Thus, it is still unclear how efficient species ra-
diations are when assortative mating is unrelated to the ecological
environment, and which demographic scenarios may favour the evo-
lution of assortative mating in the first place.

Emblematic examples of species radiations driven by diver-
gent natural selection, termed “ecological radiations” (Nosil, 2012;
Schluter, 2000), have been a major focus of evolutionary studies be-
cause they shed light onto the selective forces and the demographic
scenarios that result in stable behavioural incompatibilities in the
face of homogenizing gene flow. For example, in radiations of sym-
patric species of Darwin finches (Grant & Grant, 2011), cichlid fishes
(Carleton & Kocher, 2001), and butterflies (Jiggins, 2017), consistent
phenotype-environment correlations suggest the repeated action of
natural selection driven by different ecological niches (seed sizes,
water clarity, or antipredator strategies) shaping trait values (beak
shape, opsins, and colour pattern). Because such ecologically rele-
vant traits also function as mating cues, behavioural isolation may
emerge as a byproduct of divergent natural selection (Langerhans &
Riesch, 2013; Servedio et al., 2011; Smadja & Butlin, 2011).

Nevertheless, species radiations may also occur without the clear
evidence of divergent natural selection. In these so-called “noneco-
logical” radiations (Mayer et al., 2010; Rundell & Price, 2009), sym-
patric species do not occupy different ecological niches (Gillespie
et al., 2001), and did not diverge in ecologically relevant traits
(Gillespie et al., 2020; Schluter, 2000). Instead, sexual selection is
assumed to be the primary driving force in the divergence between
populations (Panhuis et al., 2001; Ritchie, 2007). Although the sexual
selective pressures (e.g., female preference) are similar in sister taxa
at early stages of divergence, the order that sexual traits (e.g., male
signalling) arise and become fixed is stochastic, resulting in indepen-
dent coevolution of signal and preference within each lineage, and
causing behavioural isolation upon secondary contact (i.e., “muta-
tion-order divergence" by sexual selection; Mendelson et al., 2014).
For example, in radiations of crows (Vijay et al., 2016), frogs (Yang
et al., 2019), and field crickets (Gray & Cade, 2000), closely related
species differ most in sexually selected traits (plumage, colour pat-
tern, or songs) that do not obviously affect signaling efficiency in

their current environments, but that are tightly associated with

female preference. However, the operational difficulty of classi-
fying a radiation as nonecological comes from the impossibility of
measuring all ecological attributes of species, which means that eco-
logical differences can escape detection when they are difficult to
study, when their relative contribution to reproductive isolation is
small, or when they are restricted to certain life stages (Rundell &
Price, 2009). Although these systems have received less attention
from evolutionary biologists relative to well-studied ecological ra-
diations, nonecological radiations can lead to similar burst of spe-
cies that maintain behavioural barriers, despite lacking geographic
and ecological isolation. The highest rate of speciation recorded
in arthropods occurs in Laupala Hawaiian crickets (Mendelson &
Shaw, 2005), where species remain reproductively isolated due to
pulse rate of male courtship songs associated to female preference
for specific pulse rates (Otte, 1994), suggesting that sexual selec-
tion on these traits may be the driver of this radiation. Although
these systems are common in nature, the demographic conditions
associated to their radiation remain poorly understood. In particular,
it is still unclear how rapid these radiations can be, if behavioural
isolation alone can prevent hybridization in sympatry, and whether
behavioural isolation evolved in the face of continuous gene flow or
during historical periods of geographic isolation.

Chorthippus grasshoppers are ideally suited to answer such
questions and to provide general insights into whether sexual se-
lection can maintain species boundaries without a primary role of
environmental factors (Mayer et al., 2010). This genus comprises
around 230 nominal species (Cigliano et al., 2020), including sev-
eral species groups of morphologically similar species such as the
biguttulus group (Harz, 1975; Figure 1) that conform to several ex-
pectations for species mainly separated by sexual selection (Panhuis
et al., 2001). First, these species strongly differ in male songs and
in co-evolving female acoustic preferences (Perdeck, 1958; von
Helversen & von Helversen, 1994), as well as in cuticular hydro-
carbons (Finck et al., 2016), all genetically inherited. Second, this
coupling of male song and female preference is sufficient to result
in prezygotic isolation where species are sympatric (von Helversen
& von Helversen, 1994), so that hybrids are rarely found in nature
(Baur, 2006; Jacobs, 1963; Perdeck, 1958). Third, there is little ge-
netic differentiation between species (Hawlitschek et al., 2017,
Mason et al., 1995), suggesting rapid divergence. Finally, there is no
reduction in F1 hybrid viability or fertility caused by Dobzhansky-
Muller incompatibilities (Perdeck, 1958; Saldamando, Tatsuta, &
Butlin, 2005; but see Finck & Ronacher, 2017). Yet, hybrid fitness
is reduced in F1 males due to an intermediate song that is not ap-
pealing to either parental female nor to their F1 sisters, leaving them
“behaviourally sterile” (Gottsberger & Mayer, 2007, 2019). It is still
unclear whether character displacement is implicated in the evolu-
tion of assortative mating.

Although Chorthippus spp. offer an unusual opportunity to un-
derstand how sexual selection can lead to the radiation of sympatric
species, evolutionary genetic studies have been rare in this genus.
Phylogeographic studies have been restricted to the former spe-

cies Chorthippus parallelus (reviewed in Butlin, 1998; Hewitt, 1993),
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FIGURE 1 Grasshopper species of the genus Chorthippus have similar distribution, morphology and habitat, but are highly divergent
in male mating song (shown by oscillograms) and in associated female preference. Map depicts approximate species distributions (Ragge
et al., 1990) and sampling sites [Colour figure can be viewed at wileyonlinelibrary.com]

where two subspecies, parallelus and erythropus, have been shown
to diverge in allopatry during the Pleistocenic glaciation, and es-
tablished recent secondary contact, forming a narrow hybrid zone
(Hewitt, 2000). This species has recently been reassigned to the
genus Pseudochorthippus (Cigliano et al., 2020; Defaut, 2012), based
ondivergenceinafragment of the CO1 mitochondrial gene (Vedenina
& Mugue, 2011); this hypothesis remains to be tested using nuclear
markers. Attempts to study the evolution of Chorthippus species
of the biguttulus group using mitochondrial markers have failed to
provide a phylogenetic hypothesis due to unusually high levels of
intraspecific diversity (Hawlitschek et al., 2017; Mason et al., 1995).
Another difficulty for genetic studies is their large genome (10 Gb;
Gosalvez et al., 1980) which remains challenging to assemble using
modern genome sequencing methods. Such difficulties can be over-
come by high throughput sequencing of transcriptomes, which offer
a reliable, reference-free approach for phylogenetic and population
genomic methods (Gayral et al., 2013).

In this study, we used four species of the biguttulus group (C. mol-
lis, C. biguttulus, C. brunneus, and C. rubratibialis), and its close relative
Pseudochorthippus parallelus, to understand the demographic history
of a species radiation where sexual selection is hypothesized to be
the main driver of speciation. First, by assembling full mitochondria
and 12,735 independent nuclear genes from transcriptome data, we
test whether this radiation is recent, and whether nominal species
form monophyletic groups (i.e., showing that the evolution of be-
havioural isolation coincides with the evolution of strong genome
wide differentiation). Second, using single-nucleotide polymor-
phisms (SNPs), we test whether allopatric and sympatric species ex-
perienced frequent hybridization and genetic introgression. Finally,
using demographic modeling, we test whether speciation has oc-
curred in the face of continuous gene flow or with periods of his-

torical isolation.

2 | MATERIALS AND METHODS
2.1 | Specimen and genomic sampling

To understand the radiation of species that mainly differ in mating be-
haviour, we focused on four species from the biguttulus group (Ragge
et al.,, 1990): the three highly sympatric species C. mollis (herein, Cmol),
C. biguttulus (Cbig), and C. brunneus (Cbru); and C. rubratibialis (Crub),
which is only sympatric with Cbru (Figure 1; Table S1 for sampling de-
tails and accession numbers). Published RNAseq data from Cmol (n = 20
individuals), Cbig (n = 18), and Cbru (n = 20) were obtained from Berdan
et al. (2015, NCBI BioProject PRINA284873). These populations were
sampled in localities in which each species pair is sympatric or allopatric
in relation to each other, allowing to test whether gene flow follows
current geographic overlap between species. Additionally, new RNAseq
data was collected for Crub (n = 16), and for the two parapatric subspe-
cies of Pseudochorthippus parallelus (P. p. parallelus (Pppar), n = 5, and
P. p. erythropus (Ppery), n = 5), until recently named Chorthippus paral-
lelus, to serve as a phylogenetic outgroup of the radiation and to avoid
potential mapping biases arising from using any of the ingroup species.

Tissue samples were preserved in RNAlater (Qiagen). To sample
the largest variety of transcripts possible, we extracted total RNA
from the whole body after removing the head and digestive track of
each individual to avoid overrepresentation of eye pigments and gut
contaminants. We homogenized the samples using ceramic beads
(1.4/2.8 mm, Precellys) and the standard Tri-Reagent protocol (Sigma).
Resuspended RNA pellets were purified with RNAeasy Mini columns
(Qiagen), and final sample integrity and quantity was assessed with an
Agilent 2100 BioAnalyser. Enrichment for mRNA, library construction
and paired end lllumina HiSeq2500 sequencing was performed by the
BGI Group at a high coverage for all the Pppar and Ppery reference

samples and at a lower coverage for Crub.
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2.2 | Transcriptome assembly and mapping

We constructed a complete reference transcriptome for each of the
5 Pppar and 5 Ppery samples separately. We used TRINITY DE NOVO As-
seMBLER v2.2.0 (Grabherr et al., 2011), which used Trimmomatic for
trimming and filtering the raw reads. We used the default param-
eters and a kmer of 31. We retained contigs with kmer coverage >2,
supported by >3 reads, and with >400 bp in length, retaining the
longest isoform per gene. We evaluated individual assemblies by
computing the contig N50 based on transcript contigs representing
the top 90% of expressed transcripts. We assessed the complete-
ness of each individual assembly, first by estimating the length of our
assembled genes relative to the complete transcriptome of Locusta
migratoria (Wang et al., 2014) using sLasT, and second by estimat-
ing the percentage of complete, fragmented and missing genes rela-
tive to the single copy genes expected for metazoans using Busco
(Waterhouse et al., 2018).

We then constructed a single transcriptome reference for
Pseudochorthippus representing the maximum variability observed in
this species. First, we assigned genes to the mitochondrial genome
through BLASTN searches of the assembled contigs against the
mitogenome of Chorthippus chinensis (GenBank accession number
NC_011095.1; Liu & Huang, 2008) and keeping the longest contigs.
Second, we compared the 10 individual assemblies using the Markov
Cluster algorithm (MCL), using the pipeline implemented in orTHOMCL
(Li et al., 2003) to distinguish “orthologous genes” identified across
all individuals from “singleton genes” identified only in some indi-
viduals, keeping the longest sequence for each gene. Third, for the
“orthologous genes”, we identified genes potentially involved in du-
plications, based on the distribution of coverage of whole genome
reads from Ppar (NCBI BioProject PRINA280771) mapped onto
our reference transcriptome (median coverage = 1.5x). We labelled
all genes with coverage up to quantile 80% (<5x) as “single-copy
genes”, and the remaining as “multicopy genes” (>5x). Fourth, for
the “single-copy genes”, we identified untranslated regions (UTRs)
and open reading frames (ORFs) using TRANsDECODER v3.0.1 (Haas &
Papanicolaou, 2012). To expedite bioinformatic analyses, all refer-
ence genes were separated by 500 Ns and organized in four artifi-
cial chromosomes: (a) single-copy genes (with and without ORFs); (b)
multicopy genes; (c) singleton genes; and (d) mitochondrial genes.
We also produced auxiliary files containing the coordinates of each
protein coding gene and the coordinates of synonymous positions
(i.e., untranslated regions (UTRs) and third codon positions).

For assessing the genetic variability in the 84 individuals across
the transcriptome, we processed raw sequencing reads using the
PALEOMIX BAM pipeline v1.2.9 (Schubert et al., 2014) with default set-
tings. This process first removed adapters and trimmed low quality
bases with AdapterRemoval (Lindgreen, 2012). Overlapping paired
reads were collapsed into a single consensus read. Trimmed and col-
lapsed reads were then mapped to the reference transcriptome using
BWA-MEM, discarding unmapped reads and reads below a mapping
quality threshold of 30 (Li & Durbin, 2009). In the final step, local

realignment was performed around indels using GATK INDELREALIGNER

(McKenna et al., 2010). We recorded the number filtered nucleo-
tides, read length and coverage to assess potential mapping biases
between Chorthippus spp.

Because the mitochondrial genome evolves faster than the nu-
clear genome, we also assembled one reference mitochondrial ge-
nome for one individual of each of the four Chorthippus species.
We used 10 million pairs of filtered RNAseq reads in MirA v4.0.2
(Chevreux et al., 2004) and mitoBimM v1.8 (Hahn et al., 2013) with the
default parameters and using the mitochondrial genome from the
transcriptome of Pseudochorthippus parallelus as a reference. The
initial assemblies were annotated with MITOS revision 656 (Bernt
et al.,, 2013) to ensure correct gene orders. Protein-coding genes
were individually aligned with orthologous sequences from other
Acrididae available at NCBI (Table S2) in order to identify possible
indels within the ORFs, which were considered misassemblies and
therefore corrected in the initial assemblies. Corrected mitochon-
drial genomes were then used as references to re-map the reads
from all the individuals from the corresponding species with BwA-MEM
as explained above. The corrections introduced to the mitochondrial
references were confirmed by a higher proportion of aligned reads
compared to the initial assemblies. The final mitochondrial genomes
were annotated with MITOS revision 942 (Bernt et al., 2013).

2.3 | Phylogenetic relationships

As phylogenetic inference requires probabilistic estimates of gene
sequences, we called sequences for each of the 84 individuals sepa-
rately for reads mapping to the mitochondrial and nuclear references
using ANGsD v0.921 (Korneliussen et al., 2014). We called the most
frequent base at each position with a minimum coverage threshold
of 10x.

2.3.1 | Mitochondrial DNA

In order to infer the timing of diversification of Chorthippus species
and their relation to Pseudochorthippus parallelus, we estimated a
mitochondrial time tree for our 84 individuals plus all the available
mitogenomes of Acrididae (Table S2). Single gene alignments were
constructed using muscLe (Edgar, 2004) as implemented in seavieEw
v.4.7 (Gouy et al., 2010). Protein-coding genes were translated with
the invertebrate mitochondrial genetic code, aligned at the amino
acid level, and back-translated to nucleotides. The 13 protein-cod-
ing genes and two ribosomal RNA genes were concatenated into
a single data set, and alignment columns with >80% missing data
were removed with BMGE v.1.12 (Criscuolo & Gribaldo, 2010). We
inferred a maximum likelihood tree using 1QTrRee v.1.6.5 (Nguyen
et al., 2015), with BIC-selected best-fit substitution models and par-
titions (Table S3) as identified using ModelFinder (Kalyaanamoorthy
et al., 2017). Branch support was assessed with 1,000 bootstrap
replicates. The inferred tree topology was then used to estimate

the timing of diversification of nodes representing the most recent
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common ancestors of (a) Chorthippus and Pseudochorthippus; (b) the
subspecies Pppar and Ppery; and (c) of all focal Chorthippus species.
We used the uncorrelated relaxed clock model implemented in BEAST
v.1.10.4 (Suchard et al., 2018), with a normally distributed prior on
the substitution rate with mean of 0.0115, and standard deviation
of 0.33 substitutions per million year (Brower, 1994), which we be-
lieve is appropriate given the remarkably conserved mitochondrial
rates of insects (e.g., 0.0115 in butterflies and 0.0133 in beetles;
Brower, 1994; Papadopoulou et al., 2010, respectively). The tree was
fixed to the previously inferred maximum likelihood topology, and
we used a Yule speciation tree prior. To facilitate convergence, tree
topology, clock models and substitution parameters (GTR + I') were
linked across genes. Two independent MCMC chains were run for
100 million generations, sampling every 10,000. Convergence was
checked a posteriori with Tracer v.1.7.1 (Rambaut et al., 2018), and
all values had ESS values > 300. The final divergence times were ob-
tained from one of the chains using TreeAnnotator, after excluding

the initial 10 million as burn-in.

2.3.2 | Nuclear DNA

To test if nominal species based on behavioural isolation form
monophyletic clades, and to infer their evolutionary relationships,
we inferred nuclear species trees under the multispecies coalescent
model, which accommodates incomplete lineage sorting expected
in fast radiations. Maximum likelihood trees were inferred for all
single copy genes (UTRs were excluded due to the prevalence of
assembly errors in these regions) that included at least three indi-
viduals per sampling locality, and called genotypes for >50% of the
sequence length. We used BIC-selected models in 1qTree (Nguyen
et al., 2015), 1,000 replicates of ultrafast bootstrapping (UFBoot),
and SH-like approximate likelihood ratio tests (SH-aLRT) (Guindon
et al., 2010; Hoang et al., 2018). To account for the uncertainty in
gene tree estimation, we collapsed branches with <50% bootstrap
support, and used these trees for downstream analyses. In addition,
we performed likelihood mapping in 1QTrReE to assess the information
content of each gene tree (Strimmer & Haeseler, 1997). The consen-
sus gene trees were fed into asTraL Il (Mirarab & Warnow, 2015). This
method estimates the species tree that maximizes the agreement
among independent gene trees. We calculated the quartet support
for each internal node, which reflects the fraction of quartets sup-
porting the main, the first and second alternative topologies, and
thus the amount of gene tree discordance at that node that is caused
by incomplete lineage sorting or by gene flow. From this analysis,
we output the main species tree topology, posterior probabilities for
this main topology, branch lengths in coalescent units (T/N,, Degnan
& Rosenberg, 2009), and quartet supports. We first built as pecies
tree considering each individual as a terminal branch, then a second
by treating individuals of the same sampling locality as populations
(as in Table S1).

We also used this set of nuclear genes to estimate relative diver-

gence times between all pairs of populations and test if divergence
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patterns are consistent with those observed in the mitochondrial
phylogeny. For this, we calculated Nei's measure of absolute diver-
gence (ny) that, contrary to the branch length of the species tree, is
independent of effective population size, assuming no selection. We
calculated ny per gene from the individual gene alignments used to
estimate nuclear gene trees using the r package PopGenome (Pfeifer
et al., 2014; R Core Team, 2017). We plotted the distribution of av-
erage per gene ny for each pairwise comparison and calculated the

median value for each population comparison.

2.4 | Population genetic analyses

Recent studies have shown that genotype likelihoods are more reli-
able than standard genotype calls to estimate demographic param-
eters (da Fonseca et al., 2016), especially when coverage is variable,
such as is expected for RNAseq data. We thus estimated genotype
likelihoods using ancsp (Korneliussen et al., 2014). We used both
trimmed and collapsed reads, excluding reads with the following cri-
teria: mapping quality lower than 15 after adjustment, a base read
quality lower than 20, and containing multiple hits. Additionally, we
limited the analyses to genomic positions (sites) that were present
in at least 80% of the individuals, with a depth greater than twice
the total number of individuals, in single copy genes, and exclud-
ing the first and second codon positions that are generally involved
in nonsynonymous substitutions. All the specific commands were
deposited in a public repository (https://github.com/zjnolen/chort
hippus_radiation). Together, this filtering approach restricts tran-
scriptome data to biallelic sites that in principle are not directly af-
fected by selection, conforming to the assumptions of population
genetic methods (Gayral et al., 2013).

2.4.1 | Population structure

To assess population structure, we performed a principal component
analysis (PCA) with the program ngsPopgen (Fumagalli et al., 2014).
We excluded nonvariable sites by limiting the analysis to sites with a
SNP p-value <1.0 x 1072. We have determined this value to be suf-
ficient to remove the majority of nonvariable sites, while not distort-
ing the site frequency spectrum based on all sites (Figure S1).

To test if reproductive isolation between sympatric species of
Chorthippus is strong, or if they show frequent hybridization, we
used NGSadmix (Skotte et al., 2013). This method estimates admix-
ture proportions in each individual to each of the K presumed an-
cestral clusters, maximizing Hardy-Weinberg and linkage equilibria
within clusters. We performed this analysis restricting to sites with a
SNP p-value < 1.0 x 1072, considering K from two to the number of
sampling localities (nine), with 50 replicates, and selecting the rep-
licate with the highest likelihood for each K. Under a mutation-drift
equilibrium, we expect each species or sampling locality to form a
cluster, with genetic admixture only in sympatric localities if hybrid-

ization is common (Lawson et al., 2018).
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2.4.2 | Genetic variability

To estimate the relative effective population size of each sam-
pling locality and whether it changes over time, we have calculated
Watterson's Theta (Watterson, 1975) and Tajima's D (Tajima, 1989),
respectively. For each of these summary statistics, we first calcu-
lated the site frequency spectrum (SFS) for each population, and
then calculated Theta and Tajima's D per site in AnGsD (Korneliussen
etal., 2014), combined values across sites within each gene, and plot-
ted their distributions for the genes sampled across all populations.

To determine how differentiated populations of Chorthippus and
Pseudochorthippus are from each other, we estimated pairwise F¢;
(Reynolds et al., 1983) between all population pairs. We calculated
a two-dimensional SFS for each population pair, calculated F¢; per
site in AnGsD, per gene F¢, and plotted their distributions for genes

showing at least 10 SNPs across all population pairs.

2.4.3 | Genetic introgression

To test for the presence of introgression between Chorthippus spe-
cies,and whether itis more common in sympatric relative to allopatric
populations, we used Patterson's D-statistics (Durand et al., 2011).
This test weights the number of biallelic sites that have a different
topology from a species tree, with an outgroup and three ingroup
taxa (i.e., ABBA and BABA sites). We used the Abbababa2 method
implemented in ANGsD, which extends this analysis to comparisons
among populations (Soraggi et al., 2018). We used all individuals of
Pppar and Ppery as the outgroup, and all possible combinations of
Chorthippus populations that conformed to our estimated species
tree, restricting to sites with a SNP p-value <1.0 x 107, We inferred
significance using a p-value calculated from 10 windows of ~150,000
relevant sites. A similar proportion of ABBA and BABA sites are ex-
pected under the null hypothesis of incomplete lineage sorting driv-
ing discordance, while significantly different proportions must be
explained by gene flow. When different populations of the same
species are considered, finding gene flow in sympatric but not in al-
lopatric comparisons suggests that introgression has occurred only
recently, while finding gene flow across both comparisons suggests
also ancestral introgression.

We additionally estimated the most likely demographic sce-
nario of speciation for all pairs of Chorthippus species and of
Pseudochorthippus subspecies, in order to understand if behavioural
isolation evolved under continuous gene flow or during periods of
geographic isolation. First, we considered four relatively simple
demographic models that assumed constant population size after
divergence: model 1: “No Migration” (divergence without gene
flow, three parameters: time since divergence, Ne-pop1, Ne-pop2),
model 2: “Continuous Migration” (divergence with continuous gene
flow, fourth parameter: symmetric gene flow), model 3: “Ancestral
Migration” (divergence with ancestral gene flow fifth parameter:
time until cessation of gene flow), and model 4: “Secondary Contact”

(divergence with gene flow after secondary contact, fifth parameter:

time without gene flow between split and secondary contact). We
constructed the two-dimensional SFS using anGsD for each of the
16,969 single-copy genes, and summed them into a single complete
SFS per population pair. We folded each complete SFS and fit it to all
four demographic models using the diffusion approximation meth-
ods implemented in 5adi v2.0.5 (Gutenkunst et al., 2009). To ensure
a proper fitting of each model to the observed SFS, we used the
Sadi-pipeline developed by Portik et al. (2017), which performs sev-
eral rounds of replicated optimizations using the highest likelihood
parameters of the previous rounds as the initial parameters in sub-
sequent rounds. For these four models each pipeline run involved
four rounds with [10, 10, 5, 5] replicates, [3, 2, 1, 1]-fold perturbed
starting parameters, and [5, 20, 125, 200] max iterations per round
respectively. We performed three replicates of each pipeline run to
ensure model fittings converged on a single set of parameter values.
This procedure was repeated for all pairs of populations. Second,
as Momigliano et al. (2020) have demonstrated that the exclusion
of population size changes in demographic models can bias model
selection towards a model of secondary contact (model 4 above)
relative to a model with continuous gene flow (model 2 above), we
estimated the likelihood of these two models including two extra
parameters for population growth (“Continuous Migration with
Growth” and “Secondary Contact with Growth”, respectively; mod-
els adapted from Rougeux et al., 2017). We altered the pipeline run
for these more complex models in order to reach convergence be-
tween three independent runs, first changing the optimizer from the
default optimizer_log_fmin to optimizer_log which had better per-
formance under these models. We then performed each run with
five rounds of [20, 20, 30, 20, 5] replicates, [3, 2, 1, 1, 0.5]-fold per-
turbed starting parameters, and [1, 5, 20, 50, None] max iterations
per round respectively, where "None” results in the chain continuing
until convergence.

In order to account for the physical linkage between SNPs within
the same gene, we built 100 nonparametric bootstrap SFS per taxa
pair. To do this, we randomly resampled the individual gene SFS with
replacement, summing them into a bootstrap SFS containing the same
number of gene SFS as the complete data SFS (Gutenkunst, 2015). We
used these bootstraps to (a) select the best demographic model using
the adjusted likelihood ratio test; and (b) estimate parameter uncer-
tainties using the Godambe Information Matrix (Coffman et al., 2016;
Godambe, 1960). If speciation occurred in sympatry, we expect higher
support for models containing continuous gene flow or with reductions
of gene flow over time. Conversely, if speciation was facilitated by an
initial period of geographic isolation, we expect higher support for the
models without gene flow or with gene flow after secondary contact.

Because there is no mutation rate (u) available for transcriptomes
in grasshoppers, the demographic parameters were estimated in ref-
erence to the constant p, as the number of mutations per site per
generation. Nevertheless, these estimates reflect comparable, rela-
tive measures of isolation and gene flow, as p is probably the same
for such closely related taxa. As the relationship between pis inverse
for Ne and m and cancels out when calculating 2Nm, we calculated

absolute measures of 2Nm using the estimated parameters.
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FIGURE 2 Time-calibrated tree based on full mitochondrial data shows that the radiation of Chorthippus species is relatively recent.
The most recent common ancestor (MRCA) of Chorthippus haplotypes occurred in the mid-Pleistocene, at the same time of the MRCA

of Pseudochorthippus haplotypes, leading to incomplete lineage sorting among species and subspecies (coloured squares). The MRCA

of haplotypes of both genera predates the Pleistocene. Dotted lines and grey boxes mark the estimated times and confidence intervals.
Topology support is illustrated at the nodes, **100% BP, *>95% BP. All nodes outside the outset tree have 100% BP [Colour figure can be

viewed at wileyonlinelibrary.com]
3 | RESULTS
3.1 | Transcriptome assembly and mapping

The individual assemblies had similar levels of quality across the 10 high-
coverage Pppar and Ppery individuals. Contig sizes were relatively large
across individuals (Figure S2), with contigs showing an N50 around
2,200 bp for genes explaining 90% of the expression. Around 4,300 genes
contain the complete gene length found in Locusta migratoria, and ~11,000
are at least 10% complete (Figure S3). Based on expectations for metazo-
ans, between 78%-82% of the BUSCO genes were complete, 6.6%-9.7%
were fragmented, and 10%-12% were missing (Table S4). After merging
and filtering individual assemblies, our reference transcriptome contained:
12,735 single-copy genes with identified ORF; 4,235 single-copy genes
without ORFs; 4,263 multicopy genes; 18,623 singleton genes; and the
13 mitochondrial genes plus two rRNAs. Within the single-copy genes
with identified ORFs, there are 20,604,833 synonymous positions.

The number of filtered nucleotides and read length was similar across
Chorthippus spp. and higher in Pseudochorthippus, reflecting a shorter li-
brary insert size and larger sequencing effort for the reference transcrip-
tome. Accordingly, coverage for the single copy nuclear genes averaged
70x for the outgroup, and 25x for the ingroup species (Figure S4). The
reference mitogenomes lacked any stop codons and showed an individ-
ual coverage above 8,000x due to their high expression.

3.2 | Phylogenetic relationships
3.2.1 | Mitochondrial DNA

The mitogenomes produced a well-supported topology, due to a rel-
atively large number of substitutions (Figure 2). Pseudochorthippus
parallelus is highly divergent from Chorthippus spp. (bootstrap
proportion, BP = 100%), with the genera Euchorthippus and


www.wileyonlinelibrary.com

NOLEN ET AL.

4992
—I—Wl |l DA4= MOLECULAR ECOLOGY

Gomphocerus being more closely related to Chorthippus than to
Pseudochorthippus (BP = 100%). Interestingly, Chorthippus chinensis
nested between these two genera, suggesting that they do not be-
long to the same genus as the European Chorthippus (BP = 100%).
The mitogenomes of the focal Chorthippus spp. formed a monophy-
letic group (BP = 100%), yet none of the four species nor the seven
sampling localities formed monophyletic clades. Interestingly, the
mitogenome of the Gomphocerippus rufus individual nested within
our focal species of Chorthippus.

The time-calibrated trees show that the diversification of
Acrididae is relatively old, dating to some 13.6 Ma (95% HPD
16.2-11.1), and that Pseudochorthippus and Chorthippus diverged
around 5.9 Ma (7.1-4.7), before the Pleistocene. We estimate that
Pseudochorthippus subspecies and Chorthippus species diversified
around the same time, between 476 to 506 ka respectively (see
Table S5 for HPD).

3.2.2 | Nuclear DNA

As expected for transcriptome data, the completeness of nuclear
genes was generally consistent across species, reflecting general
expression values in grasshoppers (Figure S5). After filtering, we re-
covered 3,963 genes that were used to estimate nuclear gene trees.

The individual consensus trees often showed polytomies, re-
flecting the uncertainty on gene tree estimation (Figure S6). The

likelihood mapping analysis showed that most gene trees have

(a)

Quartet supports for:
Il Main Toplogy
I 1st Alternative

enough phylogenetic signal to resolve 60%-100% of the quartets
(Figure S7). No gene tree contained more than 20% partially re-
solved quartets.

The individual coalescent tree (Figure S8) showed that individ-
uals sampled in each locality generally form well-supported mono-
phyletic clades (posterior probability, PP > 0.9). The exceptions
are Cbig from Berlin, which includes the monophyletic clade from
Erlangen, and Cbru from Berlin, which includes a monophyletic clade
from Spain. All species and genera are reciprocally monophyletic
(PP =1.0).

In agreement, the population coalescent tree shows that pop-
ulations of every species form monophyletic clades (PP = 1.0;
Figure 3a). Cmol has the oldest split within the Chorthippus radiation
(PP = 1.0). The relationship between Crub, Cbru and Cbig is less clear,
but most likely Crub is a sister species of Cbru (PP = 0.67). Coalescent
branch lengths are shorter between Chorthippus species compared
to those between the Pseudochorthippus populations, and the co-
alescent times within populations strongly vary, being longest in
Cmol from Erlangen.

The quartet support for the common ancestor of Chorthippus and
Pseudochorthippus shows a complete prevalence of the main topology,
reflecting no gene tree discordance at those nodes. In contrast, for
all nodes within the radiation of Chorthippus the fraction of the main
topology is only slightly larger (34%-41%) than the fractions of alter-
native topologies (29%-33%). The ancestor of Crub and Cbru has the
highest amount of gene tree discordance, consistent with the lower

support for this relationship.
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FIGURE 3 The radiation of Chorthippus leads to strong reproductive isolation in sympatry. (a) Multispecies coalescent using 3,963

independent nuclear gene trees shows that monophyletic species of Chorthippus rapidly radiated from a recent common ancestor. Pie charts
show the quartet support at each node and reflect the amount of discordant gene trees caused by incomplete lineage sorting and/or gene
flow. Branch lengths reflect coalescent times of T/N,; *mark branch support of 1.0 PP. (b) Colour of the bar plots show the cluster assignment
of each individual based on 554,849 SNPs, at three K relevant levels of genetic structure (see Figure S10 for all K clusters). (C) Distribution of
Tajima's D for 9,143 genes [Colour figure can be viewed at wileyonlinelibrary.com]
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In agreement with what was observed in the mitochondrial ge-

nome, absolute divergence (D, ., Figure 4a) was highest in all com-

Xy’
parisons between Chorthippus and Pseudochorthippus populations
(medians = 0.00471-0.00476). Yet, divergence between Chorthippus
species (medians = 0.00155 - 0.00170) was similar to that between

Pseudochorthippus subspecies (median = 0.00142).

3.3 | Population genetic analyses
3.3.1 | Population structure

PC1 explains a large fraction of the genetic variance (18.6%) and
separates Pseudochorthippus from Chorthippus individuals. PC2, 3,
and 4 explain relatively similar fractions of variance (2.91, 2.55, and
2.11%, respectively), with PC2 separating the two P. parallelus sub-
species. Only PC3 and PC4 separate Chorthippus species, reflect-
ing a genetic similarity between most species, with the exception of
Cmol (Figure S9).

The admixture analysis showed that likelihood increases with
each K cluster (Table S6). We observe a marked difference between
Pseudochorthippus and Chorthippus at K = 2, without genetic admix-
ture (Figure 3b). From K = 3 to 5, all species became assigned to

their own distinct clusters, with admixture only observed between
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the sympatric Cbig and Cbru in Berlin (Figure $10). At K = 9, each lo-
cality formed its own cluster, without noticeable genetic admixture
between species; the only exception are two populations of Cbig

sampled in close geographic proximity.

3.3.2 | Genetic variability

The number of genes used to calculate Theta and Tajima's D ranged
between 9,675 and 12,521, with 9,143 genes sampled across all pop-
ulations for both parameters. The per-gene Theta values (Figure S11)
were generally higher for Chorthippus populations (medians between
0.011 and 0.013), intermediate for Pppar (median = 0.007), and low-
est for Ppery (median = 0.005). Mean Tajima's D is generally negative
in all populations (medians between -1.093 and -0.039), with the
exception of Ppery (median = 0.026), which conforms to the neutral
expectation (Figure 3c).

The number of genes for the F¢; analysis varied from 9,228 to
12,390, and 8,935 genes were common across population compar-
isons. Per gene Fy; showed a high variance across all comparisons,
but distributions were skewed to three modes (Figure 4b). All com-
parisons between Pseudochorthippus and Chorthippus populations
showed the highest differentiation (medians =0.678-0.727), the sub-
species of Pseudochorthippus showed intermediate differentiation
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FIGURE 4 Taxa thatdiverged at o
similar times show contrasting patterns
of genetic differentiation. (a) Absolute

divergence (ny) across 3,963 common
genes. (b) Genetic differentiation (Fg;)

across 8,935 common genes [Colour
figure can be viewed at wileyonlinelibrary.
com]
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(median = 0.371), and comparisons between Chorthippus species
showed the lowest genomic differentiation of all comparisons
(medians = 0.057-0.105).

3.3.3 | Genetic introgression

D-statistics showed significant deviations from the null expectation
of no gene flow in 27 out of 35 relevant combinations (Figure S12,
Table S7). Gene flow involved all species pairs within Chorthippus,
except between Cbig and Crub. Notably, we found evidence of gene
flow between the same species pairs, irrespective of whether we
used allopatric or sympatric populations (Figure 5).

Considering the simpler demographic models, we observed that
all technical replicates converged to similar likelihoods and parame-
ter estimations. The No Migration model exhibits the lowest likeli-
hood across the 19 taxa pairs, followed by the Ancestral Migration
model (Figure 6a). The most likely models are Secondary Contact
(five parameters), followed by the simpler Continuous Migration
model (four parameters) (delta-likelihoods between 241 and 8,203).
When using an adjusted likelihood ratio test (LRT) to compare
these two models, Secondary Contact is always significantly more
likely (p-value < 5.1 x 107%; Table $8). When considering the two

more complex demographic models that include population growth
(Continuous Migration with Growth and Secondary Contact with
Growth), we still find the model incorporating secondary contact to
be the most likely for 17 taxa pairs (delta-likelihoods between seven
and 746). The only exceptions are Cmol Berlin versus Crub, and Pppar
versus Ppery, for which both models are equally likely. Out of the
17 comparisons showing that the model of Secondary Contact with
Growth is the most likely, 10 show that it is significantly better fitting
than Continuous Migration with Growth, favouring a demographic
history involving a period of genetic isolation (Table S8). Some of the
taxa pairs for which the two models are not significantly different
are currently allopatric (Crub versus. Cmol, and Crub versus. Cbig), or
have established recent secondary contact in a narrow hybrid zone
(Cppar versus. Cpery; Hewitt, 1993), suggesting that our data shows
limited power in estimating such complex demographic models with
seven parameters. Therefore, for parameter estimation, we focus on
the simpler Secondary Contact demographic model (five parame-
ters) that showed stronger convergence and clearer likelihood peaks.

Inferred divergence times for all population pairs were simi-
lar, ranging from 0.00235/u-0.00302/p (where p is the number of
mutations per site per generation for the transcriptome, Figure 6c,
Table S9). Times of secondary contact were more variable, ranging
from 0.00035/p-0.00107/p (or 13%-35% of the total divergence
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FIGURE 5 Extensive introgression during the radiation of Chorthippus. (a) D-statistics are significant irrespective of taxa being sampled
in allopatry (orange) or sympatry (blue), consistent with ancestral gene flow; see Figure S12 and Table S7 for all pairwise comparisons. (b)
Interspecific gene flow for all species pairs, according to the D-statistic. When both populations of the same species are involved with
gene flow with a second species, it is most parsimonious that gene flow has occurred in the ancestor of each species, rather than between
terminal branches [Colour figure can be viewed at wileyonlinelibrary.com]
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time) in Chorthippus population pairs and 0.00137/p (or 49% of
the total divergence time) in the Pseudochorthippus subspecies
(Figure 6c, Table S9). Secondary contact times were most recent in
each species with a sympatric comparison in the northernmost sym-
patric pair (Berlin 0.00041/p-0.00057/p or 13%-21% of the total
divergence time). Migration rates were high between Chorthippus
species (203.48 p-633.33 p) relative to that found between the
parapatric subspecies of Pseudochorthippus (97.57 ) (Figure 6éb,
Table S9). Northernmost sympatric pairs exhibited the highest mi-
gration rates for their species comparisons (Berlin, 350.12-633.33
). Estimates of effective population sizes were highly convergent
across independent datasets (Figure S13), being higher in popula-
tions of Chorthippus (0.0031-0.0080/y) relative to populations of
Pseudochorthippus (0.0016-0.0025/y).

4 | DISCUSSION

4.1 | The rapid radiation of Chorthippus species

Genomic studies on ecological radiations primarily driven by divergent
natural selection have shown that speciation can be relatively rapid,
often leading to large amounts of incomplete lineage sorting that do not
lead to monophyletic nominal species (e.g., Lamichhaney et al., 2015;
Soria-Carrasco et al., 2014). It is yet unclear how rapid nonecological
radiations are when sexual selection seemingly plays a primary role in

speciation, and whether such radiations lead to monophyletic species.

Here, we study the radiation of grasshopper species of the genus
Chorthippus to provide insights into these questions.

Mitochondrial studies in grasshoppers have been challenging
due to abundant nuclear copies of mitochondrial genes that become
coamplified during PCR (“numts”; Bensasson et al., 2000, 2001).
Bypassing PCR using RNA sequencing, we were able to assemble full
mitochondrial genomes with high sequencing depth (>8,000x) and
estimate a first time-calibrated phylogeny for this group. Our analyses
of the Acrididae mitogenomes confirm that Pseudochorthippus paral-
lelus, previously recognized as Chorthippus parallelus in the speciation
literature (e.g., Butlin, 1998; Hewitt, 1993), is in fact a highly divergent
lineage with respect to other Chorthippus species (BP = 100%). We
estimate it to have diverged from Chorthippus some 5.9 Ma, during
the transition between the Miocene and Pliocene, followed by the
split of the genus Euchorthippus, of the Asian Chorthippus chinensis,
and of the genus Gomphocerus. The most recent common ancestor
(MRCA) of the focal species of European Chorthippus dates to around
506 ka, in the mid-Pleistocene. Interestingly, Gomphocerippus rufus,
a species characterized by a distinctive mating display and clubbed
antenna (Elsner & Huber, 1969; Jacobs, 1953), is nested inside the
European Chorthippus clade, suggesting that this lineage belongs to
the same radiation and should instead be classified as Chorthippus.
None of the focal Chorthippus species is monophyletic in respect to
the mitochondria. Likewise, subspecies of Pseudochorthippus paral-
lelus do not form reciprocally monophyletic clades, and their MRCA
dates to around 476 ka, also within the mid-Pleistocene. These time

estimates imply that Chorthippus species must have survived through
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the multiple glacial and interglacial periods that characterize phylo-
geographic patterns of European species, including Pseudochorthippus
parallelus (Hewitt, 2000).

Because mitochondrial markers are often discordant from nu-
clear markers in animals (Toews & Brelsford, 2012), we estimated
thousands of independent nuclear genes. Pseudochorthippus subspe-
cies usually form two reciprocally monophyletic clades (BP = 100%),
and Chorthippus species are paraphyletic (Figure Sé). Moreover,
absolute divergence across nuclear genes (ny) is similar between
Pseudochorthippus subspecies (median = 0.00142) and Chorthippus
species (medians = 0.00155-0.00170), again reflecting that those
lineages diversified around a similar time. Pseudochorthippus and
Chorthippus are about 3.3 times more divergent than taxa within
these genera (medians = 0.00471-0.00476), confirming that these
lineages should be considered different genera. Considering these
recent times since divergence for the Chorthippus species, and the
large effective population sizes typical of invertebrates (Leffler
et al., 2012), it is not surprising that we find a large amount of incom-
plete lineage sorting across independent gene trees (Figure Sé), as
we also observe in the mitochondrial tree (Figure 2).

By accounting for incomplete lineage sorting through the mul-
tispecies coalescent, we estimate a well-supported species tree
where every species forms a monophyletic clade, irrespective
of whether we consider the 84 individuals separately (Figure S8;
PP > 0.9) or grouped by the seven sampling localities (Figure 3a,
PP = 1.0). Our species tree shows that C. mollis was the first species
to split, also in agreement with the differentiation reflected in the
Principal Component (Figure S9) and admixture (Figure $10) anal-
yses. Most probably, C. biguttulus split next, followed by C. rubrat-
ibialis and C. brunneus. Yet, the phylogenetic relationship between
C. rubratibialis and the other two species is not strongly supported
(PP = 0.67), and it is unlikely to be resolved with more data than
the 12,735 genes used here. A previous study based on song (Ragge
et al., 1990) hypothesized that C. rubratibialis has a hybrid origin be-
tween C. biguttulus and C. mollis, but a different sampling strategy
and methodologies are required to test that hypothesis. Based on
the short branch lengths estimated in our species tree (in coales-
cent units of T/N,), the radiation of Chorthippus spp. has probably
occurred very rapidly and/or with very large effective population
sizes (which may be due to high population size and/or a high level of
gene flow that is not accounted for by the tree model). This led to a
large fraction of gene discordance reflected by the quartet supports
(pie charts in Figure 3a), where only 34%-41% of the quartets share
the main topology.

Together, ourresults suggestthat theradiation of Chorthippus spe-
cies fits several key criteria for ecological radiations (Schluter, 2000).
First, species form a monophyletic clade (Figure 2), together with
Gomphocerippus rufus that probably belonged to the same radiation.
Second, the radiation is relatively recent (up to 506 ka; Table S5), on
the lower range of what has been described for well-studied ecolog-
ical radiations (e.g., ranging from 200 ka to 10 Ma in cichlid fishes
(Irisarri et al., 2018) and from 2 to 18 Ma in stick insects (Riesch
et al., 2017)). Third, the radiation led to a burst of monophyletic

species (Figure 3a), suggesting that behavioural isolation evolved
once in each nominal species, and that this phylogenetic signal has
not been completely eroded by homogenizing gene flow. These find-
ings set the radiation of Chorthippus as a valuable system to provide
key insights on how sexual selection can drive species formation in

the absence, or reduced contribution, of other selective forces.

4.2 | Leaky genomic barriers between Chorthippus
species, despite behavioural incompatibilities

When speciation is primarily driven by sexual selection, gene flow
is hypothesized to be a major impediment for the maintenance of
sympatric species, because assortative mating needs to be strong
enough to maintain the association between species-specific signal-
ling and preference traits (Felsenstein, 1981; Fry, 2003; Servedio
et al., 2011). Here, we assess whether species of Chorthippus that
presumably diverged by sexual selection frequently hybridize in
sympatry, and whether they have experienced significant gene flow
during their evolution.

Our population structure analyses revealed well defined genetic
clusters at the genus, species, and population level (Figure 3b). When
we allow the maximum number of clusters (K = 9), we do not observe
any substantial admixture between species, but only between popu-
lations of the same species (C. biguttulus) sampled in close geographic
proximity (Berlin and Erlangen). Notably, considering 4-8 clusters,
we observe that some C. biguttulus individuals from Berlin contain
up to 18% of the genome of the sympatric C. brunneus (Figure 510),
probably because some admixture is shared among most individuals
of that population at similar proportions (Lawson et al., 2018). This
indicates that ongoing hybridization between Chorthippus species is
too rare to be detected by our sampling (up to 28 individuals of three
species in sympatry), as also suggested by other studies based on
song (Baur, 2006; Jacobs, 1963; Perdeck, 1958). Yet, it is import-
ant to note that these species closely resemble each other in mor-
phology (Ragge & Reynolds, 1988), and thus sampling biases against
intermediate hybrids may lead to an underestimation of real hybrid-
ization rates in nature.

Given that most of these species are sympatric across Europe
(Figure 1), even rare hybridization may lead to extensive introgres-
sion, as observed in well-known examples of ecological radiations
(e.g., Brawand et al., 2014; Heliconius Genome Consortium, 2012;
Lamichhaney et al., 2015). The D-statistics offer a direct test of in-
terspecific gene flow during the radiation of Chorthippus, because an
overrepresentation of ABBA or BABA topologies cannot be solely
explained by incomplete lineage sorting. Out of the 35 tested com-
parisons, 27 show significant deviations from the neutral expecta-
tion, indicating that gene flow among almost all species pairs has
been pervasive during their evolution (Figure S12). Because our sam-
pling often includes the same species pair in allopatry and in sym-
patry, we used this to explicitly test if gene flow is only observed
when species were sampled in sympatry, consistent with a major role

of recent gene flow. Our results show significant deviations from the
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neutral expectation regardless of the geographic overlap (Figure 5),
suggesting that interspecific gene flow has started before the spe-
cies established their current distributions.

Our findings of similar times of divergence between differ-
ent species of Chorthippus and between the two subspecies of
Pseudochorthippus parallelus, both in mitochondrial (Figure 2) and
nuclear markers (Figures 3a and 4a), would normally suggest sim-
ilar levels of genomic differentiation. Instead, our results show
that Chorthippus species that rarely hybridize in sympatry (all me-
dians of pairwise F¢; are between 0.057 and 0.105) are at least
3.5 times less differentiated than the Pseudochorthippus parallelus
subspecies (F¢; = 0.371) that form a clinal hybrid zone in parapa-
try (Hewitt, 1993). Although absolute divergence (D, , Figure 4a)
is mainly affected by time since speciation, differentiation (F,
Figure 4b) is also affected by demographic parameters such as
effective population size (N,) and migration rates (m) (Nachman &
Payseur, 2012). Thus, we hypothesize that the low levels of genetic
differentiation can be explained by larger N, and/or min Chorthippus
spp. relative to Pseudochorthippus subspecies. Our parameter es-
timations using demographic modeling (Figure 6b (m), 6c (T), S13
(N,), Table S9) confirm this hypothesis. Consistent with our obser-
vation of similar ny, our estimates of time since divergence are
similar between all species pairs (between 0.0030/p and 0.0024/y).
Yet, effective population sizes are between 1.5 to 6.7 times larger
in Chorthippus relative to Pseudochorthippus (Figure S13, Table S9),
and migration rates among taxa are between 2 to 6.5 times higher
in Chorthippus relative to Pseudochorthippus (Figure 6b, Table S9).
Such differences in N, and m lead to higher levels of standing ge-
netic variation in Chorthippus, explaining the lower observed levels
of genomic differentiation despite apparently higher levels of the
reproductive isolation. Such large differences in migration rates
may simply reflect differences in geographic opportunities for hy-
bridization and introgression, since Chorthippus species are sym-
patric throughout most of the European continent (Figure 1), while
Pseudochorthippus subspecies are parapatric in a narrow hybrid
zone in the Pyrenees.

Values of population migration rates (2 Nm) greater than or
equal to one can prevent populations from accumulating diver-
gence (Wright, 1931). Our observed high values of migration rate
translate into 2 Nm values between 1.6 and nine migrants by pop-
ulation per generation (Table S9), implying that strong selection is
required to oppose the homogenizing effect of gene flow (Pinho &
Hey, 2010). Such leaky genomic barriers (Fs ~ 0.08), despite strong
behavioural incompatibilities have also been observed in other
systems where sexual selection is thought to play a more promi-
nent role than natural selection, such as in crows (Vijay et al., 2016;
F¢; ~ 0.13) and in warblers (Toews et al., 2016; Fs; ~ 0.005). In
such systems, loci underlying male signaling and female preference
are thought to be under strong selection, resisting genome wide
gene flow. Likewise, our results suggest that the loci underlying
strong behavioural isolation in these grasshopper species must
also be resistant to the pervasive gene flow experienced by most

of the genome. Follow up studies using admixture mapping in
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hybrid zones or quantitative trait loci (QTL) experiments (e.g., Xu
& Shaw, 201943, b) are promising ways to identify genes underlying
behavioural isolation.

4.3 | Historical geographic isolation occurred
during the evolution of behavioural isolation

The evolution of assortative mating is hard to explain in sympatric
species experiencing continuous gene flow because recombination
can prevent the initial fixation of male signals and female prefer-
ences within each species (Felsenstein, 1981; Fry, 2003; Servedio
et al., 2011). Although Chorthippus species are currently sympatric
across Europe, most of their range has only become available during
the last ~12,000 years. It is therefore unclear if reproductive isola-
tion was established in a similar geographic setting to today. Using
demographic modeling, we clarify the demographic history that has
led to the strong behavioural isolation that currently maintains spe-
cies boundaries in Chorthippus.

When fitting the observed patterns of genomic variability to
relatively simple demographic models, we always find that the
Secondary Contact model shows the highest likelihood for all
taxa pairs (Figure 6a), and that this model is always significantly
more likely than the second most likely model showing continuous
migration after performing a likelihood ratio test (LRT; Table S8).
When testing biologically more realistic models including change
in effective population size, we still find the model incorporating
secondary contact to be the most likely in 17 of the 19 pairs and
equivalent to a model with continuous migration in the remain-
ing two (Table S8). Although this difference is significant in only
10 of the 17 cases, nonsignificant taxa pairs include comparisons
that are currently allopatric (i.e., with the Italian endemic species
C. rubratibialis), or taxa that established secondary contact in a
hybrid zone (Pseudochorthippus, Hewitt, 1993). Thus, we inter-
pret this as a power limitation in estimating too many parameters
with the current data, and refer to the simpler Secondary Contact
model for parameter estimation (Figure 6). Our time estimates
suggest that Chorthippus species have spent most of their time in
genetic isolation, with gene flow occurring only from 13%-35% of
the total time since divergence (Figure 6c). Given that our mito-
chondrial time tree dates the MRCA of all Chorthippus to around
506 ka (Figure 2), Chorthippus species must have experienced mul-
tiple episodes of contraction and expansion during the multiple
glacial periods that have since affected the European continent
(Hewitt, 2000). A demographic scenario of secondary contact is
also consistent with our estimates of Tajima's D (Figure 3c), which
are negative for all populations sampled in previously glaciated
areas. Future studies sampling these species at or near the de-
scribed refugia in Eurasia may help testing whether Chorthippus
species diverged in different glacial refugia.

Together, our demographic analyses suggest that the evolution
of the strong behavioural barriers observed among currently sym-

patric Chorthippus species (von Helversen & von Helversen, 1994;
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Perdeck, 1958) probably evolved during the long periods of geo-
graphic isolation, possibly associated with the glacial periods that
affected Europe since the mid-Pleistocene. Historical periods of
geographic isolation have also been recently described in emblem-
atic ecological radiations primarily maintained by divergent natural
selection, such as the radiation of cichlid fishes (Meier et al., 2017)
and of sea snails (Stankowski et al., 2020), potentially facilitating
the establishment of strong reproductive isolation, and the subse-
quent coexistence of taxa in sympatry. Likewise, in the context of
nonecological radiations where sexual selection seemingly plays a
major role in reproductive isolation, historical geographic isolation
might provide opportunity for different sexually selected characters
to develop and be driven to fixation by Fisherian runaway selection
in a mutation-order process (Mendelson et al., 2014), leading to the
coevolution of male song and female preference. Once that associ-
ation is established within a species, behavioural barriers can resist
the homogenizing effects of gene flow, resulting in cryptic species
that are genetically, morphologically, and ecologically similar, but
that otherwise generally behave as good biological species.
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