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Abstract
The process of species formation is characterized by the accumulation of multiple 
reproductive barriers. The evolution of hybrid male sterility, or Haldane’s rule, typi-
cally characterizes later stages of species formation, when reproductive isolation is 
strongest. Yet, understanding how quickly reproductive barriers evolve and their con-
sequences for maintaining genetic boundaries between emerging species remains a 
challenging task because it requires studying taxa that hybridize in nature. Here, we 
address these questions using the meadow grasshopper Pseudochorthippus parallelus, 
where populations that show multiple reproductive barriers, including hybrid male 
sterility, hybridize in two natural hybrid zones. Using mitochondrial data, we infer that 
such populations diverged some 100,000 years ago, at the beginning of the last gla-
cial cycle in Europe. Nuclear data show that contractions at multiple glacial refugia, 
and post- glacial expansions have facilitated genetic differentiation between lineages 
that today interact in hybrid zones. We find extensive introgression throughout the 
sampled species range, irrespective of the current strength of reproductive isolation. 
Populations exhibiting hybrid male sterility in two hybrid zones show repeatable pat-
terns of genomic differentiation, consistent with shared genomic constraints affect-
ing ancestral divergence or with the role of those regions in reproductive isolation. 
Together, our results suggest that reproductive barriers that characterize late stages 
of species formation can evolve relatively quickly, particularly when associated with 
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1  |  INTRODUC TION

The process of species formation is characterized by the gradual 
accumulation of multiple reproductive barriers between diverging 
taxa, and of their underlying genetic incompatibilities. Nascent spe-
cies can be isolated from one another by incompatible mating signals 
that prevent interbreeding (Naisbit et al., 2001), by incompatible 
ecological interactions that render hybrids unfit in either extrinsic 
parental habitat (Thompson et al., 2022), or by incompatible gene 
interactions that cause intrinsic hybrid dysfunction such as sterility 
or inviability (Masly & Presgraves, 2007). All of these incompatibili-
ties can be generally explained by the Bateson (1909), Dobzhansky 
(1936) and Muller (1942) model, which states that mutations that are 
adaptive or nearly neutral in their own genomic background can be 
functionally incompatible with alleles that are present in a foreign 
genomic background (Presgraves, 2010). Incompatibilities causing 
hybrid sterility are characteristic of late stages of species formation 
(Bracewell et al., 2017) because they are thought to be irreversible 
(Sobel et al., 2010). Understanding how hybrid sterility evolves and 
how it restricts gene flow between emergent species remains an 
important task in evolutionary biology (Coughlan & Matute, 2020; 
Coyne, 2018; Payseur et al., 2018; Payseur & Rieseberg, 2016; 
Presgraves, 2018).

Although the process of species formation is notoriously idio-
syncratic, the observation of pervasive patterns of reproductive 
isolation across species pairs suggests that generalities, or “rules” 
(Coyne & Orr, 1989), underlie species formation in all animals. 
“Haldane’s rule” states that whenever a sex is absent, rare or sterile 
in a cross between two taxa, that sex is usually the heterogametic 
sex (Haldane, 1922). This empirical observation has been elucidated 
by laboratorial interspecific crosses showing that alleles involved 
in incompatibilities are generally recessive (Masly & Presgraves, 
2007), so that their deleterious effects in hybrids are masked in the 
diploid chromosomes (i.e., autosomes and sexual chromosomes in 
the homogametic sex, XX females and ZZ males), but are exposed 
in the haploid sexual chromosomes in the heterogametic sex (i.e., 
XY and X0 males or ZW females). Most of the current knowledge 
on Haldane’s rule stems from experimental crosses between highly 
divergent species, namely drosophilids (Masly & Presgraves, 2007; 
Payseur et al., 2018; Presgraves, 2018; Presgraves & Meiklejohn, 
2021) that speciated between 4,000,000 and 300,000 years ago 
(Kliman et al., 2000; Wang & Hey, 1996). With some exceptions 
(Ebdon et al., 2021; Matute, 2010; Teeter et al., 2007), these species 
rarely hybridize in nature and laboratorial hybrids are often lethal or 
inviable (Matute & Cooper, 2021). Thus, incompatibilities manifested 

in these systems may have arisen after reproductive isolation has 
been established (Coyne, 2018; Matute, 2010), questioning their 
role in limiting gene flow between incipient species and hence in fa-
cilitating species formation.

Hybrid zones provide a direct insight into the phenotypes and 
underlying genes that maintain genetic barriers between emerg-
ing species, and that thus presumably facilitate species formation 
(Barton & Hewitt, 1985; Harrison, 1993). Hybrid zones are broadly 
defined as areas in which incipient species meet, mate, and produce 
at least some offspring of mixed ancestry (Harrison, 1990), and 
can be observed between recently diverged taxa, such as incipient 
species, subspecies, or even differentiated populations. Genetic 
boundaries between hybridising taxa can remain stable if selection 
against incompatible loci is strong enough to balance the homo-
genising effect of dispersal of parental individuals into the hybrid 
zone (i.e., tension zones; Barton & Hewitt, 1985). Unlike experimen-
tal hybridization that is necessarily limited to few generations of 
recombination, hybrid zones result from thousands of generations 
of recombination, reducing physical linkage among loci involved in 
early incompatibilities and neutral loci, and allowing for high reso-
lution to map genes underlying reproductive isolation (Rieseberg 
et al., 2000). Moreover, incompatibilities expressed in hybrid zones 
are usually associated with mildly maladaptive phenotypes such as 
partial sterility (Nachman & Payseur, 2012; Nürnberger et al., 2016), 
instead of full sterility and inviability. Hybrid zones exhibiting the 
same reproductive barriers are particularly useful as they allow test-
ing for replicated patterns of genomic differentiation linked to bar-
riers to gene flow or to shared genomic constrains (Poelstra et al., 
2014; Ravinet et al., 2016; Westram et al., 2021), thus offering in-
sights into predictability of evolution at the gene level (Christin et al., 
2010; Stern & Orgogozo, 2009).

The meadow grasshopper Pseudochorthippus parallelus, formerly 
known as Chorthippus parallelus (Defaut, 2012), is a suitable system 
to shed light on how late reproductive barriers, such as Haldane’s 
rule evolve, and how they contribute to limiting gene flow between 
emerging species. Like most species in Europe (Hewitt, 2000), this 
species survived in isolated southern refugia in the Iberian, Italian 
and Balkan peninsulas, as permanent ice covered northern latitudes 
during the Pleistocene ice ages (>15,000 years ago; Butlin, 1998; 
Hewitt, 1993; Ivy- Ochs et al., 2008). Geographical isolation re-
sulted in the formation of two subspecies, P. p. erythropus in Iberia 
and P. p. parallelus in the remaining peninsulas, which differ in mor-
phology, behaviour, cytogenetics and molecular markers (Butlin & 
Hewitt, 1985; Butlin et al., 1991; Cooper et al., 1995; Gosálvez et al., 
1988; Serrano et al., 1996). After the retraction of the ice coverage, 

strong demographic changes. Moreover, we show that such barriers persist in the face 
of extensive gene flow, allowing future studies to identify associated genomic regions.
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the two subspecies expanded and established a hybrid zone in the 
Pyrenees, when the ice last disappeared some 8000 years ago 
(Hewitt, 1993), which in this univoltine species (one generation per 
year) corresponds to 8,000 generations since the most recent sec-
ondary contact. About the same elevation and presumably at the 
same time in the Alps (Palacios et al., 2017), two evolutionary lin-
eages assigned to the subspecies P. p. parallelus established a sec-
ond hybrid zone (Cooper et al., 1995). Limited molecular data based 
on one mitochondrial and one nuclear gene (Korkmaz et al., 2014; 
Lunt et al., 1998) could not establish the phylogenetic relationships 
between these three lineages (Cooper et al., 1995), and thus it re-
mains unclear when these taxa initially diverged and whether they 
have experienced secondary contact before the current intergla-
cial period. Today, multiple reproductive barriers expressed at the 
Pyrenean hybrid zone are hypothesized to effectively balance dis-
persal, maintaining stable boundaries at multiple phenotypic clines 
as expected for tension zones (Butlin & Hewitt, 1985; Butlin et al., 
1991). Using experimental crosses between parental individuals 
removed from the hybrid zone, several studies have shown that 
current reproductive barriers include: (i) premating behavioural iso-
lation (Ritchie et al., 1989), (ii) postmating– prezygotic isolation (Bella 
et al., 1992) and (iii) postzygotic isolation (Virdee & Hewitt, 1992). 
Neither premating nor postzygotic barriers are stronger between 
populations closer to the hybrid zone centre (Ritchie et al., 1989; 
Virdee & Hewitt, 1994), rejecting expectations for reinforcement 
of reproductive isolation following secondary contact. Notably, in 
both hybrid zones, postzygotic isolation causes low fitness in re-
ciprocal F1 males (X0) through severe testis dysfunction, disrupted 
meiosis and full sterility, but not F1 females (XX), conforming to 
Haldane’s rule (Flanagan, 1997; Hewitt et al., 1987). Backcrosses of 
fertile F1 females show some recovery of male sterility (Virdee & 
Hewitt, 1992, 1994). None of these reproductive barriers are no-
ticeable in natural populations from the centre of the hybrid zones, 
suggesting that fitness recovery is possible through recombination 
and selection against incompatibilities. Nothing is known regarding 
patterns of gene flow across hybrid zones, besides limiting evidence 
from one allozymic marker (Butlin, 1998), two mitochondrial mark-
ers (e.g., Pereira et al., 2021) and from heterochromatin banding of 
the X chromosome (e.g., Serrano et al., 1996).

Although the P. parallelus hybrid zone was early recognized as 
“a window into the evolutionary process” (Harrison, 1993) and “a 
natural laboratory for evolutionary studies” (Hewitt, 1993), its large 
(14.72 Gb) and highly repetitive genome has prevented genetic stud-
ies using traditional Sanger and whole genome sequencing methods. 
Using RNA sequencing methods, we use the P. parallelus system to 
understand how quickly strong reproductive barriers evolve, and to 
understand their consequences for maintaining genetic boundaries 
between subspecies and populations. First, we identify evolution-
arily independent units within P. parallelus, and infer their divergence 
time and phylogeographical history. Second, we test if pairs of lin-
eages exhibiting hybrid male sterility have diverged in the presence 
of gene flow, and whether this is associated with repeatable patterns 
of genomic differentiation.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling and sequencing

To understand the phylogeographical history of Pseudochorthippus 
parallelus, we sampled 10 localities covering the known evolutionary 
lineages within this species (Figure 1a and Table S1). For the subspe-
cies P. p. erythropus, we have sampled a population near its putative 
refugium in the Iberian Central System, a second in Portugal and a 
third neighbouring the Pyrenean hybrid zone. For the subspecies 
P. p. parallelus, we have sampled the lineage that putatively origi-
nated from a range expansion from a Balkan refugium (Lunt et al., 
1998) in two populations within the central European range (Austria 
and Slovenia), plus two populations neighbouring the Pyrenean and 
Alpine hybrid zones. We have also sampled the parallelus that puta-
tively originated from the Italic refugium, south of the Alpine hybrid 
zone. Additionally, we sampled populations near the putative cen-
tres of the Pyrenean and Alpine hybrid zones, following earlier cy-
togenetic studies (Flanagan et al., 1999; Zabal- Aguirre et al., 2010). 
In every locality we sampled five male individuals in close proxim-
ity. In some cases, two nearby sublocalities were sampled to cap-
ture a representative amount of diversity (see Table S1 for details; 
NCBI BioProjects PRJNA807476 and PRJNA801336). All specimens 
were sampled for this study, with the exception of the reference 
parental populations neighbouring the Pyrenean hybrid zone (PAR, 
ERY), which were published in a previous study (Nolen et al., 2020; 
NCBI BioProject PRJNA665162). Additionally, we used published 
data from five individual males of Chorthippus biguttulus sampled in 
Germany, used as an outgroup (Berdan et al., 2015; NCBI BioProject 
PRJNA284873).

In the field, we preserved whole body tissue in RNAlater (Qiagen) 
to sample the largest variety of transcripts possible. We excluded 
the head and upper digestive tract to avoid gut contamination and 
overrepresentation of eye pigments. In the laboratory, we homoge-
nized the samples using ceramic beads (1.4/2.8 mm, Precellys) and 
the standard Tri- Reagent protocol (Sigma). We resuspended and pu-
rified RNA pellets with RNAeasy Mini columns (Qiagen), followed by 
a quantity and integrity check using an Agilent 2100 BioAnalyser. 
The Beijing Genomics Institute performed mRNA enrichment, li-
brary construction and paired- end Illumina HiSeq2500 sequencing. 
The three populations from the Pyrenees had a sequencing average 
of 59,391,201 paired reads (SD: 6,908,681) of 150 bp, while the re-
maining seven populations had a sequencing average of 49,410,055 
(SD: 1,718,007) paired reads of 100 bp.

2.2  |  Mapping and filtering

We used the BAM pipeline implemented in Paleomix (Schubert et al., 
2014) for processing raw data. This process first removed adapters 
and trimmed low- quality bases (min. quality- offset for Phred scores 
33) with adapterremoval (Schubert et al., 2016). Overlapping pairs 
were collapsed into one consensus read. All reads were then mapped 
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with bwa- mem, discarding poorly mapped reads under a quality 
threshold of 30 (Li & Durbin, 2009) against the reference transcrip-
tome previously assembled and annotated by Nolen et al. (2020). 
These transcripts are organized in four partitions consisting of: (i) 
16,969 single- copy genes, including 12,735 genes with identified 
open reading frames (ORFs) and 4,235 genes without; (ii) 4,263 mul-
ticopy genes; (iii) 18,623 genes found only in some individuals; and 
(iv) the complete mitochondrial genome. We visualized the number 
of nucleotides retained and coverage in partition 1 and 4 to assess 
the differences in coverage across localities (Figure S1).

As phylogenetic inference requires genotype calling, we produced 
haplotypes for the ORFs of the 12,735 single- copy nuclear genes and 
for the 13 mitochondrial genes, calling the most frequent base at each 
position with a minimum coverage threshold of 10×, using angsd ver-
sion 0.921 (Korneliussen et al., 2014). As most of the population genet-
ics inference can handle uncertainty of genotypes, which is particularly 
important with RNAseq data where coverage varies with gene expres-
sion, we estimated genotype likelihoods using angsd. For this data set, 
we used the 12,735 single- copy nuclear genes with identified ORFs, 
excluding the first and second codon positions that often correspond 
to nonsynonymous substitutions and hence are more affected by se-
lection. We excluded reads with mapping quality <15 after adjustment, 
base read quality <20 or containing multiple hits. Additionally, we only 
considered sites present in a minimum of 80% of individuals, and with a 
coverage depth greater than twice the total number of individuals (see 
https://github.com/lindi ngton/ Chort hPar for the detailed commands).

2.3  |  Population structure and admixture

To assess population structure and identify ongoing hybridization, 
we used the population genetics data set. First, we performed a 

principal component analysis (PCA) with ngspopgen (Fumagalli et al., 
2014) to test if genetic variation reflects the spatial distribution 
of the samples. We considered only variable sites with an SNP p- 
value <1.0 × 10−2 (i.e., in 1,494,335 SNPs), which has been shown 
to accurately reflect the site frequency spectrum based on all sites 
(Nolen et al., 2020). We expect most of the variance (PC1) to reflect 
subspecies and subsequent principal components to reflect known 
evolutionary lineages within subspecies. Second, we estimated ad-
mixture proportions in each individual, using the clustering algo-
rithm implemented in ngsadmix (Skotte et al., 2013), which maximizes 
Hardy– Weinberg and linkage equilibria within K ancestral clusters. 
We considered K from 2 to 11, the number of sampling localities (10) 
plus the outgroup, with 50 replicates, selecting the replicate with 
the highest likelihood for each. Because of the inclusion of the out-
group, this analysis is based on 708,874 SNPs. Analysis using no out-
group provided the same cluster assignments (results not shown). 
Under a mutation- drift equilibrium, we expect each subspecies or 
sampling locality to form a cluster, with possible admixture near the 
centre of the hybrid zones.

2.4  |  Mitochondrial molecular clock

To infer the timing of diversification of the species we estimated 
a mitochondrial time tree. For this, we considered the 13 protein- 
coding genes to ensure site homology and avoid assembly and 
mapping errors in noncoding parts of the mitogenome. First, we 
aligned the 55 complete mitogenomes, annotated them using mitos 
(Bernt et al., 2013) and extracted the alignments for the 13 protein- 
coding genes using a custom script (https://github.com/lindi ngton/ 
Chort hPar/). Second, we verified the absence of internal stop co-
dons along the sequence with mega version 10.1.6 (Tamura et al., 

F I G U R E  1  Divergence of Pseudochorthippus parallelus. (a) Sampling localities (dots) are coloured by their presumed evolutionary lineage 
according to subspecies and chromosomal race. Sampling localities in Eastern Central Europe (grey) and in the hybrid zones (black) cannot be 
attributed a priori to any lineage. (b) Principal component analysis based on 1,494,335 polymorphisms separates subspecies in PC1 and the 
chromosomal races of P. p. parallelus in PC2

https://github.com/lindington/ChorthPar
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2007), and concatenated the genes. Third, we imported the con-
catenated alignment into iq- tree version 1.6.3 (Nguyen et al., 2015), 
estimated best- fit models of evolution for each gene using the BIC 
(Bayesian information criterion) score as implemented in modelfinder 
(Kalyaanamoorthy et al., 2017), and assessed branch support using 
1,000 replicates of ultrafast bootstrapping (Hoang et al., 2018). The 
resulting maximum- likelihood (ML) tree carries the uncertainty of 
the estimated topology (Figure S2). Finally, we inferred divergence 
times using beast version 1.10.4 (Suchard et al., 2018). We used the 
uncorrelated relaxed clock model (Drummond et al., 2006), with a 
normally distributed prior for the substitution rate with mean 0.0115 
and SD 0.001 substitutions per million years (Brower, 1994), which 
is appropriate given the remarkably conserved mitochondrial rates 
in insects (e.g., 0.0115 in butterflies and 0.0133 in beetles; Brower, 
1994; Papadopoulou et al., 2010, respectively). The tree topology 
was fixed to the previously inferred ML topology, and we used a 
birth– death prior for speciation (Gernhard, 2008). beast runs were 
initialized with a chronogram based on the ML tree and the diver-
gence time between P. p. erythropus and P. p. parallelus was set to a 
minimum age of 15 thousand years ago (ka) (end of the last glacial 
maximum; Ivy- Ochs et al., 2008) and a maximum age of 33.9 million 
years ago (the oldest Acrididae fossil; Song et al., 2018), using the 
R package ape (Paradis & Schliep, 2019). To facilitate convergence, 
tree topology, clock model and substitution model (GTR) were 
linked across genes. Three independent Markov chain Monte Carlo 
(MCMC) chains were run for 100 million generations, after a burn- in 
of 10 million, and sampling every 10,000 generations. We checked 
for convergence a posteriori using tracer version 1.7.1 (Rambaut 
et al., 2018), and that all ESS values were above 200. We merged 
the independent chains using logcombiner and estimated divergence 
times using treeannotator after discarding the initial 10 million gen-
erations of burn- in.

2.5  |  Nuclear species tree

To assess the evolutionary relationships between sampling popula-
tions, we inferred a nuclear species tree under the multispecies coa-
lescent model, which accommodates incomplete lineage sorting (ILS) 
expected for rapid radiations (Degnan & Rosenberg, 2009). First, 
we extracted the coding regions of the 12,735 single- copy nuclear 
genes for which ORFs were identified to avoid biases caused by as-
sembly errors or under- expressed areas of the transcriptome, such 
as untranslated regions (UTRs), which could increase the uncertainty 
of the estimated gene trees. Second, we retained all genes that had 
more than 300 called positions, and that were present in a minimum 
of three out of the five individuals per population. Third, we inferred 
an ML tree for every individual nuclear gene using iq- tree version 
1.6.3 (Nguyen et al., 2015) using BIC- selected models, 1000 repli-
cates 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% UFBoot support. Fourth, we assessed 

the information content of each nuclear gene tree and compared it 
to the mitochondrial tree (Strimmer & Haeseler, 1997), performing a 
likelihood quartet mapping test in iq- tree. Finally, we estimated the 
species tree that maximizes the topology agreement between inde-
pendent nuclear gene trees (Mirarab & Warnow, 2015), using astral 
version 5.6.1 (Mirarab et al., 2014). From this analysis, we output 
the main species tree topology, posterior probabilities for this main 
topology, and branch lengths in coalescent units (T/Ne; Degnan & 
Rosenberg, 2009). We used this approach to estimate (i) an “individ-
ual species tree” where each individual is a terminal branch, and (ii) a 
“population species tree” where individuals sampled in the 10 sam-
pling localities are grouped together (as in Table S1). We expect the 
subspecies to form two reciprocally monophyletic groups with hy-
brid individuals or populations having an intermediate position in the 
species tree.

2.6  |  Gene flow between populations

To test for the presence and magnitude of gene flow between all 
sampled populations, we used Patterson’s D- statistics (Durand et al., 
2011). This test weights the fraction of biallelic sites that have a dif-
ferent topology from the previously estimated species tree. Using C. 
biguttulus as the outgroup carrying the ancestral A allele, we meas-
ured the proportion of ABBA and BABA sites for all possible com-
binations of three P. parallelus taxa that conformed to our estimated 
species tree (i.e., in 120 comparisons). We used Abbababa2 as imple-
mented in angsd, which extends this analysis to comparisons among 
populations (Soraggi et al., 2018). We restricted the analysis to sites 
with an SNP p- value <1.0 × 10−6 and estimated significance using a 
p- value calculated from 10 windows of ~240,000 relevant sites. A 
similar proportion of ABBA and BABA (D = 0) sites is expected under 
the null hypothesis of ILS driving discordance, while significantly 
different proportions (D ≠ 0 with p- value < .05) must be explained 
by gene flow between two populations. We visualized Patterson’s 
D- statistics using a matrix of all possible pairwise comparisons (i.e., 
excluding sister taxa), using the highest reached D- value for each 
comparison. If hybrid male sterility does not confer a genome- wide 
barrier to introgression, or if past introgression occurred before 
the emergence of strong reproductive isolation, we expect to find 
high D- statistics between populations located on either side of the 
Pyrenean and Alpine hybrid zones.

2.7  |  The demographic history of hybrid zones

To quantify the relative amount of divergence and gene flow 
across the two hybrid zones, we estimated the demographic his-
tory of divergence of pairs of parental taxa at each zone sepa-
rately (ERY vs. PAR for the Pyrenees, and TAR vs. GOM for the 
Alps). We considered four nested demographic models: (i) diver-
gence without gene flow (“No Migration,” with three parameters: 
time since population split T1, and effective population size Ne 
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for each population); (ii) divergence with continuous gene flow 
(“Symmetric Migration,” with a fourth migration rate parameter m); 
(iii) gene flow after secondary contact (“Secondary Contact,” with 
the fifth parameter time since secondary contact T2, after which 
migration starts); and (iv) divergence with asymmetric gene flow 
after secondary contact (“Secondary Contact with Asymmetric 
Migration,” with the sixth m2 parameter). First, we used angsd to 
build two- dimensional site frequency spectra (2D- SFSs) for each 
of the 16,969 single- copy nuclear genes and summed them into a 
single complete 2D- SFS per population pair. Second, the complete 
2D- SFS was fit to all four demographic models using the diffu-
sion approximation methods implemented in δaδi version 2.0.5 
(Gutenkunst et al., 2009), as described in Nolen et al. (2020; see 
https://github.com/zjnol en/chort hippus_radia tion for commands), 
with four technical replicates to guarantee convergence of the 
estimated parameter values. Finally, we compared nested models 
using a likelihood ratio test (LRT), and estimated parameter un-
certainties with the Godambe Information Matrix (Coffman et al., 
2016; Godambe, 1960), which uses 100 nonparametric bootstrap 
SFSs to account with physical linkage of SNPs within the same 
transcript. This procedure selects the simplest model that cap-
tures most of the demographic signal contained in the 2D- SFS, 
and thus we chose a model that is highly supported in both hybrid 
zones in order to compare demographic parameters. The demo-
graphic parameters T and 2Nm were estimated with reference to 
the constant mutation rate μ, as μ is probably the same for such 
closely related populations.

2.8  |  Heterogeneity of gene flow

To estimate the relative effective population size for each sampling 
locality, we calculated per- gene Watterson’s θ (Watterson, 1975) 
and π (Nei & Li, 1979). We also estimated deviation from a neutral 
model of constant population size by calculating per- gene Tajima’s 
D (TD; Tajima, 1989). For each summary statistic, we first built the 
one- dimensional SFS for each population and then calculated θ, π 
and TD for each site in angsd. We used a custom script to average 
values across linked sites within each gene and plotted their distri-
butions for the genes sampled across all populations (https://github.
com/lindi ngton/ Chort hPar). We expect to find TD closer to zero in 
populations sampled near the putative glacial refugia, and negative 
values in populations sampled near the edge of post- glacial range 
expansions.

To test if the same genes show highest differentiation across the 
two hybrid zones, we estimated pairwise FST (Reynolds et al., 1983) 
between pairs of parental populations interacting at each hybrid 
zone (ERY vs. PAR in the Pyrenees, and TAR vs. GOM in the Alps). We 
used the 2D- SFSs from demographic analyses to calculate a per- site 
and per- gene FST as implemented for other summary statistics. Using 
Fisher’s exact test (Fisher, 1922) as implemented in the R package 
GeneOverlap (Shen, 2021), we tested if there is significant overlap 
between genes with the highest 5% FST in the two hybrid zones, as 

expected in conformity with repeatable patterns of genetic differ-
entiation. Because high FST can be caused either by gene- specific 
selection against gene flow or evolutionary constraints (Nachman 
& Payseur, 2012), we estimated dXY (Nei & Li, 1979). We used angsd 
and a script adapted from Peñalba (https://github.com/mfuma galli/ 
ngsPo pGen/blob/maste r/scrip ts/calcD xy.R) to estimate per- site and 
per- gene dXY as described above. We estimated the direction and 
significance of the correlation between FST and dXY estimates using 
a linear model. If high FST is caused by selection counteracting gene 
flow, we expect a positive correlation, while if high FST is caused by 
strong drift caused by shared genomic constraints, we expect a neg-
ative correlation.

3  |  RESULTS

3.1  |  Mapping and filtering

Overall, trimming and mapping efficiency was equivalent across 
populations (Table S2). The percentage of retained nucleotides after 
filtering ranged from 79% to 89%, and mapping efficiency of reads 
ranged from 84% to 90% (Figure S1). The mitochondrial genome 
had a coverage between 16,000× and 52,000×, reflecting its ex-
pected high transcription levels. The single- copy nuclear genes with 
an identified ORF had a coverage between 46× and 125× (Figure 
S1), largely reflecting sequencing effort, which was larger in the 
Pyrenean populations (ERY, PHZ and PAR).

3.2  |  Population structure

A relatively large fraction of the genetic variance (11.9%) is explained 
by principal component (PC) 1, which separates individuals of the two 
subspecies, reflecting a west– east gradient (Figure 1b). PC2 explains 
3.85% of the variance and distinguishes individuals of the two evo-
lutionary lineages known within the subspecies Pseudochorthippus 
parallelus parallelus, reflecting a north– south gradient. PC3 and PC4 
explain 3% and 2.8% of the variance, respectively, and distinguish 
the Austrian samples (DOB) from all others (Figure S3).

Results from our admixture analysis show a continuously in-
creasing likelihood for models with an increasing number of K ances-
tral clusters (Table S3). The first split within P. parallelus distinguishes 
the two subspecies, with some individuals from the Pyrenean hybrid 
zone showing similar admixture proportions (Figure 2b). Next, the 
European and Italian lineages of P. p. parallelus separate, also with 
similar admixture proportions found across individuals from the 
Alpine hybrid zone and the two locations closer to the Balkans (DOB 
and SLO). The Austrian population (DOB) becomes distinct at K = 5 
and does not show admixture with any of the neighbouring localities 
(Figure 2b). At K = 11 each sampling locality forms its own cluster 
(Figure S4), with admixture found only in two individuals collected 
closer to the reference population of P. p. erythropus of the Pyrenees 
(Table S1).

https://github.com/zjnolen/chorthippus_radiation
https://github.com/lindington/ChorthPar
https://github.com/lindington/ChorthPar
https://github.com/mfumagalli/ngsPopGen/blob/master/scripts/calcDxy.R
https://github.com/mfumagalli/ngsPopGen/blob/master/scripts/calcDxy.R
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3.3  |  Mitochondrial molecular clock

The ML mitochondrial tree (Figure S2) shows a well- supported to-
pology (bootstrap [BP] values >95), where the two subspecies and 
most of the populations are not reciprocally monophyletic. The 
mitochondrial lineages form six major clades (A– F), most of them 
containing lineages found in a single subspecies. The exception are 
clades A and F, which contain internal nodes that separate P. p. paral-
lelus and P. p. erythropus. We used those internal nodes to estimate 
the mean divergence time between subspecies.

The time to the most recent common ancestor (TMRCA) of all 
P. parallelus is estimated to be around 390 ka (95% highest poste-
rior density: 432– 322; Figure 3). The diversification of the six major 
clades ranges from 218 to 388 ka (Table S4). The TMRCA between 
subspecies in clades A and F occurred simultaneously, around 100 ka 
(128– 66).

3.4  |  Nuclear species tree

After filtering, we obtained 5,929 genes that were used for estima-
tion of species trees. The likelihood mapping analysis shows that 
most gene trees have enough power to resolve 60%– 80% of the 
quartets, reflecting high information content of nuclear gene trees 
(Figure S5). Individual gene trees show a wide range of sorting be-
tween alleles from each subspecies, from high gene tree discordance 
similarly to the mitochondrial genome, to two reciprocally monophy-
letic clades (Figure S6).

The individual species tree (Figure S7) shows that P. p. eryth-
ropus and P. p. parallelus are reciprocally monophyletic. Most 
populations form monophyletic clades (posterior probability, 
PP = 1) with only three exceptions. Individuals from the two sub-
localities of the Pyrenean hybrid zone, sampled only 700 m apart, 
cluster separately: la Troya individuals form a sister clade to the 

reference erythropus of the Pyrenees (ERY: sublocalities Biescas 
and Escarrilla, sampled 12 km apart), and Corral de Mulas indi-
viduals group as another paraphyletic grade at the base of the P. 
p. erythropus clade. Individuals from the two sublocalities of the 
parallelus from the Pyrenees (PAR: Gabas and Arudy, sampled 
25 km apart) form a paraphyletic grade to a clade containing all 
individuals from West Austria (TAR). Finally, individuals from the 
Alpine hybrid zone (AHZ) also form a paraphyletic grade to a clade 
containing all Italian individuals (GOM).

The relationships between populations are well established in 
the “population species tree,” where all branches have a support with 
PP >0.95 (Figure 2a). In agreement with the “individual species tree,” 
populations of P. p. erythropus and P. p. parallelus are reciprocally 
monophyletic (PP >0.95). In the erythropus clade, the Pyrenean hy-
brid zone (PHZ) branches off first, followed by the Portuguese pop-
ulation (POR), and the reference erythropus of the Pyrenees (ERY) 
being sister to the population located in the putative glacial refugium 
at the Iberian Central System (CSY). The parallelus clade shows an 
early split of the East Austrian population (DOB), followed by a split 
between a clade containing the north European populations (PAR 
and TAR) from another clade comprising the southern European pop-
ulations (SLO, GOM), including the Alpine hybrid zone (AHZ).

3.5  |  Gene flow between populations

Out of the 360 possible comparisons, 120 conform to our nuclear 
species tree (Figure 2a). From these, 114 have D- statistics that are 
significantly different from zero (p < .01574; Table S5), consistent 
with gene flow between 34 population pairs (Figure 4). The remain-
ing six population pairs show no significant deviations from the null 
expectation of no gene flow, and three population pairs could not be 
tested because they are sister taxa. All populations experience gene 
flow with at least one nonsister taxon. Notably, populations closer 

F I G U R E  2  Divergence and secondary 
contact in Pseudochorthippus parallelus. (a) 
Population species tree based on 5,929 
nuclear genes. Black dots on branches 
represent posterior probabilities >95. 
Populations are coloured according to 
Figure 1. Branch lengths are in coalescent 
units of T/Ne. (b) Admixture analyses 
showing three levels of populations 
structure: subspecies level (K = 3), 
chromosomal races (K = 4) and population 
level (K = 10), with BIG being the 
outgroup species Chorthippus biguttulus
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to the Pyrenean hybrid zone show the highest values of D- statistics 
across comparisons; that is, the reference parallelus population in 
France (PAR) consistently shows high gene flow with all populations 
of erythropus from Iberia, and conversely the Pyrenean hybrid popu-
lation (PHZ) consistently shows high gene flow with all populations 
of parallelus. The Slovenian population (SLO) also shows high values 
of D- statistics with the Italian population (GOM and AHZ), also con-
sistent with gene flow.

3.6  |  The demographic history of hybrid zones

In our demographic models, all technical replicates converged to 
similar likelihoods and parameter estimations. The model with the 
highest likelihood is the most parameter- rich (i.e., the “SC with 
Asymmetric Migration” model). Yet, when penalizing the likelihoods 

for an increased number of parameters using the adjusted LRT, we 
find that the simplest model that can explain the observed SFS is 
the “Symmetric Migration” model for the Pyrenean hybrid zone, 
and in the “Secondary Contact” model for the Alpine hybrid zone 
(Table S6).

To allow comparisons across hybrid zones, we thus chose the 
simpler “Symmetric Migration” model for parameter estimation. 
Estimated Ne values of parental populations are similar in the Alpine 
hybrid zone, but they show a two- fold difference with nonoverlapping 
standard deviations in the Pyrenean hybrid zone (parallelus > erythro-
pus). The parameter estimation converged on older divergence time 
T (Pyrenees: 0.0021; Alps: 0.0016; ~1.3 times older) and lower 2Nm 
(Pyrenees: 0.143 and 0.288; Alps: 0.294 and 0.333; mean ~0.7 times 
lower) for the Pyrenean hybrid zone relative to the Alpine hybrid 
zone, but with overlapping standard deviations (Table S7).

3.7  |  Heterogeneity of gene flow

Distributions of per- gene Watterson’s θ and π (Figure S8) were cen-
tred close to zero with populations differing in the length of the tail 
of the distribution and in their mean. Mean π varied between 0.0026 
(CSY) and 0.0033 (PAR), with higher values found in the Pyrenean 
and Alpine hybrid zones, in the admixed population of Slovenia, and 
in the population of parallelus from the Pyrenees (PAR). A similar 
trend was observed in means of per- gene Watterson’s θ, varying be-
tween 6.594 (CSY) and 9.330 (PAR), with the population of Portugal 
also showing high diversity.

The distributions of per- gene Tajima’s D were generally centred 
around negative values in all populations (Figure 5), consistent with 
a general demographic expansion. Populations located in proximity 

F I G U R E  3  Time- calibrated tree based on 13 mitochondrial 
genes. Evolutionary lineages are coloured in terminal branches 
following Figure 1. Branch lengths are scaled in millions of years, 
and boxes on nodes represent 95% confidence intervals. The most 
recent common ancestor dates to 0.338 Ma, subsequently splitting 
into six major clades (A– F). Subspecies do not form monophyletic 
clades, with the exception of subclades A and F, which split around 
100 ka (nodes marked as “par- ery”; Table S4 and Figure S2)

F I G U R E  4  Extensive interpopulation gene flow throughout 
Pseudochorthippus parallelus. The heat map depicts the highest 
absolute D- statistic per population pair, estimated from 120 
possible comparisons. All shaded comparisons were significant 
(p < .05); white comparisons were not significant; grey comparisons 
cannot be tested (Table S5)
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to putative refugia (CSY for erythropus, and GOM for the Italian 
parallelus) have means closest to zero, suggesting a smaller devia-
tion from neutrality and thus relatively more demographic stabil-
ity. Notably, in the eastern Austrian population (DOB) and in the 
southern Pyrenean population (PAR) we find means close to zero, 
also conforming to expectations of relative demographic stabil-
ity. We found the most negative Tajima’s D in populations further 
away from the known refugia (POR for erythropus, and PAR for the 
northern European parallelus), consistent with a stronger range ex-
pansion. Notably, the Slovenian population SLO has a similarly neg-
ative Tajima’s D, also conforming to expectations of demographic 
range expansion.

The distributions of per- gene FST across the two hybrid zones 
are unimodal with a positive skew and medians of 0.235 and 0.357 
for the Alpine and Pyrenean hybrid zones, respectively. Genes in the 
highest 5% per- gene FST have values above 0.63 for the lineages of 
parallelus hybridizing in the Alps, and above 0.74 for the subspecies 
hybridizing in the Pyrenees. Out of these 575 genes, 117 overlap, 
which is not expected to occur by chance (p = 1.1 × 10−41). Per- gene 
dXY distributions are also unimodal and with positive skews in both 
hybrid zones (Figure S9). We found a significant negative correlation 
(slope = −0.0150551; p < 2 × 10−16) between dXY and FST (Figure 6b) 
in both hybrid zones, consistent with shared genomic constraints 
across populations.

4  |  DISCUSSION

Late stages of species formation are characterized by the accu-
mulation of multiple reproductive barriers, that together result in 
full or nearly complete reproductive isolation. Understanding how 
quickly these barriers evolve and how effectively they can prevent 
gene flow between emergent species requires studying taxa exhib-
iting such late barriers that hybridize in nature. We provide some 
answers to these questions using lineages of the grasshopper spe-
cies Pseudochorthippus parallelus, which express multiple pre-  and 
postzygotic barriers, including hybrid male sterility in experimental 
hybrid laboratorial crosses (Flanagan, 1997; Hewitt et al., 1987), but 
have been interacting in two hybrid zones for thousands of genera-
tions (Butlin, 1998; Hewitt, 1993).

4.1  |  The phylogeographical history of P. parallelus

P. parallelus has been fundamental for our current understanding of 
biogeographical patterns in Europe (Hewitt, 2000) and was early 
recognized as an important window into species formation (Barton 
& Hewitt, 1985; Futuyma et al., 1995). Early studies based on small 
mitochondrial DNA fragments presented a relatively simple scenario 
of divergence in three southern glacial refugia (Iberia, Italy, Balkans; 
Cooper et al., 1995) and the evolution of multiple reproductive bar-
riers, including hybrid male sterility (Hewitt et al., 1987; Shuker et al., 
2005). However, understanding how reproductive barriers evolved 
requires estimating the time of divergence between these lineages 
and their phylogeographical history.

Our estimated mitochondrial time tree based on the complete 
mitochondrial genome places the TMCRA of all P. parallelus in the 
mid- Pleistocene, around 389,000 years ago (95% highest posterior 
density [HPD]: 432,200– 322,600; Figure 3 and Table S4). Similarly 
to what we found in thousands of independent nuclear gene trees 
(Figure S6), the mitochondrial tree shows extensive allele sharing be-
tween subspecies (Figures 3 and S2). Such patterns of allele sharing 
are often observed in other insects characterized by large effective 
population sizes and interspecific gene flow (Ebdon et al., 2021; 
Pollard et al., 2006), including in grasshopper species of the related 
genus Chorthippus (Nolen et al., 2020), suggesting that both ILS and 
gene flow probably underlie such patterns. Two out of the six mito-
chondrial clades have sublineages that are fixed among subspecies 
(nodes within clades A and F, Figure 3), allowing us to estimate a 
minimum time of divergence between the two subspecies P. p. par-
allelus and P. p. erythropus. In both clades, divergence is estimated to 
have occurred around 100,000 years ago (127,900– 65,900), placing 
divergence time at the beginning of the last glacial cycle in Europe 
(Ganopolski & Brovkin, 2017).

Using information from nuclear genes we were able to establish 
a well- supported phylogeographical scenario for the diversification 
of P. parallelus in Europe. As expected, the oldest split occurred be-
tween the two subspecies (Figures 2a and S7), reflecting the oldest 
vicariant event between the Iberian Peninsula, where erythropus 

F I G U R E  5  Deviations from demographic neutrality. Violin plots 
represent the distribution of Tajima’s D calculated for 16,969 genes 
sampled across the 10 populations of Pseudochorthippus 
parallelus, and the white dot represents the gene- mean across the 
transcriptome
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diverged and remains isolated, and the ancestor of parallelus. The 
population near the centre of the Pyrenean hybrid zone is at the base 
of the erythropus clade, probably due to introgression from parallelus 
that is not accounted for in the multispecies coalescent, as clarified 
in the individual patterns of admixture (Figure 2b). Within the pure 
erythropus, we find evidence for an early split between a Portuguese 
(POR) and a Spanish lineages, followed by the colonization of the 
southern slope of the Pyrenees (ERY) from the Spanish side of the 
Iberian Central System (CSY). Patterns of genetic diversity (Tajima’s 
D; Figure 5) suggest demographic stability at both Spanish locali-
ties, but with a stronger range expansion on the Portuguese side of 
the Iberian Central System. These observations are consistent with 
two subrefugia within Iberia, a recurrent phylogeographical pattern 
across Iberian plant and animal species that has been popularized 
as “refugia within refugium” (Feliner, 2011; Gómez & Lunt, 2007). 
Earlier cytogenetic work in erythropus (Bella et al., 1990) has shown 
the existence of two variants of the X chromosome that differ in the 
location of the active nucleolar organizing regions (NORs). Because 
NORs are associated with rDNA activity during meiosis, this finding 
suggests functional divergence of the sexual chromosomes of the 
Portuguese and Spanish erythropus. Future experimental crosses or 
study of a cryptic hybrid zone along the Iberian Central System can 
test whether such divergence has resulted in some degree of repro-
ductive isolation within this subspecies.

Within the parallelus clade, we do not find evidence for an earlier 
split between the Italian and the Balkan lineages, as suggested by 
previous studies (Cooper et al., 1995), but rather for the divergence 
of the Austrian lineage located in the East of the Alps (DOB). This 
lineage is distinct from all other known lineages, including from the 
Balkans lineage detected in Slovenia (SLO). Notably, this population 
form a monophyletic clade that diverged around 100,000 years ago 

(95% HPD: 123,400– 71,100) from the remaining parallelus (Table 
S4 and Figure 3; split of DOB within clade A), does not hybridize 
with nearby populations (Figures 2B and S4), and has a Tajima’s D 
consistent with demographic stability (TD = −0.217; Figure 5). These 
observations are consistent with this population representing an old 
refugium for parallelus, suggesting that some relictual populations 
have survived the last glacial period in a microrefugium within the 
Alps, despite this large mountain system being largely glaciated until 
15,000 years ago (Ivy- Ochs et al., 2008). Small isolated refugia have 
been demonstrated for alpine plants (Stehlik et al., 2002), beetles 
(Lohse et al., 2011) and in jumping bristletails (Wachter et al., 2012). 
The existence of species of grasshoppers micro- endemic to isolated 
regions of the Alps, such as Podismopsis keisti (Nadig, 1989) and 
Podismopsis styriaca (Koschuh, 2008), suggests that such Alpine re-
fugia might have played an important role for current biogeograph-
ical patterns in Europe. The next split within parallelus refers to the 
vicariant event between the broadly distributed central European 
lineage and the Italian lineage. Previous studies have shown that 
these lineages diverged in one NOR at the distal end of the X chro-
mosome (Flanagan et al., 1999) and give rise to sterile hybrid males 
in laboratory crosses (Flanagan, 1997). This suggests that genetic 
incompatibilities leading to hybrid male sterility can evolve fairly 
rapidly in this system.

In addition to relatively short divergence times, the demographic 
history of P. parallelus deviates strongly from neutral expecta-
tions (Figure 5). Notably, our estimates of Tajima’s D are negative 
in populations on the northern slopes of mountain ranges known 
to have harboured important glaciers during the Pleistocene, such 
as the Iberian Central System (POR, TD = −0.169), the Pyrenees 
(PAR, TD = −0.183), the Alps (TAR, TD = −0.088), and Slovenia (SLO, 
TD = −0.217), consistent with demographic range expansions onto 

F I G U R E  6  Repeatable patterns of genomic differentiation across two hybrid zones manifesting hybrid male sterility. (a) Density of per- 
gene estimates of FST in 11,503 genes sampled both in the Pyrenean (red) and in the Alpine (blue) hybrid zone, showing a significant overlap 
of 117 genes within the 95th percentile (p = 1.1 × 10−41). (b) In both hybrid zones, per- gene differentiation (FST) is negatively correlated with 
per- gene divergence (dXY; p < 2.2 × 10−16), consistent with a strong contribution of linked selection in the repeatable patterns of genomic 
differentiation
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northern slopes after the ice sheets retreated. This molecular sig-
nature of demographic expansion is strongest in the European 
lineage of parallelus in the French Pyrenees (PAR), which is genet-
ically similar to the Austrian population (TAR) collected ~990 km 
away (Figure 1b) and shows the longest coalescent time (T/Ne) in 
the species tree (Figure 2a). The effect of strong genetic drift be-
fore secondary contact is further reflected in the relatively high FST 
values observed between taxa that established secondary contact, 
both in the Pyrenean (global FST =0.395) and in the Alpine (global 
FST =0.286) hybrid zones.

Together, this phylogeographical scenario shows that hybrid 
male sterility has evolved at least between three different lin-
eages of P. parallelus that diverged relatively recently, within the 
last 389,000 years, corresponding to the same number of genera-
tions in this species. The evolution of hybrid male sterility is thus 
significantly faster relative to what has been estimated in well- 
studied systems, such as Drosophilids (that diverged more than 
300,000 years or more than 2.4 million generations ago; Kliman 
et al., 2000) or the house mouse (that diverged 300– 500 million 
years, or 200– 333 million generations ago; Phifer- Rixey et al., 
2020). Strong periods of genetic drift, not only caused by the 
allopatric divergence during the glacial periods, but also due to 
a strong range expansion during the current interglacial period, 
probably facilitated the fixation of incompatibilities that cause hy-
brid male sterility, among other reproductive barriers maintaining 
these hybrid zones.

4.2  |  Gene flow between P. parallelus 
subspecies and populations

Although the reference populations sampled here in the Pyrenean 
hybrid zone are known to produce sterile F1 males (Flanagan, 1997; 
Hewitt et al., 1987), backcrossing through fertile F1 females leads 
to males with some, but largely reduced, fertility (Virdee & Hewitt, 
1992). Strong (but not increased; Ritchie et al., 1992) hybrid male 
sterility is observed even between populations that are 4– 6 km 
apart (Virdee & Hewitt, 1994), suggesting that it contributes as a 
strong barrier to gene flow in natural populations. Here, we test if 
long- term recombination in the hybrid zones has allowed for genetic 
introgression despite the multiple reproductive barriers observed in 
this system.

Our analyses show that the samples collected near the putative 
centres of the two hybrid zones are indeed admixed (Figures 1b and 
2b), consistent with ongoing backcrossing in natural populations. 
The admixture proportions were similar across individuals near the 
centres of both hybrid zones, suggesting that hybrid populations are 
currently at a migration– drift equilibrium. Future sampling in tran-
sects perpendicular to the hybrid zones are required to clarify con-
temporary rates of hybridization and the geographical centres of the 
hybrid zones.

Demographic models of divergence between pairs of parental 
populations of both hybrid zones significantly rejected models of 

divergence without gene flow in favour of a model with symmetric 
gene flow (p = 0). Biologically more realistic models (e.g., secondary 
contact with symmetric or asymmetric migration) had higher likeli-
hoods but were not significantly better, reflecting a limited power to 
estimate extra parameters (Table S6). Consistent with our estimated 
species tree (Figure 2a) and their levels of genetic differentiation 
(Table S8), we estimate that the lineages interacting in the Pyrenean 
hybrid zone are approximately more divergent (1.3 times) and ex-
perience less gene flow (0.7 times) than the lineages interacting in 
the Alpine hybrid zone. Given that the two hybrid zones are at the 
same altitude, probably have the same age (Palacios et al., 2017), and 
that the parental populations were sampled at a similar geographical 
distance (50 km), this suggests that barriers to gene flow are stron-
ger between the subspecies parallelus and erythropus establishing 
secondary contact in the Pyrenees than between the two lineages 
of parallelus establishing contact in the Alps. Yet, caution is needed 
when interpreting these results, since the confidence intervals of 
the parameter estimates are overlapping (Table S7). Our estimates 
of the population migration rate 2Nm (Pyrenees: 0.143 and 0.288; 
Alps: 0.294 and 0.333) indicate that genetic drift is stronger than 
gene flow (2Nm < 1; Slatkin, 1985). Yet, these estimates are prob-
ably an underrepresentation of the true effective migration rates 
experienced at the centre of the hybrid zone because these parental 
populations are geographically isolated and estimates of 2Nm are 
averaged over the entire divergence time in such simplistic models 
(Hamilton et al., 2005).

Using the ABBA– BABA- test, we infer the amount of introgres-
sion across all pairs of populations. We observe that, except for six 
population pairs, the remaining 36 possible pairs show significant 
gene flow (p < .01574, Figure 4). Notably, populations close to the 
hybrid zones show the highest level of introgression, even though 
these populations exhibit complete hybrid male sterility (Virdee 
& Hewitt, 1994). For example, the pure parallelus population of 
the French Pyrenees (PAR) shows abundant introgression with 
all erythropus populations (D > 0.18), which generally decreases 
with geographical distance. Conversely, the hybrid population of 
the Pyrenees shows strong introgression with all parallelus popu-
lations, also largely decreasing with geographical distance. While 
such patterns of introgression could be expected after reinforce-
ment (ancient hybridization followed by evolution of reproductive 
isolation; Butlin, 1987; Coyne & Orr, 2004; Pfennig & Pfennig, 
2012; Servedio & Noor, 2003), previous analyses have found no 
evidence of increased premating isolation or selection against 
hybrids in populations closer to the hybrid zone centre (Ritchie 
et al., 1992). Due to the lack of evidence for reinforcement, the 
observed patterns of introgression are more likely to be the con-
sequence of one or multiple episodes of secondary contact during 
interglacial periods.

Numerous studies have found patterns of repeatable genomic 
differentiation associated with the repeated evolution of several 
forms of reproductive isolation, for example ecological incom-
patibilities in stick insects (Riesch et al., 2017) and marine snails 
(Westram et al., 2021), and behavioural incompatibilities in crows 
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(Poelstra et al., 2014) and newts (Zieliński et al., 2019). While high 
values of FST can in fact reflect barriers to gene flow in the ge-
nome, because FST depends on heterozygosity within populations, 
high FST can also reflect low divergence at those specific loci. 
Although we find overlap between genes exhibiting high values 
of FST in the two hybrid zones, we also find a negative correlation 
between FST and dXY in both hybrid zones (p < 2 × 10−16). This 
suggests that the repeatable patterns of genomic differentiation 
in the two hybrid zones may be unrelated to locus- specific barri-
ers to gene flow, but may simply reflect genomic constraints, such 
as low mutation, recombination rates, or linked selection and/
or background selection experience in the ancestral population 
(Nachman & Payseur, 2012).

Together, these results suggest that, while late stages of species 
formation are characterized by strong pre-  and postzygotic isola-
tion, the rates of effective recombination that are observed in nat-
ural hybrid zones are enough to permit introgression in some parts 
of the genome. The observation that the amount of introgression 
decreases with the geographical distance to the current hybrid zone 
suggests that introgression is at least partially explained by gene 
flow after the recent secondary contact. The observation of exten-
sive rates of introgression in spite of strong reproductive barriers 
has been described in multiple hybridizing systems, such as in birds 
(Poelstra et al., 2014; Semenov et al., 2021), butterflies (Heliconius 
Genome Consortium, 2012) and mice (Teeter et al., 2007). Future 
studies of differential patterns of introgression across the genome 
may help in pinpointing the genes that resist to such a prevailing 
pattern of genome- wide introgression (Rafati et al., 2018; Turner & 
Harr, 2014), and therefore that are involved in barriers to gene flow 
(Barton & Hewitt, 1989; Harrison & Larson, 2014).
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