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In organisms reproducing sexually, speciation occurs when increasing divergence results in pre-or post-zygotic reproductive isolation between lineages. Studies focusing on reproductive isolation origin in early stages of speciation are common; and many rely on genomic scans to infer introgression providing limited information on the genomic architecture of reproductive isolation long-term maintenance. This study analyses a natural hybrid zone between two species in a late stage of speciation. We used ddRADseq genotyping in the contact between Podarcis bocagei and P. carbonelli to examine admixture extent, analyse hybrid zone stability, and assess genome-wide variation in selection against introgression. We confirmed strong but incomplete reproductive isolation in a bimodal hybrid zone. New findings revealed population genetic structure within P. carbonelli in the contact zone; geographic and genomic clines analysis suggested strong selection against gene flow, but a relatively small proportion of the loci can introgress, mostly within the narrow contact zone. However, geographic clines revealed that a few introgressed loci show signs of potential positive selection, particularly into P. bocagei. Geographic clines also detected a signal of hybrid zone movement towards P. bocagei distribution. Genomic cline analysis revealed heterogeneous patterns of introgression among loci within the syntopy zone, but the majority maintain a strong association with the genomic background of origin.

However, incongruences between both cline approaches were found, potentially driven by confounding effects on genomic clines. Last, an important role of the Z chromosome in reproductive isolation is suggested. Importantly, overall patterns of restricted introgression seem to result from numerous strong intrinsic barriers across the genome.

Introduction

The evolution of reproductive isolation is a gradual process [START_REF] Templeton | The meaning of species and speciation: a genetic perspective[END_REF] and hybridization often persists from the initial stages of speciation [START_REF] Mallet | Estimates of selection and gene flow from measures of cline width and linkage disequilibrium in Heliconius hybrid zones[END_REF][START_REF] Rieseberg | Evolution: replacing genes and traits through hybridization[END_REF] to more advanced stages [START_REF] Nosil | Ecological explanations for (incomplete) speciation[END_REF].

Hybridization and incomplete reproductive isolation may thus result in genetic introgression during most of the duration of the speciation process [START_REF] Melo-Ferreira | The genomic legacy from the extinct Lepus timidus to the three hare species of Iberia: Contrast between mtDNA, sex chromosomes and autosomes[END_REF][START_REF] Mullen | Hybrid zone origins, species boundaries, and the evolution of wing-pattern diversity in a polytypic species complex of North American admiral butterflies (Nymphalidae: Limenitis)[END_REF][START_REF] Pinho | Divergence with gene flow: models and data[END_REF][START_REF] Tarroso | Hybridization at an ecotone: Ecological and genetic barriers between three Iberian vipers[END_REF]. However, as divergence time increases, the build-up of deleterious epistatic interactions between independently evolving loci, also called Bateson-Dobzhansky-Muller incompatibilities (BDMI), impedes gene flow, gradually causing complete reproductive isolation via hybrid unviability or sterility [START_REF] Bateson | Heredity and variation in modern lights[END_REF][START_REF] Dobzhansky | Genetics and the Origin of Species[END_REF][START_REF] Gourbiere | Are species real? The shape of the species boundary with exponential failure, reinforcement, and the "missing snowball[END_REF][START_REF] Matute | A test of the snowball theory for the rate of evolution of hybrid incompatibilities[END_REF][START_REF] Muller | Isolating mechanisms, evolution, and temperature[END_REF]. Many empirical studies using genomic tools [START_REF] Ellegren | The genomic landscape of species divergence in Ficedula flycatchers[END_REF]Gompert et al., 2010;[START_REF] Larson | Gene flow and the maintenance of species boundaries[END_REF][START_REF] Parchman | The genomic consequences of adaptive divergence and reproductive isolation between species of manakins[END_REF] support the idea that genomes are not homogenous ensembles (Nosil & Feder, 2012;[START_REF] Wu | The genic view of the process of speciation[END_REF] and that reproductive isolation affects individual loci differently depending on their linkage to incompatibility genes. Deciphering the nature, number, and distribution of such genetic incompatibilities across the genome remains one of the main challenges in the study of speciation.

The build-up of reproductive isolation during divergence can occur through several processes. For example, it can occur due to the accumulation of BDMI starting in 'genomic islands' of reduced gene flow and elevated differentiation [START_REF] Ellegren | The genomic landscape of species divergence in Ficedula flycatchers[END_REF][START_REF] Feder | The efficacy of divergence hitchhiking in generating genomic islands during ecological speciation[END_REF][START_REF] Turner | Genomic islands of speciation in Anopheles gambiae[END_REF], becoming more extensive when divergent selection reduces effective gene flow in the surrounding genomic regions, i.e., divergence hitchhiking [START_REF] Feder | The efficacy of divergence hitchhiking in generating genomic islands during ecological speciation[END_REF][START_REF] Via | Divergence hitchhiking and the spread of genomic isolation during ecological speciation-with-gene-flow[END_REF], and may be particularly important for speciation with gene flow if blocks of associated loci that contribute to isolation are co-inherited [START_REF] Feder | The genomics of speciation-with-gene-flow[END_REF]. Alternative processes that lead to the development of reproductive isolation involve gene incompatibilities arising in many unlinked loci scattered throughout the genome [START_REF] Feder | Establishment of new mutations under divergence and genome hitchhiking[END_REF][START_REF] Feder | The efficacy of divergence hitchhiking in generating genomic islands during ecological speciation[END_REF] and barrier loci appear later in the speciation process [START_REF] Dufresnes | Mass of genes rather than master genes underlie the genomic architecture of amphibian speciation[END_REF]. Often the evolution of strong reproductive isolation involves multiple barrier effects, interactions among them and the arose of new interactions (Bierne, Welch, Loire, Bonhomme, & David, 2011;Butlin & Smadja, 2018;Kulmuni, Butlin, Lucek, Savolainen, & Westram, 2020), but ultimately, as the speciation process proceeds and regardless of the mechanisms involved, the evolution of reproductive isolation is expected to result in identical situations where genomes are too divergent to be compatible. Many studies on the genomics of divergence focus on the early stages of speciation (e.g., [START_REF] Andrew | Divergence is focused on few genomic regions early in speciation: incipient speciation of sunflower ecotypes[END_REF][START_REF] Janoušek | Genome-wide architecture of reproductive isolation in a naturally occurring hybrid zone between Mus musculus musculus and M. m. domesticus[END_REF][START_REF] Luttikhuizen | Genetic architecture in a marine hybrid zone: comparing outlier detection and genomic clines analysis in the bivalve Macoma balthica[END_REF][START_REF] Parchman | The genomic consequences of adaptive divergence and reproductive isolation between species of manakins[END_REF][START_REF] Teeter | The variable genomic architecture of isolation between hybridizing species of house mice[END_REF]. These early stages are clearly the best to document genomic architectures at the onset of differentiation. However, the factors influencing isolation may vary during different stages of speciation [START_REF] Ravinet | Interpreting the genomic landscape of speciation: a road map for finding barriers to gene flow[END_REF]. During the early stages, genetic divergence is low and long-term isolation often rests on pre-mating barriers if divergent populations are sympatric [START_REF] Egan | Experimental evidence of genome-wide impact of ecological selection during early stages of speciation-with-gene-flow[END_REF][START_REF] Van Schooten | Divergence of chemosensing during the early stages of speciation[END_REF], but in later stages, the relative contribution of pre-and post-mating barriers often remains an open question. As such, studying genomic mechanisms by which reproductive isolation is maintained (and not only initiated) is equally important. The study of genomic divergence and gene flow in the later stages of speciation is thus crucial to understand which factors influence the genomic architecture of reproductive isolation across the whole process of speciation. Another common question in the genomics of speciation is whether sex chromosomes have a disproportional higher influence on reproductive isolation when compared to autosomes, often formalized as the "large X-effect" and Haldane's rule.

The large X-effect is the higher influence of X (or Z; here referred to as "large Z-effect") chromosome on hybrid incompatibilities [START_REF] Coyne | Speciation[END_REF][START_REF] Masly | High-resolution genome-wide dissection of the two rules of speciation in Drosophila[END_REF][START_REF] Orr | Genetics of male and female sterility in hybrids of Drosophila pseudoobscura and D. persimilis[END_REF], as evidenced by restricted introgression on X or Z-linked loci [START_REF] Payseur | Differential patterns of introgression across the X chromosome in a hybrid zone between two species of house mice[END_REF][START_REF] Storchová | Female heterogamety and speciation: reduced introgression of the Z chromosome between two species of nightingales[END_REF][START_REF] Tucker | Abrupt cline for sex chromosomes in a hybrid zone between two species of mice[END_REF]). Haldane's rule stems from the observation that fitness reductions are often stronger in hybrids of the heterogametic sex [START_REF] Haldane | Sex ratio and unisexual sterility in hybrid animals[END_REF], and can cause reduced introgression of loci linked to sex chromosomes and mitochondrial genomes when compared to autosomes [START_REF] Carling | Haldane's rule in an avian system: using cline theory and divergence population genetics to test for differential introgression of mitochondrial, autosomal, and sex-linked loci across the Passerina bunting hybrid zone[END_REF][START_REF] Gowen | Speciation in Western Scrub-Jays, Haldane's rule, and genetic clines in secondary contact[END_REF][START_REF] Walsh | Differential introgression and the maintenance of species boundaries in an advanced generation avian hybrid zone[END_REF]. Thus, differential patterns of introgression between sex-linked, autosome and mtDNA markers can inform us on the evolutionary forces underlying hybrid incompatibilities.

Here we study the genomics of the late stages of speciation by quantifying global and locus-specific patterns of introgression in the only known hybrid zone between two species exhibiting strong but incomplete reproductive isolation: Podarcis bocagei and P. carbonelli. These two species are part of the Podarcis hispanicus complex (Iberian and North African wall lizards) and despite their deep divergence (5.6

Mya; [START_REF] Kaliontzopoulou | When cryptic diversity blurs the picture: A cautionary tale from Iberian and North African Podarcis wall lizards[END_REF] they still hybridize in a narrow and bimodal hybrid zone [START_REF] Caeiro-Dias | Variable levels of introgression between the endangered Podarcis carbonelli and highly divergent congeneric species[END_REF][START_REF] Pinho | Genetic admixture between the Iberian endemic lizards Podarcis bocagei and Podarcis carbonelli: Evidence for limited natural hybridization and a bimodal hybrid zone[END_REF]. These species' distributions are allopatric except in this area where both species come into secondary contact. Based on biogeographic and phylogenetic patterns [START_REF] Pinho | Contrasting patterns of population subdivision and historical demography in three western Mediterranean lizard species inferred from mitochondrial DNA variation[END_REF][START_REF] Sá-Sousa | Comparative chorology between Podarcis bocagei and P. carbonellae (Sauria: Lacertidae) in Portugal[END_REF] secondary contact likely happened after post-glacial expansions of both P. bocagei and northern populations of P. carbonelli. Whether such events of expansion imprinted a genomic signature in the contact zone is still unclear.

More specifically, we used ddRADseq genotyping data to i) investigate if the bimodality of the hybrid zone, found in previous studies, can be explained alone by low frequency of hybridization, i.e., if pre-mating barriers between parental species are enough to explain such bimodality; ii) evaluate the extent of introgression and the nature of possible barriers to interspecific gene flow; iii) assess potential effects of population expansion on the stability of the hybrid zone; iv) investigate if loci that show reduced introgression are spread over the genome or grouped in particular regions; and v) if sexual chromosomes have a higher contribution to reproductive isolation than autosomes.

Materials and methods

Transect sampling

We collected tissue samples across a 44 km transect including the contact zone between P. bocagei and P. carbonelli previously studied by [START_REF] Pinho | Genetic admixture between the Iberian endemic lizards Podarcis bocagei and Podarcis carbonelli: Evidence for limited natural hybridization and a bimodal hybrid zone[END_REF] and Caeiro-Dias et al. (2021, see Figure 1). The contact zone was sampled in a way to include the area of sympatry and adjacent areas to north and south where only P.

bocagei and P. carbonelli were found, respectively, to ensure that the complete contact zone was sampled. Here we collected 193 individuals across 2.3 km. We also sampled P. carbonelli in three sites south of ESP (SIL, ESM and TOR) and P. bocagei in four sites to the north (AGU, FRA, MAD and POR). Sampling details are provided in Figure 1, Supplemental Information File 1 (Methods) and Supplemental Information File 2.

Extraction of DNA, RAD sequencing, and SNP discovery

Genomic DNA was extracted using the EasySpin ® Genomic DNA Tissue Kit (Citomed, Odivelas, Portugal) following the supplier's protocol. The quality and quantity of extracted DNA was evaluated on a 2% agarose gel and a QUBIT 2.0 fluorimeter (Life Technologies, Grand Island, NY, USA). We obtained RAD sequencing data using modifications to protocols from [START_REF] Parchman | Genome-wide association genetics of an adaptive trait in lodgepole pine[END_REF], [START_REF] Peterson | Double digest RADseq: an inexpensive method for de novo SNP discovery and genotyping in model and non-model species[END_REF] and [START_REF] Purcell | Convergent genetic architecture underlies social organization in ants[END_REF]. The complete protocol was described by [START_REF] Brelsford | High-density sex-specific linkage maps of a European tree frog (Hyla arborea) identify the sex chromosome without information on offspring sex[END_REF] and summarized in Supplemental Information File 1 (Methods). A single library containing all samples was sequenced on eight Illumina® (San Diego, CA, USA) HiSeq 2000 lanes in the Lausanne Genetic Technology Facility (Lausanne, Switzerland), with single-end 100 bp reads. Four individuals were included in triplicate to assess sequencing errors. We demultiplexed the raw reads using the process_radtags module of Stacks version 1.3 [START_REF] Catchen | Stacks: an analysis tool set for population genomics[END_REF] allowing one mismatch for barcodes, to remove low-quality reads, reads with uncalled bases and reads that failed the Illumina 'chastity' filter.

Adapters were trimmed from demultiplexed reads using a custom shell script. Reads were then aligned in each individual de novo to assemble loci using the denovo_map.pl wrap up program. A de novo assembly was chosen over the possibility of an assembly guided by a reference genome since the P. muralis genome used latter in this study

was not yet available at this stage of the work. Furthermore, we discovered enough SNPs using a de novo assembly for the type of analysis employed in this study. Each locus was assembled with a minimum depth of sequencing coverage of one and allowing two mismatches between stacks within individuals and two between individuals. We then used VCFtools version 0. 1.15 (Danecek et al., 2011) to filter the resulting variants. Loci with depth coverage <8, with missing data >20% or with alleles with minimum frequency <0.05 were removed. To avoid possible paralogs, we removed loci containing more than five SNPs and with more than 70% heterozygosity.

We selected one SNP per locus by choosing the SNPs maximizing frequency differences between species with a custom Python script available at https://github.com/catpinho/filter_RADseq_data/blob/master/removes_loc_multipleSN Ps%2Bleaves1SNP_highfreq.py. This final dataset (complete dataset) was then used to generate two additional datasets, prior to apply a missing data filter by individual.

One for loci with allele frequencies higher than 0.8 in reference population containing only parental individuals of one species and lower than 0.2 in the reference population of the other species ("80/20" dataset). The other dataset includes loci with fixed differences between parental populations of P. bocagei and P. carbonell (diagnostic dataset). The sites POR or TOR were used as the reference populations for P. bocagei and P. carbonelli, respectively, to produce both datasets. Individuals with missing data >35% were removed from all datasets.

Population structure across the transect

We used Admixture version 1.3.0 [START_REF] Alexander | Enhancements to the ADMIXTURE algorithm for individual ancestry estimation[END_REF][START_REF] Alexander | Fast model-based estimation of ancestry in unrelated individuals[END_REF] to evaluate the proportion of individual genome ancestry (Q) from each parental species on the complete dataset (the proportion of P. carbonelli ancestry, Q C , is used in this study to describe the results; the proportion of P. bocagei ancestry is

Q B = 1 -Q C ).
Admixture was run until the log-likelihood estimate increased less than 10 -5 between iterations. We first ran Admixture for K=2 because we were mainly interested in individual admixture between the two species. We also extended this analysis from K=2 to K=6 to detect possible sub-structure within species. The best K was estimated with a five-fold cross-validation error procedure, implemented in Admixture where the best value of K exhibits the lowest cross-validation error. The distributions of Qc scores in 10 classes of equal size (i.e., classes of 10%) for the contact zone are also reported. Genomic variability among individuals was visualised by performing a principal component analysis (PCA) on the complete dataset with R version 4.0.3 (R Core Team 2020) using the adegenet R package version 2.0.1 [START_REF] Jombart | adegenet: a R package for the multivariate analysis of genetic markers[END_REF][START_REF] Jombart | adegenet 1.3-1: new tools for the analysis of genome-wide SNP data[END_REF]. PCA requires that the dataset do not contain any missing data and thus the missing data values had to be replaced. Instead of using the commonly applied "mean method" to substitute the missing data (where missing data are replaced irrespective of the sample group, here the species), which increases similarity of samples when missing data are numerous and thus mimics the signal of introgression, we used the Breiman's regression random forest algorithm [START_REF] Breiman | Random forests[END_REF] implemented in R package randomForest version 4.6-14 [START_REF] Liaw | Classification and regression by randomForest[END_REF]. The values of our missing data in each of the three datasets were predicted from 500 independently constructed regression trees and 50 bootstrap iterations with default bootstrap sample size.

To distinguish putative F1 hybrids in the hybrid zone from other hybrid classes (e.g., F2, backcrosses) and to evaluate the proportion of contemporary hybridization events, we used a triangle plot representing the relationship between interspecific heterozygosity (He) and the hybrid index (HI) as described in [START_REF] Fitzpatrick | Estimating ancestry and heterozygosity of hybrids using molecular markers[END_REF].

Further details are provided in Supplemental Information File 1 (Methods). Because in the literature the term "backcross" (BC) is used to refer to both first-generation BC and later generation BC, we would like to clarify that throughout the article we use "backcross" in a general way to refer to both cases, otherwise each specific case will be indicated. We used the diagnostic dataset 

Mitochondrial genotyping

The mtDNA lineage of each sample was identified by sequencing a partial fragment of the 12S ribosomal RNA region (12S). Amplification and sequencing were performed as described in [START_REF] Pinho | Reexamination of the Iberian and North African Podarcis (Squamata: Lacertidae) phylogeny based on increased mitochondrial DNA sequencing[END_REF] using the primers published in [START_REF] Kocher | Dynamics of mitochondrial DNA evolution in animals: amplification and sequencing with conserved primers[END_REF].

We used individuals from all populations sampled except MAD. Identification was performed by comparing the target sequences with our extensive database of reference sequences using tree building approaches like in [START_REF] Kaliontzopoulou | When cryptic diversity blurs the picture: A cautionary tale from Iberian and North African Podarcis wall lizards[END_REF]. The identification of mtDNA lineage together with the sex identification of potential F1 and F2 hybrids and first-generation BCs may offer some clues about how F1s, F2s and first-generation BCs were formed, although the number of samples in these hybrid classes was very low (see Results), precluding any statistical analyses.

Furthermore, mtDNA lineage was fit a to geographic cline model (Geographic cline analyses section) to compare with nuclear clines.

Simulations of genotypic composition within the contact zone

The low number of backcrosses detected (eight individuals) in our data compared to the number of F1 hybrids (three individuals) suggested poor fitness of F1 hybrids.

However, our sample sizes of various hybridization classes were small, so random sampling effects were difficult to exclude. To test whether the observed relative proportion of backcrosses and F1 hybrids in the contact zone can be obtained by random sampling effects without counter-selection of F1 hybrids, we simulated 100 replicates of various scenarios combining "random mating" (RM; no restriction to mating between any individual) and "non-random mating" (NRM) with four levels of migration (0, 20%, 30% and 40% of individuals replaced per generation). In NRM scenarios the rate of heterospecific mating was set to the observed proportion of putative F1s to the total number of observed parental individuals in each generation.

Once admixed individuals were formed there were no restrictions to gene flow between them and parental or other admixed individuals. A detailed description of simulations is provided in Supporting File 1. Specifically, we tested if immigration and assortative mating between parental individuals in the contact zone are enough to explain the observed proportions of F1 hybrids and backcrosses without lower survival, lower fecundity, or lower matting success of F1 hybrids. Each distribution for each simulated scenario (combination of RM and NRM with the 0, 0.05, 0.2, 0.3 and 0.4 of immigrants) was compared to the real distribution using a series of pairwise Fisher's exact tests and employing the Bonferroni correction for multiple comparisons computed with R package rcompanion version 2.0.0 (Mangiafico 2018). Last, we compared the average distribution for each scenario, i.e., the average of each Q score class of 10%, to the observed distribution with similar Fisher's exact tests. We then tested for each scenario if the ratios of the F1s to backcrosses (F1/BC, where backcrosses are all admixed individuals except F1s) were distinct from the observed data. When the proportion of simulations with higher ratios than the observed data was higher than 0.05, we considered that there was no significant difference between the observed data and the distribution generated by the simulations. All simulation scripts available at http://github.com/catpinho/admixture_simulation.

Geographic cline analyses

To perform analyses of geographic clines, we used the R package HZAR [START_REF] Derryberry | HZAR: hybrid zone analysis using an R software package[END_REF]. This program provides functions to fit allele frequency data to equilibrium geographic cline models [START_REF] Barton | Genetic analysis of hybrid zones[END_REF][START_REF] Gay | Comparing clines on molecular and phenotypic traits in hybrid zones: A window on tension zone models[END_REF][START_REF] Szymura | Genetic analysis of a hybrid zone between the fire-bellied toads, Bombina bombina and B. variegata, near Cracow in southern Poland[END_REF][START_REF] Szymura | The genetic structure of the hybrid zone between the fire-bellied toads Bombina bombina and B. variegata: comparisons between transects and between loci[END_REF] using the Metropolis-Hastings Markov chain Monte Carlo (MCMC) algorithm. To each sampling location was assigned a distance along the transect that corresponds to the shortest distance to POR population along the coastline (i.e., avoiding a straight line over the ocean). Allele frequencies at each SNP locus included in the "80/20" dataset were fitted to 16 equilibrium geographic cline models using HZAR version 3.0.3 [START_REF] Derryberry | HZAR: hybrid zone analysis using an R software package[END_REF]. We further used the Q C values from the Admixture analysis as hybrid indices from the complete (HI) and diagnostic datasets (HI DIAG-ADMIX ) and also the mtDNA locus (P. bocagei or P. carbonelli maternal lineage) to fit to the same 16 models. Details about estimated parameters are provided in the Supplemental Information File 1 (Methods). We performed three independent runs of 1,000,000 MCMC iterations, a burn-in of 100,000 iterations and sampling every 10 iterations for each model and checked for convergence. For each SNP locus, HI, HI DIAG-ADMIX , and mtDNA, the model with the lowest AIC score was selected as the best-fitting model. We then estimated the CI as the region delimited by the maximum and minimum values of the 95% credible cline region [START_REF] Derryberry | HZAR: hybrid zone analysis using an R software package[END_REF]. To test if each SNP locus significantly differed from the genome average, we compared its centre (c) and width (w) with the same parameters for the HI cline (c HI and w HI ), which we took as a sort of a "genomewide average". We considered each parameter for individual SNP clines to exhibit significant differences from the HI cline if their 95% CI did not overlap. We also searched for outlier loci based on the locus-specific estimates of c and w. Finally, to test if the number of SNP loci with centres shifted to north or south were similar or significantly different, we performed a binomial test. We did not try to estimate selection and dispersal using the approach of [START_REF] Barton | Genetic analysis of hybrid zones[END_REF] as this assumes random mating within the hybrid zone, an assumption that seems unlikely given the low number of F1 hybrids in our sample (see below).

Genomic clines analyses

We quantified patterns of genomic introgression in admixed populations using the BGC software version 1.0 (Gompert & Buerkle, 2012). We performed preliminary analysis including the total number of loci and individuals, but to decrease the confounding effect of population structure (see Discussion), we report the results including only P.

bocagei and P. carbonelli individuals occurring in syntopy, using the complete dataset.

BGC uses a Bayesian genomic cline model [START_REF] Gompert | Bayesian estimation of genomic clines[END_REF], 2012;Gompert et al., 2012a) to estimate ancestries of individuals summarized as a hybrid index (HI BGC ) and to quantify genome-wide variation in introgression among admixed populations. The model includes parameter α and β that describe, for every locus, the transition in allele frequency from the genomic background of origin (ancestry) to the genomic background of the other species, along the gradient of admixed genotype classes (i.e., HI BGC ) between the two parental species [START_REF] Gompert | Bayesian estimation of genomic clines[END_REF].

Details about each parameter are provided in Supplemental Information File 1 (Methods). Despite the potential interest in estimating these parameters, simulation studies have shown that deviations in α relative to genomic average can be explained by underdominance when dispersal is low, directional selection or BDMI, whereas β can be affected by underdominance when dispersal is high or by BDMI [START_REF] Gompert | Bayesian estimation of genomic clines[END_REF]. However, BDMI have limited effect on genomic cline parameters [START_REF] Gompert | Bayesian estimation of genomic clines[END_REF]. As such, multiple selection types can result in similar patterns of α and β making its interpretation difficult and hence the interpretation of genomic clines should be made with caution.

A priori knowledge of pure parental individuals is required to estimate the proportion of the ancestry attributed to each parental species. We used the populations POR and MAD as P. bocagei parental individuals and ESM and TOR as P. carbonelli, while using ESP as the test (admixed) population. With the complete dataset we ran three independent MCMC chains for 300,000 steps each and recorded samples from the posterior distribution every 25 th step following a 200,000-step burn-in to estimate marginal posterior probability distributions for HI BGC and cline parameters α and β. We combined the output of the two chains after inspecting the MCMC output to assess convergence to the stationary distribution.

The significance of individual α and β values was assessed by checking whether their 95% CI included zero or not. These estimates provide a locus-specific view on the process of introgression between species, but they do not compare how genomic clines differ between loci. Therefore, in addition we searched for outlier loci on the basis of the genome-wide distribution of locus-specific estimates of α and β values by determining the cline parameter quantiles as recommended by [START_REF] Gompert | Bayesian estimation of genomic clines[END_REF], 2012).

correlation tests on the "80-20" (for geographic cline parameters) and complete (for genomic cline parameters) datasets using the SNPs that aligned to P. muralis genome. Furthermore, we tested if the distribution of values from each parameter used to describe introgression, from both geographic (c and w) or genomic (α and β) cline analyses, were similar between chromosomes and mtDNA, using non-parametric Kruskal-Wallis tests. If the test was significant for any of the parameters, we then performed pairwise Wilcoxon tests among chromosomes using a Bonferroni correction for multiple comparisons. These tests were performed with the R package stats version 4.0.3 (R Core Team, 2020). In a scenario of a "large Z-effect", we expect introgression on Z-linked loci to be significantly lower than on autosome loci.

Results

SNP and mtDNA datasets

The final dataset consisted of 6905 SNPs (complete dataset) with an average depth of coverage of 28 and median of 26.8 (min = 12.5; max = 85.8) and 329

individuals with an average depth of coverage of 29 and median of 28.8 (min = 15.6; max = 48.6). Using this dataset, we assessed the replicability to be on average 99.87%

for the tested samples. Additionally, we filtered the complete dataset to obtain two additional datasets, the "80/20" dataset containing of 2300 loci with allele frequencies higher than 0.8 in reference populations of one species and lower than 0.2 in the other, and the diagnostic dataset containing 1241 loci with fixed frequencies in each parental population. Finally, for mtDNA dataset, we successfully sequenced the 12S fragment from 336 individuals. Details about the final sample size for each dataset is provided in Supplemental Information File 1 (Table S1).

Population structure across the transect

As expected from previous works (see [START_REF] Caeiro-Dias | Variable levels of introgression between the endangered Podarcis carbonelli and highly divergent congeneric species[END_REF][START_REF] Pinho | Genetic admixture between the Iberian endemic lizards Podarcis bocagei and Podarcis carbonelli: Evidence for limited natural hybridization and a bimodal hybrid zone[END_REF], the current contact zone between P. bocagei and P. carbonelli was located in ESP population and was mostly made of parental individuals (strongly bimodal hybrid zone; Figure 2): Admixture identified 147 individuals as parental from which 114 had Qc 0.9 and 33 Qc 0.1, including 66 with Qc of one and 21 with

Q C of zero (Figure ≥ ≤ 2a).
The remaining 14 individuals captured in the contact zone showed signs of large proportion of admixture (0.1 < Q C < 0.9). Actual syntopy was restricted to a ~450 meters wide stripe in ESP including 115 samples. Based on multilocus assignment results, this length was delimited by the most northern P. carbonelli with Qc 0.9 and the ≥ most southern P. bocagei with Qc 0.1. These proportions are commonly used as ≤ thresholds to distinguish parental from admixed genotypes. Within the syntopy area, 102 individuals were assigned to parental genotypes, 90 with a genomic background assigned to P. carbonelli and 12 to P. bocagei, including 52 with Q C = 1 and three with 2b). The binomial test (p<0.001) shows that the number of samples in this area is biased towards P. carbonelli, suggesting a higher local density of this species since nothing indicated higher capturability. The other 13 individuals in the syntopy area showed signs of recent mixed ancestry. Summary results for Qc scores per population are presented in Supplemental Information File 1, Table S1.

Q C = 0 (Figure
Accordingly, the first PCA axis (PC1) explains 57.1% of the variation in the data and clearly distinguishes P. bocagei and P. carbonelli populations (Figure 2c). PC2 explains 1.4% of the variation and corresponded to genetic structure within P. carbonelli, separating the ESP population from all other P. carbonelli populations. In fact, when we increased K with Admixture, K=3 (Figure 2a) was the best scenario to explain the variation in the SNP data. In concordance with the PCA, P. carbonelli individuals from ESP were mostly assigned to a group apart from the other P. carbonelli populations showing sub-structuring within P. carbonelli.

The plot of He against HI (Figure 2d) showed results concordant with Admixture and PCA. One individual was close to the expectations for first-generation BC and three others were close to the expectations for F1 hybrids, although He was lower than 1. False homozygote call due to PCR duplicates is a known source of bias across

RADseq protocols (for discussion on this see [START_REF] Andrews | Trade-offs and utility of alternative RADseq methods: reply to Puritz et al[END_REF][START_REF] Puritz | Demystifying the RAD fad[END_REF] and would reduce He even in F1 hybrids. While the single-end reads ddRADseq protocol used in this study did not allow us to detect PCR duplicates [START_REF] Andrews | Trade-offs and utility of alternative RADseq methods: reply to Puritz et al[END_REF][START_REF] Puritz | Demystifying the RAD fad[END_REF], we performed four independent PCR for each sample, to decrease the proportion of PCR duplicates in the final library. Moreover, we were able to detect two F1s with interspecific He = 1 in a contact zone between P. carbonelli and P. lusitanicus using the same protocol [START_REF] Caeiro-Dias | Variable levels of introgression between the endangered Podarcis carbonelli and highly divergent congeneric species[END_REF]. An alternative explanation is that those three potential F1s were a product of crosses between parental individuals from different species with residual levels of admixture, which is a plausible scenario since in the contact zone we observed a continuum of admixed proportions. While our results can be explained by one of these scenarios or by a combination of both, the observed He and HI values for these three individuals were closer to F1s than any other hybrid class and thus they were considered as F1 hybrids.

Those three individuals were adult males, all with P. bocagei mtDNA. The potential first-generation BC was also identified as an adult male with mtDNA assigned to P.

carbonelli.

An admixture signal was also evident in SIL population south to ESP since all individuals in SIL were identified as P. carbonelli on the basis of morphology and mtDNA but exhibited 0.02 to 0.05 of admixture from P. bocagei in SNP data (for K=2, Fig. 2a); SIL was the only population away from the contact zone with evident signs of admixture.

Simulations of genotypic composition within the contact zone

Simulations suggested that most combinations of RM or NRM (in our model it was restricted to parental individuals) with various migration rates were unable to produce distributions of genotype classes matching our observed distribution. Only for NRM with 40% of parental genotypes migrating into the syntopy zone the simulations were not significantly different from our data (the corrected p-value = 0.461 was higher than 0.05; Supplemental Information File 1, Table S2). Without higher levels of migration, with either RM or NRM, F1 hybrid genotypes were no longer observed in a few generations.

The proportions of F1s relative to backcrosses for most scenarios with RM and NRM is lower than in observed data (Figure 3). Note that the relative proportions of F1s was the same in the observed data from the syntopy area and simulated data. The observed proportion was not significantly different in only three scenarios (RM0.3, RM0.4 and NRM0.4; Supplemental Information File 1, Table S3). Such results suggested less backcrosses than expected in the observed data given the number of F1 hybrids and hence a reduced fitness of F1 hybrids.

Geographic clines

The fixed/right geographic cline model (p min /p max fixed to zero and one with right tail fitted, i.e., estimated tail south of the hybrid zone towards P. carbonelli) was the best-fit model for the HI cline, with c HI = 13.15km (CI = 11.98-14.04km) south of POR (ESP; Figure 4) and w HI = 0.54km (CI = 0.1-3.18km) indicating a very narrow hybrid zone. Tail parameters δ and τ were 0.43km and 0.238, respectively. The best-fitted models varied across the 2300 loci (see Supplemental Information File 1, Table S4) but most of the geographic clines for each SNP locus were highly concordant in both c and w (Figure 4a and Supplemental Information File 1, Table S5) and not significantly different from the HI estimates (Table 1). Only 3.2% of SNPs have a cline centre that is shifted north and 2.1% shifted south. The binomial test revealed that these proportions are significantly different (p<0.001) from random expectations. From those SNPs with c significantly shifted, we detected six outlier loci shifted to north but none to south (Figure 4a). Also, just 8.1% of the loci had significantly wider clines than the genomic average but none had a narrower cline. Detecting statistically significant lower w was not possible since w HI was already very narrow and so was the lower margin of the confidence interval (w HI = 0.54km, CI = 0.1-3.18km). The regression model estimated for c versus w suggested that there a significant linear correlation between these two parameters, i.e., clines with c shifted to north tended to have larger w (Figure 4a). Another aspect was that while for 59.4% of the loci the best fitted model did not include tail parameter estimations, for 28% the model included a right tail (to south), which was also reflected in the none/right model for the HI. From these loci, 98% were mapped to autosomes. On the other hand, the proportion of loci fitted to a model with left tail (to north) was only 3%, and from these, 95.7% were autosomal loci. For the were not statistically different.

HI

Genomic clines

Preliminary results based on the total number of individuals sampled in the contact zone revealed the same overall pattern of α and β distribution. The main difference is that the parameter β shows more extreme positive values which conforms to the expectations in the presence of marked population structure. We thus focus our analysis in the syntropy area. The genomic clines within the syntopy area showed high heterogeneity across the 6905 loci (-8.03<α<5.43; -18.70<β<24.97) with many loci significantly deviating from the expectations given the HI estimated from the complete dataset (Table 1, Figure 4b and Figure 5). We detected a significant excess of P.

bocagei ancestry (lower bound of 95% CI for α > 0) in 15.2% of the loci and an excess of P. carbonelli ancestry (upper bound of 95% CI for α < 0) in 32.3%. These proportions were significantly different from chance expectations (binomial test p<0.001). A total of 52.5% of the loci did not present an excess of ancestry for any species given the HI (their 95% CI for α includes 0). We also detected 18.7% of loci with significantly steeper changes in allele frequencies (lower bound of 95% CI for β > 0), 16.6% with significantly shallower changes in allele frequencies (upper bound of 95% CI for β < 0) and 64.7% following the expectations given the HI (95% CI for β includes 0). From the 1053 loci with excess of P. bocagei ancestry, 19.5% follow the expectations given the HI BGC , 8.8% exhibit steep changes in allele frequencies and 71.7% showed signs of increased introgression. For the 2227 loci with excess of P. carbonelli ancestry, 48%

follow the expectations given the HI BGC , 50.4% of the loci showed restricted introgression and only 1.7% had shallower changes in allele frequencies. No outlier loci were detected for the observed distributions of α and β.

Comparison between geographic and genomic clines

By comparing geographic and genomic clines from the 2300 loci common to "80-20" and complete datasets, we detected a negative but week correlation between c and α (Figure 5a) and between w and β (Figure 5b). However, many loci have cline parameters that contrast with the significant correlations. For example, a considerable proportion of loci, despites increasing introgression in the syntopy zone (significantly negative β; 17.3%) or no differences from the genomic average (β non-significant;

29.6%), did not show significant w differences from the w HI . Moreover, 18.9% of loci show significant negative β, i.e., increased introgression when compared to the rest of the genome, and the majority of those loci (17.4% of the total) had narrow w similar to w HI . Only the remaining 1.6% of loci showed congruent patterns of significant introgression.

Additionally, we found inconsistent patterns of loci exhibiting increased introgression in the alternative genomic background between both approaches. While geographic clines showed 2.6% of loci with c shifted to north and w wider than w HI , only 0.1% of the loci showed excess P. carbonelli ancestry with higher introgression, and neither set had loci in common. Conversely, 0.5% presented c shifted to south and wide clines, whereas 0.4% had excess P. bocagei ancestry and higher introgression but only 0.1% (three loci) were common to both sets. These results show that both approaches identify different sets of loci with alleles that might be under positive selection in the foreigner genomic background.

Distribution of cline parameters across the genome

We successfully aligned on the P. muralis genome 6027 RADtags (out of the 6905 from the complete dataset) and 2101 (out of the 2300 present in the "80/20" dataset), representing a density of 1 marker per 236Kb and 1 marker per 678Kb, respectively.

We did not identify significant correlations between any cline parameter and chromosome length. When testing using geographic cline parameters, for c R 2 = 0.01 and p-value = 0.68; for w R 2 = 0.21 and p-value = 0.05. When using genomic cline parameters, for α R 2 = 0.05 and p-value = 0.36; for β R 2 = 0.01 and p-value = 0.57.

Thus, levels of introgression do not seem to be correlated with recombination rate. The distributions of geographic and genomic cline parameters and the densities of values across each chromosome are represented in Figure 6. These plots, particularly the violin plots depicting density values (Figure 6b-e), show striking differences between the Z chromosome and the autosomes. Specifically, in the Z chromosome c and w are less variable, w is noticeably lower, α is skewed towards P.

carbonelli ancestry (negative values), and β has a more marked bimodal distribution than the autosomes. The difference in the geographic cline parameter c was small but significant between the Z chromosome (mean = 13.84km) and all autosomes (mean = 13.37km; Table 2 and Supplemental Information File 1, Table S6), while the distribution of w was significantly different between the Z chromosome and all autosomes but one, the chromosome 18 (Table 2 and Supplemental Information File 1, Table S7).

However, it is worth to note the lack of outliers in chromosome 18 (Figure 6c) and that the distribution of w in this autosome was not statistically different from the other autosomes. For the genomic cline parameter α we found significant differences only between Z and three other chromosomes (Table 2 and Supplemental Information File 1, Table S8), while for β all comparisons between the Z chromosome and all autosomes were significant, except with chromosomes 8 and 18 (Table 2 and Supplemental Information File 1, Table S9). Overall, these results suggest lower introgression in Z-linked loci.

Discussion

Genomic composition in the hybrid zone

As shown by previous works [START_REF] Caeiro-Dias | Variable levels of introgression between the endangered Podarcis carbonelli and highly divergent congeneric species[END_REF][START_REF] Pinho | Genetic admixture between the Iberian endemic lizards Podarcis bocagei and Podarcis carbonelli: Evidence for limited natural hybridization and a bimodal hybrid zone[END_REF] 

Reduced hybrid fitness

In our simulation study, most of the simulated distributions of admixture classes do not match the data observed in the syntopy area. The simulated scenarios were similar to the observed data only when we implemented high migration levels (i.e., the replacement of 40% of the individuals in the contact zone by migrants in each generation). Given that the syntopy range is small (about 450 m) this scenario is possible but extreme. In other scenarios with less dispersal or without assortative mating (irrespective of dispersal), the effects of selection are necessary to explain our results. When compared to the simulated data, the frequency of BC relative to the number of F1s in the contact zone was low, suggesting a combination of lower fecundity of F1 and/or lower survival of BC individuals. [START_REF] Pinho | Genetic admixture between the Iberian endemic lizards Podarcis bocagei and Podarcis carbonelli: Evidence for limited natural hybridization and a bimodal hybrid zone[END_REF] failed to detect abnormalities of the gonads or reduced number of spermatozoa in admixed individuals of this contact zone but we don't have direct estimates of fecundity or survival so we cannot conclude on the selective processes acting on hybrids there.

Furthermore, although the three F1s are males with P. bocagei mtDNA, the BC male with P. carbonelli do not offer any clue suggesting that one sex may be less fit than the other since it was necessary a female F1 with P. carbonelli mtDNA to originate the BC.

We recognize that assortative mating can indeed be stronger than what was implemented in our model and may play a more important role than what our results suggest. In conclusion, strong pre-or post-mating barriers are necessary to explain the low number of F1 and BC we see in the contact zone, but we cannot yet decipher their relative contributions, although they both likely contribute to reproductive isolation in this system. To fully evaluate relative the importance of pre-mating isolation, low survival or low fertility of F1 and low survival of BC on reproductive isolation in this system, we would need larger sample sizes of various genotype classes combined with simulations incorporating mode complex and realistic assortative mating scenarios (e.g., Irwin, 2020).

Strong selection against introgression maintains a restricted hybrid zone

The geographic cline analyses and the estimation of selection in the centre of the contact zone provided further evidence of strong selection against gene flow between the two species. The geographic clines show a high proportion of loci (91.9%) with steep clines, indicating the presence of strong barriers to gene flow spread over the genome between populations of both species apart from the contact zone (Mallet et al., 1990), and most of the clines (89.7%) had approximately the same cline centre and width. These patterns are coherent with a tension zone model where multiple unlinked loci form concordant steep clines at the centre of the hybrid zone [START_REF] Barton | Multilocus clines[END_REF][START_REF] Barton | Genetic analysis of hybrid zones[END_REF][START_REF] Barton | Analysis of hybrid zones[END_REF]. In a stage where substantial barriers already exist, coupling of barrier effects can be achieved by processes like spatial movement of clines (Bierne et al., 2011) or cycles of population expansion and contraction (Hewitt, 1989), leading to concordant steep clines in the late stages of speciation. Both spatial movement of clines and population fluctuations can explain current genetic variation across Iberian Podarcis [START_REF] Pinho | Contrasting patterns of population subdivision and historical demography in three western Mediterranean lizard species inferred from mitochondrial DNA variation[END_REF][START_REF] Sá-Sousa | Comparative chorology between Podarcis bocagei and P. carbonellae (Sauria: Lacertidae) in Portugal[END_REF].

Differential introgression patterns across the genome detected within the contact zone

In contrast to the overall concordance among loci detected with geographic cline analysis, genomic clines show larger heterogeneity of introgression patterns among loci within the syntopy area, particularly for β. However, positive values of β may be inflated in the presence of population structure within the hybrid zone [START_REF] Gompert | Bayesian estimation of genomic clines[END_REF], 2012;Gompert et al., 2012a). Podarcis carbonelli individuals used as reference (TOR) and those from the contact zone (ESP) were clustered in different groups with PCA and Admixture and thus true β values may be lower than our estimations. Nevertheless, genomic cline results indicate that most of the loci do not introgress more or less that what would be expected given the HI BGC , which can be explained because most loci maintain a strong linkage with the other loci on the genomic background of origin (Gompert et al., 2012b), preventing intraspecific gene flow. Epistatic interactions such as BDMI are considered to be the most common intrinsic barriers to gene flow [START_REF] Coyne | Speciation[END_REF][START_REF] Qvarnström | Speciation through evolution of sex-linked genes[END_REF] and in the early stages of speciation are expected to generate patterns of differential introgression across the genome because of stochasticity in the accumulation of such incompatibilities [START_REF] Brennan | Interspecific crossing and genetic mapping reveal intrinsic genomic incompatibility between two Senecio species that form a hybrid zone on Mount Etna, Sicily[END_REF][START_REF] Fishman | A genetic map in the Mimulus guttatus species complex reveals transmission ratio distortion due to heterospecific interactions[END_REF][START_REF] Scascitelli | Genome scan of hybridizing sunflowers from Texas (Helianthus annuus and H. debilis) reveals asymmetric patterns of introgression and small islands of genomic differentiation[END_REF]. However, in the late stages of speciation enough BDMI should have build-up across the genome to confer strong reproductive isolation. Across P. hispanicus complex allopatric divergence is likely the best explanation for climatic niche divergence [START_REF] Caeiro-Dias | Lack of congruence of genetic and niche divergence in Podarcis hispanicus complex[END_REF] and thus the patterns of reproductive isolation across the genomes of P. bocagei and P. carbonelli may be related with divergence in allopatry, where a large portion of the genome may have become differentiated through selective or neutral processes [START_REF] Fierst | Genetic architecture and postzygotic reproductive isolation: evolution of Bateson-Dobzhansky-Muller incompatibilities in a polygenic model[END_REF][START_REF] Gavrilets | Rapid parapatric speciation on holey adaptive landscapes[END_REF]Gompert et al., 2012b;[START_REF] Lynch | The origin of interspecific genomic incompatibility via gene duplication[END_REF]. The evolution of current strong reproductive isolation likely involved different processes, interactions between processes and potential new interactions arising along the evolution of speciation (Kulmuni et al., 2020), More explicitly, intricated interactions between genetic architecture of intrinsic barriers to gene flow, populations history, and selected and neutral variation, might be contributing to the strong reproductive isolation (Bierne et al., 2011;Butlin & Smadja, 2018;Kulmuni et al., 2020) but disentangling the effect of each process is not easy. Whilst genomic clines are of limited usefulness to detect pairwise epistatic loci [START_REF] Gompert | Bayesian estimation of genomic clines[END_REF][START_REF] Gompert | A powerful regression-based method for admixture mapping of isolation across the genome of hybrids[END_REF], our results show that in the late stages of speciation, most loci do not show signs of increased introgression compared to genomic average, consistent with the hypothesis that the genomic architecture of reproductive isolation is determined by many widely dispersed genomic regions.

Comparison of geographic and genomic clines

A direct comparison of geographic and genomic cline parameters between loci common to both analyses detected significant but week negative correlations.

Significant correlations between c and α were driven mostly because some loci with Additionally, we found inconsistent patterns of loci potentially under positive selection between both approaches. Geographic and genomic clines identified, respectively, 2.6% and 0.1% of loci with P. carbonelli alleles with increased introgressing in P. bocagei genomic background, but none of the loci are common to both sets. Conversely, the same approaches identified, respectively, 0.5% and 0.4% of loci with P. bocagei alleles with increased introgressing in P. carbonelli genomic background but only 0.1% were loci identified by both methods. Loci identified by genomic clines in the syntopy zone exhibiting increased introgession are not expected to necessarily introgress away from the contact zone, but at least the loci with signs of increased introgression in populations apart from the contact zone should show consistent patterns of introgression with both approaches, regardless of what selective forces are contributing to the geographic patterns of introgression detected. While these results could be explained by P. carbonelli population structure, as it is expected to potentially inflate the signal of decreased introgression detected with genomic clines within the syntopy zone [START_REF] Gompert | Bayesian estimation of genomic clines[END_REF], 2012;Gompert et al., 2012a), it is not clear in the available literature to date how to undoubtedly interpret such differences. In particular, because genomic cline analyses may be sensitive to many distinct selective and demographic phenomena [START_REF] Gompert | Bayesian estimation of genomic clines[END_REF] we cannot rule out the hypothesis that the differences suggested by both approaches are led by these confounding effects. We thus suggest that additional testing on simulated and empirical datasets using genomic cline approaches are needed to disentangle the causes of inconsistent results using different methods.

Genomic signatures of a moving hybrid zone and potential positive selection northwards

Results show that several loci introgress asymmetrically. About 28% of geographic clines were fitted to a model with an estimated tail to south while only 3%

were fitted to a model with a tail estimated to north. In both cases, the large majority are autosome loci. These results are consistent with a scenario of a moving hybrid zone northwards in the direction of P. bocagei, since a moving hybrid zone is expected to leave a tail of clines of unlinked neutral markers resulting in asymmetrical cline variation (Buggs 2007;[START_REF] Teeter | The variable genomic architecture of isolation between hybridizing species of house mice[END_REF], essentially driven by autosomes. Although this pattern could alternatively be interpreted as unidirectional introgression away from a static hybrid zone [START_REF] Moran | Genetic demarcation of geographical distribution by hybrid zones[END_REF], the consistency in the proportions of assignment to P. bocagei across SIL individuals suggests that the northward movement of the hybrid zone left P. bocagei alleles behind, and currently the frequencies are homogenized. The overall genomic clines pattern is also concordant with this interpretation; 13.7% of the loci with increased P. bocagei ancestry and increased introgression is considerably higher than the 4.4% of loci with restricted introgression, indicating that several loci with excess P. bocagei ancestry can introgress in the genomic background of P. carbonelli. On the other hand, the 1.2% of loci with increased P. carbonelli ancestry and increased introgression is much lower than 15.8% with restricted introgression, showing that many loci with increased P. carbonelli ancestry do not introgress in the genomic background of P. bocagei. Interestingly, a restricted group of loci exhibit an opposite pattern: the 2% of loci have c shifted to south on average 1.65km from the HI cline centre, while 3.2% of clines with c shifted to north on average 5.03km. These proportions are statistically different.

Also, clines with centre shifted to north tend to be wider than other clines (both parameters are positively correlated), wider clines than the HI cline, and include outlier loci. Loci with c shifted from the majority of other clines have been interpreted as being subject to positive selection on one side of the hybrid zone [START_REF] Baldassarre | Genomic and morphological analysis of a semipermeable avian hybrid zone suggests asymmetrical introgression of a sexual signal[END_REF][START_REF] Ballard | The incomplete natural history of mitochondria[END_REF][START_REF] Barton | Analysis of hybrid zones[END_REF][START_REF] Teeter | Genome-wide patterns of gene flow across a house mouse hybrid zone[END_REF]. It is reasonable to hypothesise that loci with c shifted to north are good candidates for harbouring genes with P. carbonelli alleles under positive selection that confer advantage in the genomic background or habitat of P. bocagei. Note, however, that genetic drift in hybrid zones can increase false positives when testing for adaptive introgression [START_REF] Jofre | A narrow window for geographic cline analysis using genomic data: Effects of age, drift, and migration on error rates[END_REF]) and affect clines shape [START_REF] Polechová | Genetic drift widens the expected cline but narrows the expected cline width[END_REF]. Drift is higher in smaller demes with lower migration rates among demes. In our species, dispersal is probably highly restricted among local populations (small sized terrestrial nonflying vertebrate in fragmented environment), but local populations are apparently quite large, which should prevent strong drift. Nevertheless, we cannot entirely discard at this stage that drift rather than selection generated variation in cline centre among loci. Simulations or direct tests of selection would be necessary to undoubtably rule out the effect of drift.

Distribution of cline parameters across the genome and "Large Z effect" We did not find any correlation between chromosome length and cline parameters, suggesting that barrier loci are distributed across the genome and show little variation in introgression levels. In the late stages of speciation, it is expected that loci are in such strong linkage with the genomic background of origin that even a high recombination rate is not enough to restore linkage in admixed genotypes.

The w of loci on the Z chromosome was significantly smaller on average than that of most autosomes (the only exception being chromosome 18). Similar results

were obtained for β, that was significantly smaller in the Z than in most of autosomes, except chromosome 8 and 18. Despite non-significant differences between Z and chromosomes 8 and 18, these two chromosomes do not show consistent significant differences when compared to other autosomes. We interpret these results as a consistent signature of lower introgression in the Z chromosome compared to the autosomes. Such differences are expected when the sexual chromosomes have a distinct role in the reproductive isolation compared to autosomes and are concordant with the "large X effect" (or "large Z effect" in the case of the ZW sex determination system) which is a long-standing principle of speciation and has been identified to play a role in introgression patterns and reproductive isolation across many species (e.g., [START_REF] Dufresnes | Mass of genes rather than master genes underlie the genomic architecture of amphibian speciation[END_REF][START_REF] Guénet | Hst-3: an X-linked hybrid sterility gene[END_REF][START_REF] Jiggins | Sex-linked hybrid sterility in a butterfly[END_REF][START_REF] Llopart | The rapid evolution of X-linked male-biased gene expression and the large-X effect in Drosophila yakuba, D. santomea, and their hybrids[END_REF][START_REF] Orr | Genetics of male and female sterility in hybrids of Drosophila pseudoobscura and D. persimilis[END_REF][START_REF] Storchová | Female heterogamety and speciation: reduced introgression of the Z chromosome between two species of nightingales[END_REF]. However, differences in effective population sizes between autosomes and Z/X chromosomes are also expected to generate steeper clines (higher slope, lower width)

for Z/X compared to autosomes as smaller effective size result in stronger effect of drift [START_REF] Polechová | Genetic drift widens the expected cline but narrows the expected cline width[END_REF] even if there is no difference in selection. Differences in slopes due to drift are difficult to predict, as they depend on selection, dispersal, and effective population size, with strong selection, strong dispersal and large population size resulting in low drift and similar slopes for autosomes and sex chromosomes. In our hybrid zone, we inferred strong selection, and neither dispersal nor population size appear to be restricted. We thus discard drift as the main explanation for the steeper Z clines compared to autosomes. [START_REF] Lasne | The relative contributions of the X chromosome and autosomes to local adaptation[END_REF] reported that clines generated by local adaptation are steeper for loci on the X or Z chromosomes than for loci on autosomes, but in this case the cause of the systematically higher slope for the X/Z is that the X/Z is more responsive to selection than the autosomes are (T. Lenormand and T. Connallon, pers. com.). This effect only applies to primary clines generated by selection of alternative alleles across an environmental change in space and does not affect tension zones maintained by a balance between dispersal and selection again hybrids/intergrades, as the slope of clines in tension zones only depends on selection and dispersal [START_REF] Barton | Genetic analysis of hybrid zones[END_REF], both of which are independent of effective population size. Another possible explanation for steeper Z clines would be female-biased dispersal, as a higher dispersal of the heterogametic sex tend to increase the difference in slopes between Z/X and autosomes. However, in squamates, males tend to disperse more (see Ferchaud et al., 2015 and references therein), including an example in the Podarcis genus [START_REF] Vignoli | Experimental study of dispersal behaviour in a wall lizard species (Podarcis sicula) (Sauria Lacertidae)[END_REF]. Moreover, mtDNA geographical cline parameters c and w were not statistically different from the nuclear HI cline parameters, suggesting that dispersion is not female-biased. Even if there is no information on sex biases in dispersal in our focal species, we can thus probably discard sex-biased dispersal as an explanation here for the steeper Z clines compared to the neutral expectation relative to the autosomes. Unequal sex-ratio and differences in the variance of reproductive success can also lead to deviations from neutral expectations for Z and autosome cline slope ratio. While sex ratio in our dataset is not different from 1:1 (observed 1 female to 1.2 males; X 2 = 0.703; p-value = 0.402), differences in reproductive success are not possible to exclude. Based on our results, steeper Z clines are thus likely the result of "large Z-effect".

Furthermore, we detected a discordance in c between Z and autosomes. The geographical cline centres of Z-linked loci are in general displaced to the south (essentially matching with the area of syntopy) from autosome cline centres (generally matching with the c HI , slightly to the north of the syntopy area). Although this difference is only of a few hundred meters, it is nevertheless significant. In the context of a moving hybrid zone towards north (previously discussed), the displacement of Z cline centres to the south is consistent with the scenario of "large Z effect" where Z cline centres essentially match the centre of the contact zone and do not show signs of introgression.

Concluding remarks

The strong bimodality of the hybrid zone between P. bocagei and P. carbonelli and the patterns of strong reproductive isolation between these two deeply divergent species confirm that these species have reached the late stages of speciation. Accordingly, we found multiple lines of evidence of selection against hybrids. However, even in this late stage of speciation, a relatively small proportion of the loci can still introgress more than the genomic average, but such introgression is mostly asymmetric and suggests the hybrid zone is moving towards P. bocagei distribution range. Furthermore, we found evidence that the Z chromosome plays a disproportionally large role in reproductive isolation. Overall, our results support a model of increasingly numerous barriers as speciation proceeds resulting in a genomic architecture of reproductive isolation in the late stages of speciation that relies on cohesion across the genome against interspecific gene flow determined by multiple interacting barriers.

Figures

Figure 1 -a and green with decreased introgression rate (significant positive values), relatively to neutral expectations. Grey filled circles are loci that β do not significantly differ from neutral expectations. Yellow circles are loci with w significantly higher from w HI (loci with w significantly lower from w HI were not detected) and grey circles are loci that w do not significantly differ from w HI . Tables Table 1 -Summary results of geographic cline analysis performed with HZAR using 2300 loci ("80/20" dataset, upper section) and genomic cline analysis performed with BGC using 6905 loci (complete dataset, lower section). For each section are represented the number of loci (N) and correspondent percentage falling in each class of geographic clines centre (c)/cline width (w) and locus specific ancestry (α)/introgression rate (β) of genomic cline. or genomic (α and β) cline analyses, were similar between chromosomes. Significant differences (p < 0.05) are marked with an asterisk (*). 

  (1241 loci) to estimate the He and an HI (HI DIAG-INT ) for each individual in the two populations with signs of admixture (ESP and SIL; see Results), using the R package Introgress version 1.2.3 (Gompert & Buerkle 2010), setting P. bocagei parental individuals to have an HI DIAG-INT of 0 and P. carbonelli parental individuals to 1. The two populations in the extremes of the transect (POR and TOR) were used as the parental populations.

  DIAG-ADMIX the best-fitted model was the none/mirror (p min /p max not estimated and symmetric tails), with c HI-DIAG-ADMIX = 13.55km (CI = 13.18-13.92km) south of POR and w HI-DIAG-ADMIX = 1.99km (CI = 0.74-3.74km). Thus, both HI estimation did not produce significantly different cline centres. Finally, for the mtDNA cline the none/none (tails and p min /p max not estimated) was the best-fitted model, with c mtDNA = 14.12km (CI = 13.06-14.14km) and w mtDNA = 0.1km (CI = 0.01-3.74km). The mtDNA cline centre had overlapping CIs with both HI estimates and hence the nuclear and the mtDNA clines

  excess of P. carbonelli ancestry have very high values of c (shifted to north). When comparing w and β, significant results were obtained mostly because almost half of the loci (44.9%) had steep clines (not significantly different from w HI ) and decreased introgression in the syntopy zone (significantly positive β), showing a concordance in the lack of introgression between both cline analyses. However, week correlations can be explained because regardless of the variation observed in the genomic cline parameters, the geographic cline parameters were consistent for most loci denoting a strong reproductive isolation and a lack of substantial introgression outside of the contact zone. A particularly interesting result was that 17.3% of the loci showed wide genomic clines but narrow geographic width raising the question whether extrinsic selection might play a role constraining interspecific gene flow outside of the contact zone. While it is a plausible explanation because the two species exhibit significantly different climatic niches[START_REF] Caeiro-Dias | Lack of congruence of genetic and niche divergence in Podarcis hispanicus complex[END_REF] it need further research.

)Figure 2 -

 2 FiguresFigure1 -a) Map of Iberian Peninsula with distribution of Podarcis bocagei (in red) and P. carbonelli (in blue); b) The highlighted area in a) showing the locations of sampled populations in the transect across the hybrid zone; c) zoom in of the area in b) where individuals of both parental species were found in syntopy. Each triangle represents an individual assigned to each parental species (Q < 0.1 or Q > 0.9) and each star represents an individual with Q between 0.1 and 0.9 based on Admixture analysis. Figure 2 -Population structure across the hybrid zone between P. bocagei and P. carbonelli. a) Results from individual multilocus genotype clustering for the complete dataset (329 individuals and 6905 loci). Each individual is represented by a vertical line proportionally partitioned into the K=2 and K=3 coloured segments. Population acronyms and colours as in Figure 1. b) Distribution of Qc scores in 10 classes of equal size within the syntopy area, derived from the multilocus genotype assignment analysis with the complete dataset. c) Principal Component Analysis (PCA) for the complete dataset. Circles represent individuals from populations north of the contact zone, triangles correspond to the individuals from the contact zone and squares identify the individuals from populations south of the contact zone. Red represents individual identified as P. bocagei and blue as P. carbonelli based on morphological identification in the field. d) Triangle plot showing the distribution of individual hybrid index (HI DIAG-INT ) and interspecific heterozygosity (He) in the contact zones based on diagnostic dataset (1241 loci) between reference populations (POR and TOR) in the contact zone. Colours and shapes as in panel b. Podarcis bocagei reference individuals were set to have a HI of zero, and P. carbonelli was set to one.Figure 3 -Box plots representing the ratios of simulated distributions of F1 hybrids by backcrosses (F1/BC) with different migration rates, i.e., the proportions of genotypes replaced each generation by parental genotypes (HI = 0 or 1) in the same proportion as they appear in the observed dataset. a) Distributions based on simulations with random mating and b) based on non-random mating. In both panels horizontal doted lines represent the F1/BC ratio in the observed data.Figure 4 -Geographic and genomic cline variation across SNPs. a) Geographic cline variation of the 2300 loci ("80/20" dataset) described by c and w, estimated with HZAR. Gray circles are the loci without significant differences in c when compared to c HI (non-sig.), red circles are the loci with c significantly shifted to North (sign. to North) and blue circles are the loci with c significantly shifted to South (sign. to South). Yellow filled circles are the loci with w significantly higher than w HI (sign. larger). The circles with an asterisk denote loci with outlier c. Horizontal dotted line represent the c HI (13.15km) and the vertical represents the w HI (0.54km). Solid line represents the regression line between c and w values. Regression significance is displayed on top-right corner. b) Genomic cline variation in the contact zone (ESP population) described by α and β, estimated with BGC. Each point represents one of the 6905 loci (complete dataset), and contour lines show regions of
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 5 Figure5-Concordance of analogous parameters from geographic and genomic clines using the 2300 loci common to both complete and "80/20" datasets. Regression lines, it's respective r 2 values and their significance are shown in each plot. a) Concordance of α and c. Circles filled in red are loci with α significantly associated P. bocagei genomic background and circles filled in blue are loci with α significantly associated P. carbonelli genomic background. Grey filled circles are loci that α do not significantly differ from neutral expectations. Red circles represent loci with c significantly shifted from c HI to North and blue circles to South. Grey circles are loci that c do not significantly differ from c HI . b) Concordance of β and w. Yellow filled circles represent loci with increased introgression rate (significant negative values) and green with decreased introgression rate (significant positive values), relatively to neutral expectations. Grey filled circles are loci that β do not significantly differ from neutral expectations. Yellow circles are loci with w significantly higher from w HI (loci with w significantly lower from w HI were not detected) and grey circles are loci that w do not significantly differ from w HI . Figure6-Distribution of geographic and genomic cline parameters across the loci mapped on the P. muralis genome. a) Genomic distribution of loci and it's respective geographic and genomic cline parameters estimated with HZAR and BGC, respectively. Each grey bar in the bottom represents one chromosome and it is proportional to its size. Each coloured dot represents statistically significant loci for each parameter. Colours as in Figure5. b, c) Violin plots representing the density of values for geographic cline centre (c) and width (w) estimated with HZAR for the 2101 mapped loci contained in the "80/20" dataset. Due to extreme outlier values in both panels, y-axis is not continuous to facilitate visualization; plots with complete set of outliers are shown in Supplemental Information File 1, FigureS1. d, e) Violin plots representing the density of values for genomic cline centre (α) and introgression rate (β) estimated with BGC for the 6027 mapped loci contained in the complete dataset. The horizontal solid line within each box plot represents the median. TablesTable 1 -Summary results of geographic cline analysis performed with HZAR using 2300 loci ("80/20" dataset, upper section) and genomic cline analysis performed with BGC using 6905 loci (complete dataset, lower section). For each section are represented the number of loci (N) and correspondent percentage falling in each class of geographic clines centre (c)/cline width (w) and locus specific ancestry (α)/introgression rate (β) of genomic cline. Table2-Non-parametric global Kruskal-Wallis tests to assess if the distribution of each parameter value used to describe introgression, from both geographic (c and w) or genomic (α and β) cline analyses, were similar between chromosomes. Significant differences (p < 0.05) are marked with an asterisk (*).
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  Outside of the contact zone, substantial signs of admixture between both species were almost undetected, except in SIL population. The similar low frequencies of P. bocagei assignment across all individuals in SIL suggest that after gene flow between this population and ESP in the past, these populations may now be isolated, or gene flow has been highly restricted for several generations. Within P. carbonelli, the individuals from ESP exhibit a genetic composition different from the other P. carbonelli populations across the transect, independently from P. bocagei admixture. This genetic structure within P. carbonelli suggests

	differentiation between ESP and southern populations. A comprehensive examination
	of population structure within the range of P. carbonelli would be needed to interpret
	this result.

, the hybrid zone between P. bocagei and P. carbonelli is very narrow and made mostly of parental genotypes. Nearly half of the individuals in the syntopy area did not show any evidence of admixture, although the proportions of parental individuals are largely biased towards P. carbonelli. However, the other half of the individuals presented a gradient of admixed proportions including three F1 hybrids, recent and later generation backcrosses, and residual levels of admixture. This continuum of assignment proportions across admixed genotypes shows that the two species hybridize and produce fertile offspring resulting in recurrent backcrosses over many generations, as previously demonstrated in

Caeiro-Dias et al. (2020)

. Moreover, we did not find any mito-nuclear discordance outside of the contact zone.
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Comparison between geographic and genomic clines

To understand whether geographic and genomic cline parameters show concordance in the patterns of reproductive isolation, we tested if the 2300 loci common to "80-20" and complete datasets are correlated, using Person's correlation tests implemented in R. Moreover, we checked whether the same loci showed increased patterns of introgression isolation to compare the consistency of the results obtained with both approaches.

Distribution of cline parameters across the genome and "Large Z effect"

To identify the position of each SNP on the genome we aligned each of the 6905

RADtag sequences from the complete dataset, including the 2300 "80/20" SNPs, with the Podarcis muralis genome [START_REF] Andrade | Regulatory changes in pterin and carotenoid genes underlie balanced color polymorphisms in the wall lizard[END_REF]. Podarcis muralis is the closest relative to the Iberian and North African clade of Podarcis (the Podarcis hispanicus complex) to which P. bocagei and P. carbonelli belong; they diverged around 10 million years ago [START_REF] Yang | Extensive introgression and mosaic genomes of Mediterranean endemic lizards[END_REF]. The alignment was performed using the blastn algorithm [START_REF] Vidual Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF] included in the BLAST+ package version 2.9.0 [START_REF] Camacho | BLAST+: architecture and applications[END_REF]. If many loci more or less equally distributed across the genome contribute to species barrier, it is expected that levels of introgression are positively correlated with recombination rate [START_REF] Aeschbacher | Population-genomic inference of the strength and timing of selection against gene flow[END_REF][START_REF] Martin | Recombination rate variation shapes barriers to introgression across butterfly genomes[END_REF]). Here we used chromosome length as a proxy to recombination rate as chromosome length is negatively correlated with average recombination rate. We tested if cline parameters are correlated with chromosome size using Person's