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Abstract

Strongly selected characters can be transferred from one lineage to another with limited
genetic exchange, resulting in asymmetric introgression and a mosaic genome in the
receiving population. However, systems are rarely sufficiently well studied to link the pattern
of introgression to its underlying process. Male common wall lizards in western Italy exhibit
exaggeration of a suite of sexually selected characters that make them outcompete males
from a distantly related lineage that lack these characters. This results in asymmetric
hybridization and adaptive introgression of the suite of characters following secondary
contact. We developed genome-wide markers to infer the demographic history of gene flow
between different genetic lineages, identify the spread of the sexually selected syndrome, and
test the prediction that introgression should be asymmetric and heterogeneous across the
genome. Our results show that secondary contact was accompanied by gene flow in both
directions across most of the genome, but with approximately 3% of the genome showing
highly asymmetric introgression in the predicted direction. Demographic simulations reveal
that this asymmetric gene flow is more recent than the initial secondary contact, and the data
suggest that the exaggerated male sexual characters originated within the Italian lineage and
subsequently spread throughout this lineage before eventually reaching the contact zone.
These results demonstrate that sexual selection can cause a suite of characters to spread
throughout both closely and distantly related lineages with limited gene flow across the

genome at large.
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Introduction

A major goal of ecology and evolution is to understand how historical processes gave rise to
contemporary patterns of diversity. The recent proliferation of genomic data has revealed that
phenotypes that evolved in one lineage can sometimes spread to other lineages with limited
genetic exchange, causing mosaic genomes and a mismatch between phenotypic and genetic
variation (reviewed in Palmer& Kronforst 2015; Arnold 2015).When introgression involves
phenotypes and genotypes that have a selective advantage, this may enable more rapid
evolution than possible with other sources of genetic variation (Hedrick 2013; Arnold &
Kunte 2017). For example, introgression between lineages appears to have facilitated the
evolution of mimetic wing pattern and colouration in Heliconius butterflies (Heliconius
Genome Consortium 2012). Such signatures of potentially adaptive introgression from
genome scans have now been found in a variety of plants and animals, including humans
(e.g., Song et al. 2011; Huerta-Sanchez et al. 2014; Lamichhaney et al. 2015).

Studies of adaptive introgression are empowered by an understanding of what makes
individuals with particular traits have higher survival or reproductive success. One such
example is the adaptive transfer of a suite of sexually selected characters across a contact
zone between two genetically divergent lineages of the common wall lizard, Podarcis
muralis (While et al. 2015). The suite of characters — or syndrome — includes large body and
head size, exaggeration of visual signals, in particular colouration, and aggressive behaviours
that give males a competitive advantage over males with the ancestral wall lizard phenotype
(Heathcote et al. 2016; MacGregor et al. 2017a; Fig. 1a,b). This advantage results in
asymmetric hybridization upon secondary contact, which is consistent with the extensive
introgression of the sexually selected characters that is observed in both the native contact
zone, situated along the north-western coast of Italy, and in non-native populations in

England and Germany (While et al. 2015). As a result of this introgression, lizards in the
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native hybrid zone exhibit a conspicuous mismatch between the expression of sexually
selected characters and patterns of genetic variation measured with mitochondrial and
microsatellite genetic markers, with genetic markers being representative of a distantly
related lineage (the ‘Southern Alps’ lineage; While et al. 2015; see Schulte et al. 2012 and
Salvi et al. 2013 for phylogeography).

While it is well understood that differences in male competitive ability drive the
asymmetric introgression of sexually selected traits in common wall lizards, it is unknown to
what extent their spread is accompanied by asymmetric introgression across the genome. On
the one hand, the relevant phenotypes, including morphology and colouration, are
quantitative traits and hybrids can express a continuum of intermediate phenotypes. This
implies that lineage divergence should be associated with divergence across many loci and
hence that introgression of the suite of characters should be accompanied by substantial
genetic exchange across the genome. On the other hand, the characters are highly correlated
both within populations of Italian origin (MacGregor et al. 2017a) and across the hybrid zone
(While et al. 2015). For example, the geographic clines for dorsal colouration, ventral
colouration and relative head size are highly concordant (While et al. 2015). This suggests
that the characters are functionally and genetically integrated, which may result in adaptive
introgression with limited genetic exchange overall.

Identifying the extent to which phenotypic introgression is accompanied by genetic
exchange is an important step for the interpretation of the historical processes that may have
led to these patterns as well as their evolutionary consequences. To address this, we
developed genome-wide genetic markers to (i) study the relationship between phenotypes and
population structure in the relevant geographic region, (ii) infer the demographic history of
gene flow between genetic lineages, and (iii) test the prediction that genetic introgression

should be asymmetric and heterogeneous across the genome.
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Methods

The study system

The common wall lizard (Podarcis muralis) is a small diurnal lizard that is wide-spread in
Mediterranean and temperate Europe. It is sexually dimorphic throughout its range, but
sexually selected characters are particularly striking in central Italy (Latium and Tuscany).
These characters include a large head size and body mass relative to skeletal size and
conspicuous colouration, in particular more highly expressed lateral ocelli, extensive black
colouration of the throat, chest and belly and green dorsal colouration. Individuals elsewhere
in the species’ distribution exhibit smaller ocelli, very limited blackness on ventral scales,
and brown dorsal colouration. Populations with exaggerated sexual characters have been
designated to the subspecies Podarcis muralis nigriventris (Bonaparte 1836, considered by
Gruschwitz and Béhme 1986; Bohme 1986), but this taxonomic unit is not supported
genetically (see Results). Morphology and colouration are positively correlated with
aggressive behaviour and dominance, and individuals with more exaggerated phenotypes
have higher reproductive success, both in competition with males from the same region
(MacGregor et al. 2017a) and in competition with males from western Europe with the
ancestral phenotype (While et al. 2015; Heathcote et al. 2016; MacGregor et al. 2017a).
Females do not discriminate between males of different origins and there is no female choice
on male quantitative characters (While et al. 2015; Heathcote et al. 2016; While & Uller
2017). As a consequence, hybridization in experimental contact zones mainly involves males
of the dominant lineage, despite that males prefer to court females that belong to their own
genetic lineage (Heathcote et al. 2016; MacGregor et al. 2017a). The phenotypic differences
between lizards with the sexually selected syndrome and lizards with the ancestral phenotype

persists in non-native populations in England and in captivity (e.g., While et al. 2015;
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MacGregor et al. 2017c), strongly suggesting that the influence of phenotypic plasticity on
lineage differences is minor.

We have previously shown (While et al. 2015) that there is a hybrid zone along the
north-western coast of Italy (Liguria) between the genetic lineage predominantly found in
Latium and Tuscany (here referred to as the ‘Italian lineage’ for short, but lizards from this
region are also sometimes described as the ‘Tuscan lineage’ based on mitochondrial
haplotypes, e.g., Schulte et al. 2012) and a genetic lineage found in north-western Italy (the
‘Southern Alps’ lineage; While et al. 2015; Fig.1c). In alignment with the experimental data
reviewed above, there is substantial asymmetric phenotypic introgression from the Italian
lineage into the Southern Alps lineage. Indeed, lizards from Southern Alps populations that
do not show any detectable genetic evidence of introgression across mtDNA and
microsatellite markers can be phenotypically nearly indistinguishable from lizards belonging
to the Italian genetic lineage that exhibit exaggerated sexually selected characters (While et

al. 2015).

Field sampling

Individuals for the present study were sampled from 45 locations in central and western Italy
(Fig.1c and Table S1). This covered the previously established hybrid zone (While et al.
2015) as well as neighbouring regions where lizards exhibit the suite of sexually selected
characters (e.g., intense green dorsal colouration, extensive black ventral colouration, large
body and head size), the ancestral phenotype, or different degrees of intermediate
phenotypes. Note that the populations in the south-west of our sampling design (Fig. 1c)
represent the southernmost contemporary range of this lineage and that the species
distribution is discontinuous and restricted to the Apennine mountains in southern Italy (e.g.,

Sindaco et al., 2006; Salvi et al. 2013).
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Full details of the field methods and the phenotypic measurements can be found in
While et al. (2015). In brief, at each location, we captured > 25 lizards with approximately
equal sex ratios by noosing. Upon capture we measured their morphological traits (snout-to-
vent length (SVL), total length, head length, head width, body mass), and photographed them
using standard methods (see While et al. 2015 for extensive details). Sample collection was
carried out in accordance with local laws and regulations in Italy, under the collection permit
number Prot. PNM-2015-0009720.

We scored the intensity of the dorsal colouration (‘greenness’) and the extent of black
ventral coloration (‘blackness’). Dorsal greenness and blackness are useful markers of
phenotypic introgression since they are highly divergent between lineages and correlate with
other sexually selected characters (While et al. 2015; MacGregor et al. 2017a, 2017b). More
extensive cline analysis of phenotypes in both males and females can be found in While et al.
(2015) and MacGregor et al. (2017b). The intensity of dorsal greenness is scored on a scale
from one to ten, which is highly repeatable and strongly correlated with objective
spectrophotometry (While et al. 2015). Blackness is scored by the proportion of black colour
on the chest area and thus ranges from zero to one. Tissue samples from the tail or toe (in
case of tail loss) were collected for DNA extraction. All lizards were released at the location

of capture after processing.

Sequencing and genotyping

From each location, up to 7 males and 7 females (all adults, SVL >48 mm) were selected
randomly with respect to phenotype for sequencing and genotyping, resulting in a total of 597
individuals from 45 locations (see Table S1for sample sizes per location). Genomic DNA was
extracted using DNEasy blood and tissue kit (Qiagen, USA). We generated double-digest

restriction site-associated DNA (ddRAD) markers following the protocol outlined by

This article is protected by copyright. All rights reserved.



Peterson et al. (2012). DNA was digested with the restriction enzymes EcoRI High Fidelity
and Mspl (New England Biolabs, USA). For each individual, we used 500 ng of DNA at a
standardized concentration greater than 20ng/uL (quantified using a Qubit fluorometer; Life
Technologies, USA). We selected fragments of a size between 300 and 700 bp, and amplified
with Q5 High-Fidelity DNA Polymerase (New England Biolabs, USA) with 12 cycles.
Finally, the libraries were sequenced paired-end with read length of 150 bp on an Illumina
HiSeq 2500 platform in Novogene Company Limited (Hong Kong).

STACKS (v1.47, Catchen et al. 2011) was used to process the sequence reads and call
single nucleotide polymorphisms (SNPs) for each individual. First, ‘process_radtags’ module
was used to filter sequence reads with low quality score (Phred score threshold was set to 30),
ambiguous base call, and incomplete barcode or restriction site. Clean reads were mapped to
a draft genome of common wall lizard (unpublished) using GSNAP (v2017-05-03, Wu et al.
2016). The draft genome was sequenced from a male individual from the Iberian Peninsula,
using both Illumina and PacBio platforms. The assembly is a total of 1.51 Gb with 2162
contigs and the N50 size is 92.4 Mb. Alignment bam files were used as input for the
reference-based STACKS pipeline ‘ref map.pl’ to estimate the effective RAD sequence tags
and detect SNPs for each sample under SNP model with p-value 0.05.

VCFTools (v0.1.14, Danecek et al. 2011) was used to calculate the distribution of
average depth of coverage per SNP across all samples. SNPs with depth < 5" percentile of the
distribution (12) were removed as low-depth loci. In addition, we also filtered the SNPs with
depth greater than 95" percentile (62) to remove SNPs affected by PCR duplicates or SNPs
from high complexity regions (Fan et al. 2014). The individuals with average depth of
coverage for all SNPs less than 12 were also removed from the whole dataset. Plink (v1.9,
Chang et al. 2015) was used to filter the SNPs with minimum minor allele frequency (MAF)

less than 0.05, deviation from Hardy-Weinberg Equilibrium (P<0.05), or with missing rate
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greater than 0.1 in each population. Individuals with genotyping rate < 90% were also
excluded. Finally, for population structure analysis we used Plink (v1.9,Chang et al. 2015) to
filter the SNPs in linkage disequilibrium with correlation coefficient r* > 0.2 (the parameter

iIS: --indep-pairwise 50 5 0.2).

Population structure analysis

To infer the genetic relationship for all populations, we used three approaches to study their
population structure. Principal component analysis (PCA) was first performed using Plink for
all populations. ADMIXTURE (v1.3.0, Alexander et al. 2009) was used to estimate
individual admixture assuming different numbers of clusters with the co-ancestry clusters (K)
spanning from 2 to 15. Cross-validation (CV) was set to 10 folds to compare different
number of K, in which lower CV value indicates the most likely number of clusters. We also
constructed the neighbour-joining tree based on pairwise genetic distance matrix data of all

individuals calculated by Neighbor in Phylip (v3.697, Felsenstein 2005).

Geographic cline analysis

Mitochondrial DNA and microsatellite markers have revealed a hybrid zone between the
Italian and Southern Alps lineages along the Mediterranean coast (While et al. 2015). Here
we revisited this geographic cline, adding two additional locations at the center of the hybrid
zone, to establish the patterns of introgression across the genome. We used the probability
that an individual was assigned by ADMIXTURE (v1.3.0, Alexander et al. 2009) to Italian
lineage (Q) as the hybrid index. An individual was classified as pure Italian or Southern Alps
individual if Q > 0.9 or Q <0.1, and mixed ancestry if 0.9 > Q > 0.1. The hybrid indices for
13 populations from Loano (LO) to Chianni (CN) in a line transect across the hybrid zone

(calculated by point-to-point distance; While et al. 2015) was fitted to a series of equilibrium
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geographic cline models using the Metropolis-Hastings Markov chain Monte Carlo algorithm
employed in the R package HZAR (v0.2-5, Derryberry et al. 2014). We ran 15 separate
models that varied in the number of cline shape parameters estimated for hybrid indices and
selected the model with the lowest Akaike information criterion (AIC) as the best fitting cline
(Derryberry et al. 2014). We also fitted greenness and blackness, two representative traits of
the syndrome, to phenotype cline models in the same transect for males, females and both
sexes, by using five separate models designed for phenotypic data (Derryberry et al. 2014).
Geographic cline for all the candidate loci for the sexually selected phenotype (‘candidate
loci index’;see below) was also fitted using the same approach as hybrid index. In addition,
individual SNPs from the candidate list with frequency >0.75 on one end and <0.25 on the
other end of the cline were also fitted to investigate their cline center or width (Baldassarre et
al. 2014). The coincidence of cline centers for hybrid index, candidate loci, and
representative phenotypes was estimated using the maximume-likelihood derived confidence

intervals (While et al. 2015).

Detection and characterization of loci associated with the sexually selected phenotype

To study the genomic signatures of sexually selected introgression in P. muralis, we
identified candidate loci across the genome for individuals with the sexually selected
phenotype. As characters are highly correlated, we used a cutoff corresponding to a greenness
score of eight or higher to identify the most extreme populations from Latium and Tuscany as
a Syndrome Group (Latium, LA-S: FO, FU, RO, and SMA; Tuscany, TU-S: CL, CN, and
CR; see While et al. 2015 for colour score). Individuals with an equally highly expressed
phenotype but clustering within the Southern Alps lineage (populations, SA-S: GN, RA, and
ST) were also included to reveal the introgression across genetic lineages. Neighbouring

populations with minimal expression of the syndrome (corresponding to a greenness score of
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one or two) were grouped as the Reference Group (Latium, LA-R: DS, FG, and OV; East
Tuscany, TU-S: BE and BL; North Tuscany, TUN-R: MP and MV; Southern Alps, SA-R:
LO, NL, and SO).

Two complementary approaches were used to identify genomic regions potentially
affected by selection on the syndrome, both of which were based on allele frequencies of
variable sites. We first calculated the sequence diversity statistics (r) by using VCFTools
(v0.1.14, Danecek et al. 2011) for each RAD sequence contig in the Syndrome and Reference
Groups, respectively. The log value of the ratio in Reference Group to that in the Syndrome
Group (nr/ms) was used to detect the signature of selection in Syndrome Group (Huang et al.
2012). We also calculated population fixation statistics (Fst) between the two groups and Z-
transformed the value. The putative selection targets were extracted based on being in the top
5% of log-odds ratios for both m and Fsr (Chen et al. 2016) (Fig. 2a). The genetic
differentiation patterns were compared between candidate loci and non-candidate (‘neutral’)
loci using pairwise Fst analysis for populations from different regions (Izuno et al. 2017). To
further study the genetic differentiation of the candidate loci , we conducted the neighbour-
joining tree analysis for individuals from the Syndrome and Reference Groups. We limited
this analysis to the Italian lineage, which avoids the influence of hybridization between
Italian and Southern Alps lineage against the tree topology. We conducted the neighbour-
joining tree analysis by TreeBeST (Viella et al. 2009) with 1000 times of bootstrap for both

candidate loci and neutral loci, respectively.

Demographic simulation of gene flow between the two genetic lineages

To reveal the population dynamics and how gene flow varied in history, the demographic
patterns of Italian and Southern Alps lineages were inferred using a modified version of the

software 6adi (v1.7, Gutenkunst et al. 2009) based on the joint allele frequency spectrum
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(JAFS) of SNPs (excluding populations MG and VI, Fig. 1d). In 4adi, each demographic
model consists of a series of population parameters, including population size (N), time scale
(T), and possibly exchanging migrants (m). We performed two rounds of simulation. In the
first round, four basic models were fitted representing alternative modes of divergence
between the two genetic lineages: Strict Isolation (SI), Isolation-with-Migration (IM),
Ancient Migration (AM), and Secondary Contact (SC) (Fig. 3a). In the second round, models
were extended to consider heterogeneous migration across the genome. In order to quantify
the mean effect of selection at specific sites, Tine et al. 2014 and Rougeux et al. 2017 defined
a Hill-Robertson scaling factor (hrf), relating the effective population size of loci influenced
by selection to that of neutral loci. Those parameters were implemented in the best-fitting
basic model (i.e. SC) in two different scenarios as SC2M-1 and SC2M-2. In SC2M-1,
heterogeneous gene flow was set to occur concurrently with the time of the secondary
contact; whereas in SC2M-2, heterogeneous migration was set to occur later than the
secondary contact (Fig. 3b). Due to the lack of reference genome of a related species as
outgroup, SNP loci were folded in the simulations. Models were fitted independently using
successively a hot and a cold simulated annealing procedure followed by “BFGS”
optimization (Gutenkunst et al. 2009). We ran 20 independent optimizations for each model
in order to check for convergence and retained the best one for comparisons among models

based on Akaike information criterion (AIC).

Results

In total, we obtained RAD-seq data for 597 common wall lizards from 45 populations (Fig.1c
and Table S1). RAD sequencing generated a total of 4.1 billion paired-end reads of 150 bp
read length. On average, 73.11% of the reads could be mapped to the reference genome for

all samples, ranging from 63.77%-82.48%. After stringent quality filtering, 589 individuals
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were retained and genotyped at 41,543 single nucleotide polymorphisms (SNPSs) resulting
from 20,015 ddRAD sequence contigs. The mean coverage depth for RAD contigs was 31X
per site and the average genotyping rate was 97.3%. Of these, we obtained 22,446 unlinked

SNPs for population structure analysis after removing sites under linkage disequilibrium.

Population structure and genetic relationship

In a principal component analysis (PCA), the first principal component (variance explained =
58.4%) separated all populations into two major groups: the populations along the north-
western coast (referred to as the Southern Alps lineage), and all populations in central Italy
(referred to as the Italian lineage). The second principal component (variance explained =
9.6%) indicated divergence within the Italian lineage from south to north. Two populations,
MG and VI, showed clear evidence for the presence of hybrids between the Southern Alps
and Italian lineages (Fig.1c,d), which was also supported by the hybrid index (Q) that
revealed mixed ancestry for MG and V1 (hybrid index Qmg=0.31 and Q\/,=0.84
respectively).Clustering analysis corroborated the separation between Southern Alps and
Italian lineages when the number of presumed ancestral population (K) was set to two
(CV=0.471). The Iltalian lineage was subdivided into north and south populations with K=3
(CV=0.463). When K=4 (CV=0.458) and K=5 (CV=0.454), populations in Tuscany were
further subdivided into three clusters; center, east, and north (Fig.1e). A good correspondence
was also found with results from the neighbour-joining tree, where the Southern Alps and
Italian lineages were clearly separated (Fig.1f). It is worth noting that the Italian lineage
includes not only the populations with the sexually selected phenotype (around Latium and
Tuscany), which had been historically assigned to ‘P. m. nigriventris’ subspecies, but also the
other populations without this phenotype. Thus, the subspecies ‘P. m. nigriventris’ is not a

valid taxonomic unit.
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Geographic cline analysis

The best-fitting cline center for the hybrid index created from the SNP data was 162.20
(157.8-185.3) km from the westernmost population (LO). As predicted, and consistent with
previous results (While et al. 2015), the best-fitting cline centers for both greenness (c=47.16
(34.7-78.4) km from LO) and blackness (c=62.8 (9.4-89.1) km from LO) were shifted further
to the west than the genetic cline (Fig.1g, and Table S4). Clines for the representative
phenotypes fitted separately for males and females showed a similar pattern (Fig. S1 and

Table S4).

Detection and characterization of loci associated with the syndrome

In total, we identified 438 outlier sequence contigs with a selective signature in the Syndrome
Group compared to the Reference Group, accounting for 2.19% of all the RAD contigs
(Fig.2a). The genetic differentiation of the candidate loci among populations was quite
different from that of the neutral loci. The mean pair-wise Fst for candidate loci of
neighbouring populations from the Syndrome Group (Fsrtru-s, La-5=0.032; Fst(sa-s, Tu-
5=0.182; subscripts stand for the main genetic clusters; see Methods and Fig. 2b) was lower
than that for neutral loci (Fst(tu-s, La-s)=0.054; Fstsa-s, Tu-55=0.358) (Fig. 2b). However, Fst
values for candidate loci showed a striking increase between populations from the Syndrome
Group and neighbouring populations of the Reference Group, especially in Tuscany
(candidate loci: Fsteru-s, Tue-r)=0.209, Fsr(tu-s, Tun-r)=0.184; neutral loci: Fst(ru-s, Tue-
r=0.069, Fsr(ru-s, Tun-r)=0.059) and Southern Alps (candidate loci: Fsrsa-s, sa-r=0.307;
neutral loci: Fsrsas, sa-r=0.078). In addition, the best-fitting cline for the candidate loci
index across Italian and Southern Alps lineages had its center 68.54 (52.66-80.79) km from
LO, coinciding with both greenness and blackness, but deviating from the hybrid index (Fig.

1g, and Table S4). Among 117 SNPs from the candidate list with frequency > 0.75 and <
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0.25 on two ends of the cline, 98 deviated from the cline for hybrid index, and 82 coincided
with the clines for the representative phenotypes (Fig. S2). Those results are indicative of a
mosaic genome and possible introgression of candidate loci into the main genetic clusters
(Fig.2h).

To further investigate the genetic differentiation of the candidate loci, we constructed
the neighbour-joining tree for individuals from both the Syndrome and the Reference groups
with in Italian lineage. The topology of the tree based on neutral loci showed that the
individuals from Latium and Tuscany still clustered into two independent clades no matter
what their phenotypes were (Fig. 2c). In contrast, for the candidate loci, all individuals from
the Syndrome groups clustered together in a monophyletic clade with a high supporting rate
(96). Individuals from LA-R group were positioned at the basal position together with the
Syndrome clade, while the supporting rate for the node was not high (25, Fig. 2d). In
addition, TU-S clade clustered with Latium populations and departed from other Tuscan
clade (TUE-R and TUN-R) in the candidate loci tree, which was consistent with the result of
pairwise Fst scores (Fig. 2b, d). This implies that the candidate alleles for the syndrome

might have originated from the south, around Latium, and then expanded into Tuscany.

Demographic simulation of gene flow between the two genetic lineages

To infer the history of gene flow between the two main lineages we ran a series of
demographic models. In the first round of simulation, four basic models (SI, IM, AM, and
SC) were fitted to reveal the divergence pattern of the Italian and Southern Alps lineages.
Model comparison showed that the best fitting model was the SC model (Al1C=1330.05),
supporting the pattern of secondary contact between the Italian and Southern Alps lineages
(Fig. 3a). In the second round of simulation, two modified versions of the best fitting basic

model (SC), which include heterogeneous migration at different stages, were fitted as SC2M-
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1 (gene flow concurrent with secondary contact) and SC2M-2 (gene flow later than
secondary contact), for which the mean effect of selection at specific sites was quantified
(Fig. 3b). The results showed that SC2M-2 was better supported than SC2M-1 (AlCscom-
1=1219.59, AlCscom-2=1118.13). The likelihood ratio of SC2M-2 was also the lowest one
among all comparisons in both simulation rounds (Fig. 3c and Table S2). Detailed parameters
within SC2M-2 showed that the gene flow from Italian to Southern Alps (mgs;=2.96) and from
Southern Alps to Italian (m;s=2.33) were at the same level for most of the genome (average
96.8% of the loci, range 99.6%-90.9%). However, for a small part of the genome (average
3.2%, range 0.4%-9.1%) there was strongly asymmetric introgression from the Italian to the
Southern Alps lineage (mer=3.97), but effectively no asymmetric gene flow from the
Southern Alps to the Italian lineage (me=5.76E-09). Genetic divergence was estimated to
have accumulated during a period of isolation 5.9 times longer than the age of secondary
contact (assuming a divergence time of 2.5 MYA between the two lineages (Salvi et al.
2013), this is estimated at~0.43MYA,; Fig. 3d). Heterogeneous migration was estimated to

have begun much later, approximately at 42.3% of the age of the first secondary contact.

Discussion

Here we have shown that introgression of a suite of sexually selected characters is
accompanied by asymmetric introgression of a restricted part of the genome. This
asymmetric introgression is more recent than the secondary contact between the two lineages,
and the results suggest that the syndrome first spread throughout the Italian lineage from a
geographic origin in the south of the lineage’s contemporary distribution, before introgressing
into the more distantly related lineage. These results demonstrate that sexual selection can
cause a suite of correlated characters to spread throughout both closely and distantly related

lineages with limited gene flow across the genome at large.
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Sexual selection is a common cause underlying phenotypic differences between
populations and species. Populations in Latium and Tuscany have been assigned to a distinct
subspecies, P. m. nigriventris, based on expression of characters that we previously have
shown to be under intra-sexual selection (While et al. 2015; Heathcote et al. 2016;
MacGregor et al. 2017a). However, the genetic analyses revealed that populations with this
phenotype are generally genetically more distant to each other than each of them is to
neighbouring populations with the ancestral phenotype (i.e., P. m. nigriventris is an invalid
taxonomic unit; also discussed in Bellati et al. 2011 and Salvi et al. 2013). This strongly
suggests that the phenotypic characters have spread through introgressive hybridization. At
first sight, sexual selection appears an unlikely driver of introgressive hybridization since
divergence in sexual characters should promote reproductive isolation (Boughman 2001;
Maan and Seehausen 2011). For example, female preference for males of the same lineage
has been shown to restrict gene flow (e.g., Saetre et al. 1997; Boughman 2001; Seehausen et
al. 2008; but see Stein & Uy 2006; Pfennig 2007; Lipshutz 2018; Tinghitella et al. 2018).
However, when sexual selection mainly arises through male-male competition, there may be
little that prevents hybridization upon secondary contact. Indeed, some of the best examples
of selective introgression do in fact involve characters used in intra-sexual competition (e.g.,
Parsons et al. 1993; McDonald et al. 2001; Sluijs et al. 2008; Baldassarre et al. 2014; While
et al. 2015; Lackey et al. 2018; Sluijs et al. 2018).

In common wall lizards, experimental data have demonstrated that differences in
competitive ability between males with the sexually selected syndrome and males with the
ancestral phenotype cause asymmetric hybridization in secondary contact (While et al. 2015).
Since reproductive isolation is weak between the Italian and Southern Alps lineages (While et
al. 2015), this competitive advantage should result in directional spread of phenotypes and

genotypes from the Italian to the Southern Alps lineage. Our results, using simulations of
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population demography and genomic cline analysis of more than 41,000 SNPs, show that the
divergence in male competitive ability is indeed associated with asymmetric introgression,
and that the morphological characters and colouration that are highly exaggerated in the
Italian lineage have introgressed far beyond that expected based on neutral genetic markers
(While et al. 2015; see also MacGregor et al. 2017b for an example of chemical composition
of femoral secretions that does not introgress beyond that expected based on neutrality).

Assuming a divergence time since the beginning of the Pleistocene (Salvi et al. 2013),
the reconstruction of the demographic history from these genomic markers suggests that the
two lineages first exchanged genes around 400 thousand years ago. These estimates are
uncertain, however, and the isolation and gene flow likely followed the contraction and
expansion of species ranges during previous periods of climatic instability in this geographic
region (e.g. Schonswetter et al., 2005; Sommer and Nadachowski 2006; Provan and Bennett
2008). Following secondary contact, most of the gene flow appears to have been occurring
equally in both directions, which is consistent with the expectation that most genetic
differences between even highly divergent lineages are selectively neutral. In contrast, a
small part of the genome appears to have introgressed asymmetrically from the Italian lineage
into the Southern Alps lineage. Importantly, there was no evidence for asymmetric gene flow
in the opposite direction. These results are thus consistent with the experimental evidence for
sexual selection and explain the mismatch between genotype and phenotype along the north-
western coast of Italy (While et al. 2015).

Interestingly, the demographic simulations indicated that this directional gene flow is
of more recent origin than the symmetrical gene flow. This suggests that the sexually selected
syndrome was not present in the north of the Italian lineage at the time of secondary contact,
but that it arrived later. The pairwise FST comparison and neighbour-joining tree analysis of

genetic markers that associate with the syndrome indeed suggest that it might have originated
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in the south of the distribution of the Italian lineage, and subsequently spread north within
this lineage to eventually reach the hybrid zone between the Italian and Southern Alps
lineages. Although this points towards a comparably recent origin of the syndrome, further
data are necessary to establish more precisely its evolutionary origin and how its spread
relates to the historical changes in climate, landmass, and population connectivity that have
shaped the phylogeography of the species.

Adaptive introgression involves a repeated discarding of combinations of alleles and
characters that do not work well together, keeping only those that are fit. A modular trait with
a simple genetic basis should therefore be more likely to introgress under selection than
would a suite of traits with more complex genetic architecture, since the latter may
compromise developmental and functional integration in hybrids (Orr 1995). The phenotypic
characters that comprise the sexually selected syndrome in wall lizards are continuous rather
than discrete and likely to be influenced by a large number of loci. Indeed, hybrids in natural
populations exhibit a continuum of colour phenotypes and morphologies. This makes the
joint introgression of the suite of characters surprising. However, the characters are also
highly correlated within populations of the Italian lineage, such that robust individuals with
relatively large heads tend to have strong bite force, large testes, intense green dorsal
colouration, extensive black ventral colouration, and lateral ocelli that reflect in the UV
spectrum (MacGregor et al. 2017a). The suite of traits is also positively correlated with
behavioural characters, both in staged interactions and in free-ranging lizards (Heathcote et
al. 2016; MacGregor et al. 2017a). Since these characters tend to remain highly correlated in
the hybrid zone (While et al. 2015), their development may have a shared genetic basis or
involve genes that are physically linked. Our analyses identified a reasonably high number of
candidate SNPs, representing about two percent of the genome, which showed consistent

association with the syndrome phenotype. This number is consistent with the estimate of the
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proportion of the genome that showed asymmetric introgression into the Southern Alps
lineage (~3 %). However, the SNP markers produced by RAD-sequencing only provide a
limited coverage of the genome, and most will not be causally linked to introgression of the
phenotypes. More detailed studies are therefore necessary to identify candidate genomic
regions and to explain the correlated introgression of suites of complex characters.

In summary, our results reveal that the suite of sexually selected characters of
common wall lizards in western and central Italy originated within the Italian lineage and
subsequently spread throughout this lineage before eventually reaching a hybrid zone with a
highly divergent lineage. The continued introgressive spread of the sexually selected
syndrome into this lineage is accompanied by asymmetric gene flow of about 3% of the

genome, resulting in a mosaic genome in the receiving lineage.
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Fig. 1 Summary of the results from the population genetic analyses. (a) A male Podarcis
muralis from the Southern Alps lineage; (b) A male Podarcis muralis expressing the sexually
selected syndrome; (c) Geographic locations of the populations included in this study. (d)
Two-dimension PCA plots of all individuals and based on 22,446 unlinked SNPs; (e)
Admixture clustering of sampled individuals into 2-5 groups. The proportion of each
individual’s genome assigned to each cluster is shown by the length of the coloured
segments. (f) Neighbour-joining tree based on genetic distances measured by p-distance.

Population abbreviations are as in panel C; (g) Maximum likelihood geographic clines of the
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genetic hybrid index (HI, blue), candidate loci index for the sexually selected phenotype (CL,
black), and the phenotypic indicator of the sexually selected phenotype (dorsal coloration or
greenness, scale 1-10) for the populations across the hybrid zone from the Italian lineage
(southernmost population is CN) to the Southern Alps lineage (westernmost population is
LO). Dashed lines indicate the cline center for HI, CL, and greenness, respectively. Note that
the genetic and phenotypic analysis were conducted on the same samples. Phenotypic clines
for a larger set of male and female traits can be found in the Supplementary Information and

in While et al. (2015).

Fig. 2 Detection and characterization of candidate loci associated with the sexually selected
syndrome. (a) Distribution of nucleotide diversity ratios and Fst values calculated for the
RAD contigs. Green dots represent the candidate loci, and dashed lines indicate the top 5% of
the values for nucleotide diversity and Fst values; (b) Pair-wise Fst among P. muralis
population groups for candidate loci (green lines) and other (‘neutral’) loci (black lines).
Green circles represent the Syndrome Group (S), and brown circles represent the Reference
Group (R). Abbreviations indicate the location and Group membership of the populations as
in Fig. 1C (SA-R: LO,NL,SO; SA-S: ST,RA,GN; TUN-R: MV,MP; TU: CR,CN,CL; TUE-R:
BL,BE; LA-S: SMA,RO,FU,FO; LA-R: DS,FG,QV,PS); dashed lines indicate the center for
hybrid index (HI) and greenness clines between Italian and Southern Alps lineages. (c)
Neighbour-joining tree constructed by non-candidate (‘neutral’) loci for the populations in
the Syndrome Group in Latium and Tuscany and their neighbouring populations. (d)
Neighbour-joining tree constructed using the candidate loci for the same populations as in (c)
Note that individuals with the sexually selected syndrome cluster together, the similarity to
the results in Fig. 1F, and the fit with the geographic distribution of the populations. Numbers

on edges are supporting rates for each major node from 1000 times of bootstrap.
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Fig. 3 Demographic simulations of the historical gene flow between the Southern Alps and
Italian lineages of P. muralis. (a) Four basic models were run for the first round of
simulations: simple isolation (Sl), isolation-with-migration (IM), ancient migration (AM),
and secondary contact (SC). Black arrows represent gene flow. (b) Two updated models for
the second round of simulations: heterogeneous migration concurrent with secondary contact
(SC2M-1), and heterogeneous migration following secondary contact (SC2M-2). Black
arrows represent the gene flow of neutral parts of the genome and green arrows represent the
gene flow for parts of the genome under selection. (c) Akaike information criterion (AIC) for
all the models in 20 runs (means + SD). The best fitting model(s) are SC2M-2 (AIC
=1118.13); (d) The best fitting model SC2M-2 shows significantly asymmetric introgression

from the Italian lineage to the Southern Alps lineage.
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Fig. S2 Geographic clines for hybrid index, greenness and individual candidate loci
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