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Introduction Similar to many other Mediterranean animals (reviewed in

The reconstruction of evolutionary history is essential if W@e(‘j"’m _2011)5‘_";’1""" lizards co_mrlrllorg)ly_exhibit high 4 regional f
are to understand the factors and processes that explain copfdemism, with species typically being restricted to one o
temporary pattemns of biodiversitAvise 2000 The the Balkan, Iberian, and Italian Peninsulas, or one or several

. o : g ; diterranean islandBdulakakis et al. 20@sonis et al.
Mediterranean Basin is considered a biodiversity hotspot b € . .
cause of its species richness and high degree of endem 1Salvietal. ZOﬁangeet dal. Z.O)ZJA no't?rtr)]l'e exception
(v nd Quezl 198ers ot o 20owever, e 1 ST leeece T e
processes responsible for Mediterranean diversity and bio inor )l;ut it ispalso ’nativegto extra-Mediterranean regionso
ography have proven difficult to resolve because of the cormi We,stern Central, and Eastern EuSglauite et al. 2018
plex geological and climatic history of this reglandzza fig. 1) Pre'vious stl;dies based on DNA sequenc.e data sug-
and Wezel 20081édail and Diadema 2QTBompson 2005 t;? e
Hewitt, 2010aDefining events include the Messinian salini : ; : TR -
crisis (MSC; 5.96-5.33 million years agdk fityeman et al. accompanied by regional differentiation into more than 203

) . ~ . genetic lineages that purportedly diverged during theZ
19992010Dugger_1 et.al.20pa perlqd of progressive aridity Pleistocene glaciatiorSalvi et al. 2013These lineages &
that led to the extinction of subtropical Tertiary lineages an

) e . . vere defined by divergence in mitochondrial DNA, severa‘;lft
the diversification of arid-adapted lineages as well as extensgiy@, ., separated by low genetic divergence (i.e., short intef

p&djumo

(Jiménez-Moreno et al. 20E@-Palacios and el 2003 romain argely unresolveiyi et al. 201 Moreover, recent &

The refilling of the Mediterranedbafca-Castellanos et al. 51y ses of single nucleotide variants (SNVs) data have def-

2009 resulted in the isolation of biota on islands and pen-ynsirated extensive gene flow even between distantly related

insulas, and the onset of the Mediterranean climate of today,:pna lineages &. murali€Yang et al. 2018020. This s
(3.4-2.8 Mya) significantly changed ecological (:ommunitiggggestS a much more complex scenario than what can b&
(Tzedakis 200Postigo et al. 2009The later Quaternary reyealed by traditional phylogenetic studies. g
climatic oscillations (starting ca. 2.5 Mya), characterized by, this study, we implemented a phylogenomic approach§
the alternation of colder (glacial) and warmer (interglacialygsed on both restriction site-associated DNA sequenciné
periods, further affected the distribution of many species dL{@AD-Seq) and whole-genome sequencing (WGS) to identify
to recurrent range shifts with associated cycles of demehe processes that have shaped genetic differentiation ang
graphic expansion—contractidde(vitt 19962000 Provan  piogeography &f. muralidVe had three specific aims. First, £
and Bennet 2008aberlet et al. 19p®uring glacial periods,  to identify lineages & muralifrom both nuclear and mi-
the Mediterranean Basin provided refugial areas, where thgthondrial genomic data and establish their phylogenetiosg
long-term persistence of isolated populations frequentlyelationships. Second, to establish evidence for hybridization

LOL/

resulted in the formation of new allopatric lineagesvift and introgression between each of the niajanuralifine- %
19962004 Wiens 2004entili et al. 201blairal etal. 2017 ages and betweéh muraligind otherPodarcispecies that s
Although all these events contributed to the evolution ofcurrently overlap in their distribution. Third, to reconstruct
the Mediterranean fauna, their respective roles for explainifige biogeographic and demographic histoB afuralisn &
the genetic structure and geographic distribution of extanEurope, and assess whether these reflect the paleogeographic
taxa remain poorly understoddefvitt 2011 One reason  and climatic history of the Mediterranean Basin. 3
for this is that reconstruction of evolutionary history can be @
challenging, especially when lineages have been subject to o
repeated range expansions and contractions over the@€sults é
Quaternary climatic cycles (8gckley 2008lewitt 2011p  We collected samples from 55 locations for RAD-Seq coveririgy
Carstens et al. 2Q1Bitrogression imposes further challengeshe previously suggested genetic lineages Ritimuralis S
for reconstructing historical relationships among taxa, as well. ; supplementary table, Slipplementary Material on- =
as estimates of taxonomic diversity (@agisi and Linder  ling Gassert et al. 2QB2vi et al. 201Bablonski etal. 2019 &
2015Mallet et al. 20)6Approaches based on representativeln total, 28,039 SNVs were obtained with a mean coverage &f
sampling of genome-wide genetic variability allow powerfal7.10 per site and an average genotyping rate of 0.95. In ag-
and refined phylogeographical inference overcoming manydifion, whole genomes of 16 individuals were sequsnped (3
the limitations of more traditional molecular mark@etsic ~ plementary fig. SBupplementary Material onlirsnd =

etal. 200 utter and Payseur 20M@Cormack etal. 2013 supplementary table ,S3upplementary Material onine
Such phylogenomic approaches can be particularly usefuldbtaining 9,699,080 nuclear SNVs with a mean coverage of
resolving evolutionary affinities in situations where clades are and genotyping rate above 0.99. We also sequenced the full
separated with short internal branchieliérd et al. 20p6r  mitochondrial genomes of those individuals (13,884 bp). One
where hybridization has occurr€di(et al. 2018/cCluskey  individual ofP. bocagé®. siculugndP. tiliguertaerved as
and Postlethwait 20Malinsky et al. 20Bhen etal. 2019 outgroups for all analyses, anchaeolacerta bedriagess

Wall lizards of the genBedarciare currently represented  further included as outgroup for WGS data Ysewy et al.
by 24-25 specieSfeybroeck et al. 2D2@d are a charac-  2021for a phylogenomic analysis oPalilarcispecies). In
teristic fauna of the Mediterranean Basin and its islandgddition, we also included WGS data of 13 addifodalcis
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Fa. 1. Population genetic and phylogenetic analysasdafcis murali@\) The sampling localities for the RAD-Seq part of this study. The pinks
area represents the distribution range. ehuraligzor sampling locations of WGS samplesuppiementary g. S3upplementary Material
online (B) PCA plots of genetic distance for all 55 individuals based on RAD-SEpAtitaxiure clustering of individuals into ve and six
groups (K). The proportion of each individual’'s genome assigned to each cluster is shown by the length of the coloigdMagimemts.
likelihood phylogeny inferred based on RAD-Seq data. The numbers above branches indicate the bootstrap values for each node. Fo
genetic lineages are color-coded consistently.

Il p:

QesW/Asqrow/e601°0

lineages Yang et al. 2021supplementary table ,S3 identified by this population structure analysis, including ad-c
Supplementary Material on)ite assess gene flow between mixture between three lineages, Cl, SA, and SB, on the Balkgn
P. muraliand otherPodarcispecies. Peninsula (locations CCR and KOP), and between SA and ﬁtl
in Northern ltaly (locations BV, CE, and M&)1D.
Population Structure Analysis
We inferred the genetic relationship betweerPthauralis  Phylogenetic Relationship between Lineages
individuals based on genotypes from RAD-Seq data usingrallowing the population genetic structure, we inferred the &
principal component analysis (PChang et al. 20)L&nd phylogenetic relationship between the six major lineages (C,
ADMIXTURE clusteringlg¢xander et al. 200Results of NB, SA, SB, SI, and WE). Concatenated maximum likelihogd
both PCA and ADMIXTURE supported distnanuralis (ML) analysis yielded a highly resolved phylogeny based @
lineages with a strong geographic structure. In the PCA, thAD-Seq data: 80% of the branches exhibited bootstrap vai-
first, second, and third principal components (varianceses>80%, and the branches leading to the six major lineages
explained: 17.80%, 16.79%, and 13.15%, resp.) largely separaeed bootstrap values equal to 10@24M0). In this phy- N
populations into five different lineages: Western Europe (WH)geny, SA formed the sister clade to all other lineages,
Balkan, Southern Italy (SI), Southern Alps (SA), and Cenfi@aimed the sister clade to the WE and the Balkan clade, where
Italy (CI) fig. B). In the ADMIXTURE clustering, the best-each of the latter two were divided into northern and south-
supported number of presumed ancestral populationgrn sub-clades (note that the subdivision of WE into northern
(K=5) further divided the Balkan populations into and southern sub-clades was not detected by the
Southern Balkan (SB) and Northern Balkan (NB). The linea@@MIXTURE clustering). The only poorly supported node
in Southern Italy, Sl, showed an admixed pattern of theonnecting the major lineages (bootstrap of 85%) was asso-
Central and Northern lItalian lineages, Cl and $&: &f ciated with the phylogenetic position of Sl as a sister clade to
but was recovered as an independent cluster (&5 &t  all non-SA lineages. Considering this uncertainty and the
(fig. . Several other admixed populations were alsadmixed pattern of Sl in the ADMIXTURE analysis, we also

nb Aq £49¢
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reconstructed the phylogeny by excluding all Sl individuals,@onfirmed that the mitochondrial genomes of all the
which the phylogenetic relationship between all other lineP. muraliineages clustered as a monophyletic clade by in-
ages remained the sameugplementary fig. ,S2 cluding mitochondrial genomes of all th@a8arcispecies
Supplementary Material onjine in the phylogenetic analysisugplementary fig. ,S5

Next, we inferred the ML phylogeny based on WGS dataupplementary Material onjine
for 16 individuals representing all major distribution ranges
(supplementary fig. Supplementary Material onjin€his Gene Flow Analysis
WGS phylogeny was supported by bootstrap values of 1088 first tested for interspecific gene flow bet®eemuralis
for all nodes and its topology showed the same relationshijieages and the Bdarcispecies and lineages (¢aeg
among the six major lineages as the RAD-Seq phylogegly a1, 2021 using D statisticssiipplementary table ,S3
(supplementary fig. ,SSupplementary Material onjine g pplementary Material onfiRatterson et al. 2012 total
One individual from the admixed population KIBP 1),  of 273 tests were performed, in which 127 (46.52%) signi
clustered with the Balkan lineages and was excluded from thgny deviated from neutrality (Z-scoré.3). The top 50, &
following analyseBg( 3. We also validated the phylogeny ang more than 2/3 of all significant tests, involved the WE=
using a multispecies coalescent approach in ASTRALiHbage, which excessively shared alleles with the commadn
(Zhang etal. 20)Based on local ML trees of 200 kb windowsgpcestor of the Iberian species grolodarcighere repre- 5
across the genome, and again obtained the same topolog¥nted by. bocagandP. hispanicjand the Ibiza wall lizard
with bootstrap values of 100% for all branchggplemen-  (p. pityusengisOther signatures of interspecific gene flow
tary fig. S4Supplementary Material onjin@hese results were found betweeR. siculuand the Cl and SA lineages,
congruently indicated that the obtained phylogeny wasyyt the D and Z-scores were substantially lower than for W
highly robust. _ , and the IberiafPodarcispeciesfif. 3.

We obtained an ML tree based on mitochondrial genome Next, we investigated introgression wihimuralisThe
sequences with well-supported clades (average bootstragyyits of D statistics revealed that 33 out of 35 tests (94.29%)
value> 97.57%g. 3. The mtDNA phylogeny was exten- significantly deviated from neutrality (Z-s£o8e3), suggest-
sively discordant with the phylogeny derived from nucleahg supstantial genetic exchange between the major
data (nuDNA). For example, the SA lineage was grouped myralisineagesfig. ® detailed information isupple- &
with WE and SB in the mtDNA tree (which in turn groupedmentary table S&upplementary Material on)in€his pat-
with the SImtDNA lineage), whereas the other major mtDNAery \was supported by further analyses using phyloNet:
clade was formed by only Cl and NB. Surprisingly, the mit@upplementary fig. Supplementary Material onlikiéen
chondrial genome of the individual from San Remo (SR) wag 5. 201B8and qpGraphfig. &, Patterson et al. 201Zhe
not nested within the SA lineage, but was basal to all otheghyiogenetic network indicated a complex evolutionary his-G
lineages. Other mDNA-nUDNA discordances were found fggry for the WE lineage and demonstrated that the introgres-3
populations from Elba and in the contact zone between thgjon, from Iberian species (Pe.hispanicusomplex) likely
SA and SB lineages on the Balkan Penifiguld. We  happened well before the WE lineage split into a northern
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Fa. 3. Analyses of gene ow fBodarcis muralimeagesA| Interspeci ¢ introgression analyses betWeeanuraliand othefPodarcispecies
using four-taxon D statistics with the test (muralis_A, muralis_B, target_taxon, outgroup). The lineBgepaéissoé listed on the Y axis,
and the targeted nomuralisspecies are listed on the X axis. The coloration of each square represents the D statistics, and the asterisk (*) ngdlcat
signi cant deviations from neutrality based on z-scBy&is(ribution of D statistics and z-scores of intraspeci c introgression analysis betwegn

P. muraliineages. The result showed that most tests signi cantly deviated from neutrality. We list detailed infeupgkionentary table S4 2
Supplementary Material onlirf€ Admixture graph d?. muraligenerated by qpGraph. Solid lines with arrows indicate tree-like evolutlorg
whereas dashed lines with arrows indicate admixture events. The numbers next to branches represent the proportion of alleles from ag)are
node.
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and southern clade. This analysis also revealed that the &#d 6 infig. A andB). The windows supporting this rela-
lineage experienced introgression from the common ancestiionship are referred to as the “Cl-ancestry genome” of the
of the two Balkan lineages. A complex history was inferred fiilmeage.
the Sl lineage, which received one part of its genome To test if introgression contributed to the discordance of &
(phyloNet: 40%; gpGraph: 32%) from the CI lineage, afideage phylogeny and local trees besides incomplete Ilneage
the other part (phyloNet: 60%; qpGraph: 68%) from a sisteprting, we further calculated the absolute genetic distance;
clade to all otheP. muralisineagesfify. & supplementary  (Dxy) between Cl and Sl, and the fd-statidtiagi( et al. Z
fig. SP This early diverging and extinct clade also contributed01% on the topology (WE/Balkan, Cl, SI, Outgroup) for them
alleles (phyloNet: 44%; gpGraph: 10%) to the common a@i-ancestry part and the rest of the genome. The Dxy of thes
cestor of all extant lineages, except SA. Cl-ancestry genome (0.1127) was significantly lower than the
Dxy of the rest of genome (0.11®8alue< 0.001; 1,000
The Evolutionary History of the Southern Italy Lineadterations of permutation tesig. 4). Conversely, the fd of
Gene flow analysis suggested that the current Sl linealj® Cl-ancestry genome (0.0778) was significantly great
resulted from the fusion of populations belonging to the Cthan that of the rest of genome (0.028%alue< 0.001;
lineage and an ancient Sl lineage that was sister to all othbP00 iterations of permutation tefj; 4). These results
lineages. Thus, the placement of the Sl lineage in our inferr@igongly suggest that the Cl-ancestry part of the SI genome
phylogeny was not supported by the phylogenetic networkvas derived from an introgression between the CI and an
with gene flow (compafig. D, fig. 2 andfig. ). To clarify ~ ancient Sl lineage.
the evolutionary history of the Sl lineage, we estimated the Following these results, we next inferred the phylogeny
distribution of different tree topologies across the genom#sing the same multispecies coalescent method but keeping
based on 200 kb windows. A total of 5,576 high-quality locHie Cl and the ancient Sl lineage parts of the genome sepa-
trees were inferred with average bootstrap val6@%. rated. The Cl-ancestry genome of the SI lineage indeed
Among these trees, 1,816 trees (32.57%) supported a mofymed a sister taxon with ClI close to Western Europe/
phyletic clade formed by the Cl and Sl lineages (topology 3Bglkan clade in the phylogenyPofmuralisHowever, the
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ancient Sl lineage formed an independent clade thageparated shortly afterward (ca. 4.90 Mya). The divergence
branched off before any of the other muralidineages  between WE and the Balkan lineages was estimated to be c@
(fig. /. This was consistent with the topology inferred by4.05 Mya, and the divergences within the Western Europe
introgression analysig)( &), which indicated that 68% of and Balkan lineages were almost coinciding (ca. 2.54 Mya agd
alleles in the genome of the Sl lineage introgressed from tlaig. 2.58 Mya). We also estimated the divergence times basgd
early diverged ancient Sl lineage, and 32% of alleles intoo- the phylogeny without the ancient SI lineage, using the=
gressed from the Cl lineage. same methods, which generated consistent resuyitsle-
mentary fig. SBupplementary Material on)ine

Divergence Time Estimation

Divergence time estimation betw@emuralisineages was ~ Estimation of Biogeographic and Demographic
performed based on the 200-kb genomic windows3%%) History

for which local trees supported the topology derived from th@ o infer the possible ancestral distribution range and the
ancient S| part of the genome (8ge4). Two secondary biogeographical events leading to the extant distribution of
calibrations were used from a fossil-calibrated Lacertini phy- muralidineages, we used BioGeoBEWRE&ke 2013
logeny ofGarcia-Porta et al. (2049he root node (37.55 with a total of three models—dispersal extinction cladogen-
Mya) and the crown node éfodarcig18.60 Mya). The esis (DEC), dispersal vicariance analysis (DIVALIKE), Bayesian
time-calibrated tredig. ) revealed an early split of the inference of historical biogeography for discrete areas
ancient Sl lineage estimated at ca. 6.24 Mya, followed BAYAREALIKE). We defined seven biogeographic areas:
the separation of the SA lineage and the MRCA of all othéberian Peninsula, Western Europe, Southern Alps, Central
lineages during the MSC at ca. 5.76 Mya. The CI linedg®y, Southern Italy, Northern Balkan, and Southern Balkan.

120¢ Jequiadag

6


https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab311#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab311#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab311#supplementary-data

Population Genomics of Wall Lizardsi:10.1093/molbev/msab311 MBE

Calabrian Gelasian
A C Upper Pleistocene Chibania Pliocene
anCl a 10
il
b WE(N)
) ) Central Italy
. 250
B WVE(S) 200
150
d NB 100
. ss o
i sA 250
200
9 si 150
T 6 5 4 3 2 1 0 Mya 100
50
a: Central ltaly g: Southern Italy 0
b: Western Europe (North) atf+g 250 | Western Europe (S)
Il c: Western Europe (South) a+f
d: Northern Balkan b+e
I e: Southern Balkan B bv+c
I f: Southern Alps Hl d+e

Northern Balkan

100
50
o

4,05 MYH’—v\ / 250
200

2.58 Mya 150 |

S a 'tQCIMya
% 100 |

50}

0 L o
w 6.24 My;\ 250 Southern Alps

Iberian species group

Effective population size (10%)

-
o
©
~
@
=
=z
/w

200
150

100
50

0 6
10 10 10 10
Years

4 5

a €¥9€ 119/ L €qesw/Aag|ow/g60 |0 |/10p/a]olle-aouBApE/aG/WOd°dNo-dlapese//:sdjy woly papeojumoq

Fa. 5. Biogeography and demographic dynami¢®oidercis murali@\) Time-calibrated phylogeny Rarmuralifineages with ancestral area
reconstructions. The numbersindicate the estimated ages for each node. The blue bars represent the con dence intervals of divergencefjmes
colored squares at tip nodes represent the current distribution ranges of lineages in seven biogeographic regions, and the pie charts |r{>éI|cat<
proportional posterior probability of ancestral ranges inferred by the best- tting model DIBALUsEation of the inferred biogeographic g
history of. muralisn a map of contemporary Europe. The solid lines with arrows indicate the tree-like divergence and dispersal. Dashed liges w
arrows indicate interspeci c introgression (blue) or intraspeci ¢ introgressiorg(fl@dmographic history of ve majer muralisineages

(note that both Northern and Southern WE are shown in separate panels). Effective population size over time was estimated using th({lpalrv*
sequential Markovian coalescent model. The red lines represent the population dynamics, and the light red lines represent the resuEs of

bootstrap replicates. The dash lines indicate the start of geological periods. The top panel shows the dynamics of global temperature®

lcoc 19

The results showed that the DIVALIKE was the best-fittinguropef(g. A andB, supplementary fig. SRipplementary
model (AICc = 50.69; supplementary table ,S5 Material onling

Supplementary Material on)inall three models suggested  We further reconstructed the detailed demographic his-
very similar patterns, in which the ancestral range dry of each lineage using the pairwise sequential Markovian
P. muralisvas located on the ltalian Peninsula. The threeoalescence (PSMCand Durbin 2015e€fig. §. The Sl
major lineages found there today (the Sl, SA, and Cl lineag@®age was excluded in this analysis due to its highly hetero-
appear to have separated within the Italian Peninsula, fajeneous genome. With respect to the demographic history,
lowed by an “Out-of-ltaly” dispersal toward the Balkan anthe PSMC model suggested an initial population expansion
Iberian Peninsulas, and into north-western and centrdbr all lineages until the Lower Pleistocene (ca. Zidviya;
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Subsequently, all lineages except Cl experienced a populatietweerP. muraliineagesAndrade et al. 2019alvi et al.
decline at the beginning of the Quaternary climate oscilld202]1 Yang et al. 20RIThese levels of ancient gene flow are
tions (Gelassian and Calabrian). The CI, NB, SB, and WEclimsistent with studies of contemporary hybridization within
eages then experienced another population expansion frof muraliswhich demonstrate that significant parts of a ge-
ca. 700,000 years ago (Kya) during'the ¢@mplex. Then, nome can introgress under positive selection, with possible
all lineages appear to have experienced a decline around thdditional contribution by hybrid zone movement and neu-
beginning of Upper Pleistocene (200-100 Kya), coinciditvgl introgression/{hile et al. 201¥ang et al. 2018ee also

with a long glacial periofig(. ). Schulte et al. 20/Beninde et al. 2018ielstra 2009t is also
. ) consistent with estimates of ancient gene flow between exo
Discussion tant lineages d?odarci¢Caeiro-Dias et al. 202@ng etal. =

The population- and phylogenomic analyses of common wal02), which suggests that reproductive isolation evolves3
lizards provide insights into how geological and climatiglowly in wall lizards. Nevertheless, the hybrid zones betweén
change in the Mediterranean Basin has shaped the evolutigfifferentP. muralidineages appear to be narrow and steep 3 g
ary history of the Mediterranean fauna. We found stronge.g.Yang et al. 20p@nd experimental studies suggest some =
support for a series of diversification events, range shifeéggree of premating reproductive isolatiteathcote et al.
and extensive inter- and intraspecific gene flow taking plag®16MacGregor et al. 2Q1Partial reproductive isolation is
over the past six million years, connected to key events in tHt unexpected given that some of the extant lineages have:
Mediterranean history (e@avazza and Wezel 2608witt been separated for about five million years. The many hybrig
2011x zones, involving lineages of different age of divergence, malges
Biogeographic and demographic analyses suggest that themuralia useful system to study the evolution of pre- and
MRCA ofP. muralistemmed from the Italian Peninsula. postcopulatory mechanisms of speciation f¢egthcote
Although molecular dating is fraught with difficulty, the tim-€t al. 20L6rang et al. 20p0
ing of first lineage divergence corresponds well with the onset The most extensive introgression betviRenuralisin-
of the MSCKrijgsman et al. 192910Duggen et al. 2003  eages involved the Southern Italy lineage, and explains t@
This suggests that the divergence may have been triggeredaybiguity with respect to its placement in the phylogenetic 3
declining sea levels and increased land connection, althougalysis. The SI lineage genome turned out to be a mosaig,
aridification might have restricted suitable habitemériez-  comprising of roughly one-third of alleles from the ClI line- =
Moreno et al. 201Biz-Palacios and \fatel 2013 The cli- age in central Italy and two-thirds of alleles from an early-2
matic changes that are associated with the end of the MSdiverged ancient lineage. We further revealed that this an=:
may have promoted allopatry and genetic differentiation thagient lineage has contributed a substantial amount of ge<
eventually resulted in the three distinct lineages on the Italianetic material to the MRCA of several extant lineages of3
Peninsula (Cl, SI, and SA). P. muralisThese results demonstrate the value in comple-3
The descendants of this ancient Italian assemblage app#2@nting phylogenetic trees with introgression analyses 0%
to have followed an “Out-of-Italy” dispersal route to the resgenomic data for detecting cryptic events in evolutlonary
of the Mediterranean basin after the MSC, which is consistehistories Than and Nakhleh 20@xtenburghs et al. 2016
with the discovery of a probatite muraligossil from the ~ 2017.
upper Pliocene in Central Europét¢her 2007 Gassert The WGS data also revealed that some lineages af
et al. 2013 Both the RAD-Seq and WGS data supported®. muralisexperienced ancient introgression from other
six major genetic lineagesFomuraliseach with a distinct ~ Podarcispecies. The WE lineage has received a substant@l
geographic distribution, which demonstrates the influence ¢fart of its genome from the MRCA of the Iberian SpeCIeScr
the Iberian, Italian, and Balkan Peninsulas on diversificati@foup (i.e., th®. hispanicusomplex; see aldtang et al. <
within the Mediterranean Basin (esghmitt 2007Hewitt 202). There was also evidence for introgression fromé
2011} These lineages were largely discordant with the phf- siculusnto the SA and CI lineages on the ltalian S
logenetic relationship based on mitochondrial genome datgeninsula, although the signal was weak. More extensive ge-
(Gassert et al. 2053alvi et al. 2013ablonski et al. 2019 nomic data are needed to establish if hybridization between?
Populations from the Iberian Peninsula, France, and westétnmuralignd local sympatric species has been more W|de§
Germany belong to the WE lineage (that can be further segpread and the extent to which is it ongoing.
arated into north and south), and populations from the Overall, the genetic structure revealed by genomic data |g
Balkan Peninsula can be assigned to two closely related lig#ongly discordant with the subspecies division of tradi-~
ages in the Southern (SB) and Northern (NB) Balkan. Thkienal taxonomy based on morphologruschwitz and
contemporary distributions of the other three major lineageg3dme 198@Biaggini et al. 201dnd molecular phylogenies
Southern Alps (SA), Central Italy (Cl), and Southern Italy ($psed on mtDNABEllati et al. 201Gassert et al. 2013
are essentially restricted to Italy. Salvi et al. 201&is study). Mito-nuclear discordance is
These lineages diverged between 6.24 and 2.5 Mya, Batmmon in nature (e.gZink and Barrowclough 2008
gene flow between lineages appears to have been extensi@ews and Brelsford 20¥anov et al. 20),8nd can result
This explains inconsistencies in estimates of relationships f@m several different processes, including incomplete line-
tween P. muralisand other Podarcisspecies as well as age sortingHirneno et al. 20R0ntrogressiorPfiuong et al.
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2017Ivanov et al. 20},8and sex-biased disperBali et al.  divergent  mitochondrial ~ sub-lineages found in
2013. Mediterranean and extra-Mediterranean reg®adsi et al.

Some instances of mito-nuclear discordarféermuralis ~ 2013Jablonski et al. 20%8e alsiyy. D). A similar pattern of
are likely the result of introgression. This is particularly wetitDNA lineages has been found for other Mediterranean
illustrated by the NB, SA, and WE lineages, where genorigiga, for example, butterfliddin@ et al. 203Hinojosa
data support exchange of mtDNA through introgressioret al. 2019 and slow worms GQvazdk et al. 2013
events between the three lineages, as well as with thlopatric isolation during glaciation may have also promoted
MRCA of extant IberidPodarcispeciesfang et al. 20R1  reproductive isolation and therefore contributed to the per-
Other instances of mito-nuclear discordance are bettesistence of lineages following secondary contact. For exampte,
explained by incomplete lineage sorting. For example, tlieis scenario may explain the apparent stability of the con-£
individual from San Remo, situated on the Italian coast closemporary hybrid zone between the SA and Cl lindages (£
to the border to France, belonged to the SA lineage accordieg al. 201,82020.
to nuclear data but formed the sister clade t®.atturalig In summary, the range-wide genomic approach employed;
the mitochondrial phylogeny. Since there was no signal of our study allowed a disentangling of the evolutionary his-=
mMtDNA or nuclear genomic introgression from closely relateiry of a broadly distributed Mediterranean lizard species ir(i;
species, or evidence of introgression from a “ghost lineaganiprecedented detail. We reveal an “Out-of-ltaly” origin of>
this discordance appears to be a remnant of an ancierthe species about five Mya, roughly coinciding with the end of8
mtDNA that persisted throughout the evolutionary historythe MSC. The species diversified into distinct lineages sodh
of the SA lineage. Judging from the evidence for mito-nuclegiter its expansion from the Italian Peninsula. The genomes of
discordance in other animals (€igaeno et al. 20PGitua-  these lineages carry the signature of several major introgres-
tions like these are probably not unusual but alternative hysion events and of extinct lineages as well as the demograph;tc
potheses can be difficult to rule olibéws and Brelsford imprints left by range expansions and contractions associategl
2012. Indeed, the genetic structurd®omuralign this geo-  with glacial cycles. g
graphic region (southwestern arc of the Alps) is poorly stud-
ied and it is possible that more extensive sampling will reveiglaterials and Methods
nuclear genomic signatures of an extinct lineage. Our da .
also supported a divergent mtDNA clade on the island of Elpa@MPles and Data Collection _ _
(Bellati et al. 20),1but there was no evidence that this We collected samples from a total of 55 locations, coverin
reflects a deep genetic divergence with mainland CI populle Previously suggested genetic structure vittmnuralis
tions or an introgression event. Thus, incomplete lineaddd- ¥ Gassert et al. 208alvi et al. 201 Detailed infor-
sorting of MDNA haplotypes during or following isolationation for these samples is providezlipplementary table
on Elba may best explain this discordance. SlSu_ppIe_mentary Material onlinad the collection perm!ts

In the Mediterranean Basin, the Pliocene—Pleistocene @€ diven isupplementary table,Stipplementary Material 5
matic oscillations have been considered to play a key role fopliné For each sample, we extracted total genomic DNAZ
the current patterns of biodiversity and biogeography of arSing the DNeasy blood and tissue kit (Qiagen, USA). We
imal species (reviewedHewitt 20002002, In particular, the ~ 9enotyped samples from all sites using RAD-Seq (deposited
genetic structure of many species has been explained [yNCBI Short Reads Archive [SRA] with accession number
cycles of glacial contraction to refugia in southern peninsul&&RINA486080). The RAD-Seq libraries were prepared follow-
and interglacial expansion to northern regidesiitt 1996  Ind the protocol ifPeterson et al. (2034ith modifications
20002004Provan and Bennet 2008berletetal. 19p@ur  described ifvang et al. (2018 addition, we conducted
results are consistent with this hypothesis, but suggest that Y¢S for 16  individualssupplementary table ,S2
the major extant lineages were already present at the onset@fPPlementary  Material onlineupplementary  fig. ,S1
the Quaternary climatic oscillations. Glacial cycles therefopslPPlementary Material oninaith insert size of 300-
appear to have played a less important role in initiating lin00 PP on the lllumina HiSeq X platform by NOVOGENE=
eage divergence than might be assumed (reviewedin ~ -td- (Hong Kong). One individualPofbocageP. siculus
20042011} but nevertheless have been crucial for dictatingd P- tiiguertaerved as outgroups for all analyses and, m%
the subsequent dynamics of these lineages. Indeed, our @dditionA. bedriagasas included as outgroup for analyses &
mographic simulations indicated that all lineages were affvolving WGS data. We also included WGS of 13 additional
fected by glacial cycles, including a population expansigrpdaruspeuesllmeages (accessible in NCBI under the acces-
(ca. 0.7 Mya) during thei@wcomplex and a severe decline Sion  number  PRINA7152Glpplementary  table ,S3
(ca. 0.2-0.1 Mya) during the Riss glaciation. However, tRdPPlementary Material onjineepresenting all species
inferred population dynamics differed somewhat betweeH0UPS irPodarciaccording torang et al. (2021p inves-
lineages. This suggests that lineages may have largely perdigigt§ the gene flow betweBnmuralignd otherPodarcis
in distinct regions during glacial and interglacial periods, ifP€CIES.
cluding in northern refugia in France and eastern Europe,
thereby promoting further genetic differentiation and repro-Data Processing for Sequencing Data
ductive isolation. The presence of several refugia within eadfe used STACKS (versionCatshen et al. 201Rochette
of these regions might explain the high number of lowetal. 20120 process RAD-Seq reads and infer SNVs for each
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individual. At first, the “process_radtags” module was used for protein-coding genes, and tRNA/rRNA genes with the
remove reads with low-quality scores (Phred sc@@), setting “-m mf.”

ambiguous base calls, or incomplete barcode or restriction

site. Clean reads were mapped to the genofenofiralis  Gene Flow Analysis

(Andrade et al. 201L8sing BWAL({ and Durbin 2009We We used D statistics (ABBA-BABAResterson et al. 2012
used sorted bam files as input for the reference-based estimate the gene flow between both inter- and intraspe-
STACKS pipeline that contains modules “gstacks” ardific lineages using “gpDstat” in AdmixT&@t€rson et al.
“populations” to estimate SNVs using a Marukilow mode2012, usingA. bedriagaas outgroup. We tested the signif-
(Maruki and Lynch 201We also aligned WGS reads to icance level of D statistics through a block-jackknifing apo
the P. muraliggenome using BWA.(and Durbin 2009  proach as implemented in AdmixTools, in which the z- =
We called SNVs and short indel variants using the GAT$Core> 3.3 is considered significdPatferson et al. 2012 8
best practice workflowDéPristo et al. 20110nly SNVs  First, we tested for interspecific introgression, between each af
from autosomes were used in the following phylogeographibe majorP. murali§ineages and geographically overlapping 5

analyses. Podarcispecies. We used the WGS data fBotlarcispe- :
cies and lineages as “target taxon” in the rasalis A, §
Mitochondrial Genome muralis B, target_taxon, outgroup). Second, we also esti=

We assembled the mitochondrial genomes from WGS reaff@ted the intraspecific gene flow between the major &
using NOVOPastpierckxsens et al. 2pIhe mitochon- P. muralidineages (i.e., muralis_A, muralis_B, muralis_C3

drial genome df. muraligaccession FJ460597 from MitoZoa Cutaroup)- 5

D'Onorio et al. 20)@as set as a starting reference. A total of Ve further conducted phylogenetic network analysis using

6Gb sequence reads from each sample were randonfl)y!oONet en et al. 20}8o infer reticulation events be-
extracted for the baiting and iterative mapping with defaulfVeen theP. muraliéneages (i.e., intraspecific introgression). 5
parameters. We aligned mitochondrial DNA (mtDN A)P- bocageias also included in this analysis to represent theg
sequences using MUSCLE v3mBdgar 2004We excluded IberianPodarcispecies, since we identified a strong signal of“g’

all ambiguous regions from the analyses to avoid false H’p;rogression in interspecific D statistics <_and in a previouss
potheses of orthology. study {rang et al. 20pIWe made use of high-quality local

trees derived from 200 kb windows with mean bootstrap

) ) 80, and extracted 1,000 random trees per run Withaid
Pop_ulatlon Structure_ A”a'YS'S i length and 50% burn-in length in MCMC_gt module. We =
We inferred the genetic relationship between the samples,tormed 100 independent runs, extracted all output net-2
based on genotypes from RAD-Seq data. A PCA was CQfisrks with more than 50% posterior probability, and sum-
ducted in Plink (version 1Ghang et al. 20lbased on  marized the results by generating a correlation matrix ofS
pairwise genetic distance. In addition, the population struGnose networks based on Luay Nakhleh’s metric of reduceg
ture was inferred assuming different numbers of clusters (lﬁhylogenetic network similari§delman et al. 2019 S
from 1 to 15 in ADMIXTURE (version %38@ander et al. Based on the phylogenetic network, we used the progrant

2009. We used 10-fold cross-validation (CV) to compareynGraph” from ADMIXTOOLSafterson et al. 201 fit
different numbers of clusters, in which the lowest CV vaIUﬁ:]e evolutionary history for &I muralisineages while ac-

woo
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indicates the most likely number of clusters. counting for introgression. gpGraph optimizes the fit of a =
proposed admixture graph in which each node can beg
Phylogenetic Analysis descended either from a mixture of two other nodes or o

We reconstructed phylogenetic trees with ML inference usirfgpm a single ancestral node. We calculated the proportiorg
IQ-TREENguyen et al. 205Ne concatenated all SNVs of introgressed alleles pydtio testsRatterson et al. 2012 &
generated from the RAD-Seq data set and inferred the phyeo identify the genomic regions with signatures of introgresS
logenies under a GFRSC model and 1,000 iterations of sion, we calculated the absolute genetic divergence (Dxy3
bootstrap replicates. We excluded 12 samples that showbedtween lineage pairs and thesthtistics based on 200 kb §
admixed patterns in ADMIXTURE analysis (admixed ancestvindows across the genome. A significantly low Dxy and high
> 10%). We also performed the same concatenation afyy identify an introgressed genomic region tested by 1,006
proach on SNVs for the 16 individuals with WGS data. Apermutations.
individual from KOP was excluded in the downstream anal-
yses due to an admixed pattern. In addition, we used thBivergence Time Estimation
“multispecies coalescent” approach implemented iWe performed divergence time analysis betiegmralis
ASTRAL-lIZhang et al. 2018 infer the phylogenetic rela- lineages based on the WGS phylogeny using the MCMCtree
tionships based on local trees of 200 kb fixed windows acrga®gram in the PAML packayeiig 20Q7According to the
the whole genome. fossil-calibrated Lacertini phylogenyGafcia-Porta et al.

We inferred phylogenetic trees based on mitogenomif2019) the divergence time betwePodarcisand other
data implementing the highest ranked model with 1,00@losely related clades was estimated at 37.55 million years
bootstrap replicates using 1Q-TREguyen et al. 2005 ago (Mya), and the crown nodeRudarcispecies was at
We performed model selection for 1/2, and 3 codon position$8.60 Mya. We specified these calibration constraints with
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soft boundaries by using 0.025 tail probabilities above affidm the Swedish Research Council (2020-03650) and the
below the limit in the built-in function of MCMCtree. To European Research Council (948126) to NF, a LabEx TULIP
exclude the confounding effect of introgression events ogrant (ANR-10-LABX-41) to FA and the Slovak Research and
topology and divergence time estimates, we only retainddevelopment Agency (APVV-19-0076) to DJab.

those genomic regions (346 windows with length of 200 kb)

whose local trees were consistent with the consensus phylq@eferences

gny' .The mdepen'dent ra_te model (clocR) was used to Alexander DH, Novembre J, Lange K. 2009. Fast model-based esti-
_peC|fy the rate priors for mt_ernal nodes. '_I'he MCMC runwas™ von of ancestry in unrelated individuaBenome Res

first executed for 1@enerations as burn-in and then sam- 19(9):1655-1664. o
pled every 150 generations until a total of 100,000 samplasdrade P, Pinho G&rez | de Lanuza G, Afonso S, Brejcha J, Rubin C-3,
were collected. We compared two MCMC runs using random Wallerman O, Pereira P, Sabatino SJ, Bellati A, et al. 2019. Regulafpry
seeds for convergence, which yielded similar resullts. changes in pterin and carotenoid genes underlie balanced colog

polymorphisms in the wall lizaféltoc Natl Acad Sci U S A g

. . . . 116(12):5633-5642. g
Blogeogra_phlc and Demographlc_AnalyS|s _ Avise JC. 2000. Phylogeography: the history and formation of species.
We used BioGeoBEARI&ttke 2073to infer the possible Cambridge: Harvard University Press. 3
ancestral range &. murali@nd the number and type of Bark_)ault R, Mou YP. 1988. Pppulation dynamics of the common wag't
biogeographical events dispersal leading to the distribution of 'A'é"’_‘g%_zc’dam's muralis, in southwestem Fréisgpetologica g
extant lineages. We defined seven biogeographic areas coygfi;i a_ peliitteri-Rosa D, Sacchi R, Nistri A, Galimberti A, Casiraghi ¥,

ing the current distribution of this species: Iberian Peninsula, Fasola M, Galeotti P. 2011. Molecular survey of morphological sul-
Western Europe, Southern Alps, Central Italy, Southern Italy, species reveals new mitochondrial lineage®darcis muralis
Northern Balkans, and Southern Balkans. The time-calibrated(Squamata: Lacertidae) from the Tuscan Archipelago)(Zzig).
phylogeny foP. muralidineages was applied under three _ SYSt Evol Ré8(3):240-250.

Beninde J, Feldmeier S, Veith M, Hochkirch A. 2018. Admixture of hyb@
models—DEC, DIVALIKE, and BAYAREALIKE. We selec arms of native and introduced lizards in cities is determined by

/woo dn

the best—fitting model for Comparisons among models based the cityscape structure and invasion histBrgc R Soc. B =3

on AlCc. 285(1883):20180143. §
To reconstruct the detailed demographic history of eacﬁiaggiéiﬂé;\/', B%mbi_Fé %aDUhl’ﬂM, Corti C”-_EﬁdafCiS m_UfaUSlS_aléfentiv i @

; ; ; 1768). In: Corti C, Capula M, Luiselli L, Razzetti E, Sindaco R, editars.

“n.ehageﬁ Wef alllppll_ed the PSMC mdngr(gsDurTg 20151 Fauna d'ltalia. Reptilia. Bologna: Calderini. p. 391-401. 2

with  the following parameters "— —t —TO = Batcher W. 2007. Fossile Amphibien und Reptilien in Baden-g

p4+25*2+-4+6." We selected two to three sequenced  wirttemberg. In: Laufer H, Fritz K and Sowig P, editors. Die=
individuals from each extant lineage. We excluded the Sl lin- Amphibien und Reptilien Baderistdumbergs. Stuttgart: Ulmer-
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