
Ecology and Evolution. 2024;14:e11407.	 		 	 | 1 of 19
https://doi.org/10.1002/ece3.11407

www.ecolevol.org

Received:	1	March	2024  | Revised:	12	April	2024  | Accepted:	30	April	2024
DOI: 10.1002/ece3.11407  

R E S E A R C H  A R T I C L E

Population genetics and phylogeographic history of the insular 
lizard Podarcis lilfordi (Gunther, 1874) from the Balearic Islands 
based on genome- wide polymorphic data

Katherin Otalora1,2 |   Joan Lluís Riera1 |   Giacomo Tavecchia3 |   Andreu Rotger3 |    
José Manuel Igual3 |   Jean- Remi Paul Trotta4 |   Laura Baldo1,5

This is an open access article under the terms of the Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided	the	original	work	is	properly	cited.
©	2024	The	Author(s).	Ecology and Evolution	published	by	John	Wiley	&	Sons	Ltd.

1Department	of	Evolutionary	Biology,	
Ecology	and	Environmental	Sciences,	
Biology	Faculty,	University	of	Barcelona	
(UB),	Barcelona,	Spain
2Fundación	FUNMAJO,	EBA,	RAIEC,	
Biodiversity	Branch,	Tunja,	Boyacá,	
Colombia
3Animal	Demography	and	Ecology	Unit	
(GEDA-	IMEDEA,	CSIC-	UIB),	Esporles,	
Spain
4CNAG-	CRG,	Centre	for	Genomic	
Regulation	(CRG),	Barcelona	Institute	of	
Science	and	Technology	(BIST),	Barcelona,	
Spain
5Institute	for	Research	on	Biodiversity	
(IRBio),	University	of	Barcelona	(UB),	
Barcelona,	Spain

Correspondence
Laura	Baldo,	Department	of	Evolutionary	
Biology,	Ecology	and	Environmental	
Sciences,	Biology	Faculty,	University	
of	Barcelona	(UB),	Av.	Diagonal	645,	
Barcelona	08028,	Spain.
Email: baldo.laura@ub.edu

Funding information
Consejería	d'Educació	i	Universitas	-		
Govern	de	les	Illes	Balears	(GOIB),	Grant/
Award	Number:	PRD2018/25;	Ministerio	
de	Ciencia,	Tecnología	e	Innovación	de	
Colombia,	Colciencias,	Grant/Award	
Number:	MINCIENCIAS885/2020;	Institut	
d'Estudis	Catalans	under	the	Catalan	
Biogenome	Project	Initiative,	Grant/
Award	Number:	PRO2020-	S02;	Ministerio	
de	Ciencia,	Innovación	y	Universidades	
(MICIU)/Agencia	Estatal	de	Investigación	
(AEI)/10.13039/501100011033/FEDER,	
UE,	Grant/Award	Number:	PID2022-	
141578NB-	C22

Abstract
Islands	provide	a	great	system	to	explore	the	processes	that	maintain	genetic	diversity	
and	promote	local	adaptation.	We	explored	the	genomic	diversity	of	the	Balearic	lizard	
Podarcis lilfordi,	 an	endemic	species	characterized	by	numerous	small	 insular	popula-
tions	with	large	phenotypic	diversity.	Using	the	newly	available	genome	for	this	species,	
we	characterized	more	than	300,000	SNPs,	merging	genotyping-by-sequencing	(GBS)	
data	with	previously	published	restriction	site-	associated	DNA	sequencing	(RAD-	Seq)	
data,	providing	a	dataset	of	16	island	populations	(191	individuals)	across	the	range	of	
species	distribution	(Menorca,	Mallorca,	and	Cabrera).	Results	indicate	that	each	islet	
hosts	a	well-	differentiated	population	(FST = 0.247 ± 0.09),	with	no	recent	immigration/
translocation	events.	Contrary	to	expectations,	most	populations	harbor	a	considerable	
genetic	diversity	(mean	nucleotide	diversity,	Pi = 0.144 ± 0.021),	characterized	by	overall	
low	inbreeding	values	(FIS < 0.1).	While	the	genetic	diversity	significantly	decreased	with	
decreasing	islet	surface,	maintenance	of	substantial	genetic	diversity	even	in	tiny	islets	
suggests	variable	selection	or	other	mechanisms	that	buffer	genetic	drift.	Maximum-	
likelihood	tree	based	on	concatenated	SNP	data	confirmed	the	existence	of	the	two	
major	 independent	 lineages	of	Menorca	and	Mallorca/Cabrera.	Multiple	 lines	of	evi-
dence,	including	admixture	and	root	testing,	robustly	placed	the	origin	of	the	species	in	
the	Mallorca	Island,	rather	than	in	Menorca.	Outlier	analysis	mainly	retrieved	a	strong	
signature	of	genome	differentiation	between	the	two	major	archipelagos,	especially	in	
the	sexual	chromosome	Z.	A	set	of	proteins	were	target	of	multiple	outliers	and	primar-
ily	associated	with	binding	and	catalytic	activity,	providing	 interesting	candidates	for	
future	selection	studies.	This	study	provides	the	framework	to	explore	crucial	aspects	
of	the	genetic	basis	of	phenotypic	divergence	and	insular	adaptation.
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1  |  INTRODUC TION

Island	 populations	 represent	 biological	 scenarios	 of	 greatest	 evo-
lutionary	 interest	due	 to	 their	geographic	 isolation,	which	acceler-
ates	the	process	of	organismal	diversification	(Warren	et	al.,	2015; 
Whittaker	 et	 al.,	 2017),	 and	 their	 restricted	 scale	 of	 study,	 that	
allow	close	monitoring	(Drake	et	al.,	2002;	Losos	&	Ricklefs,	2009).	
They	 also	 typically	 host	 a	 high	 rate	 of	 endemism,	 making	 them	
a	 global	 conservation	 priority	 (Manes	 et	 al.,	 2021;	 Sivaperuman	
et al., 2008).The	Balearic	 Islands,	encompassing	 the	Pityusic	 (Ibiza	
and	Formentera)	and	Gimnesic	(Mallorca,	Menorca,	Cabrera,	and	as-
sociated	islets)	islands,	comprise	a	large	number	of	islands	that	orig-
inated	following	a	complex	geological	and	climatic	history	related	to	
the	Mediterranean	sea	level	variations	during	the	Pleistocene	(0.2-	
Mya)	(Cuerda,	1989;	Goy	et	al.,	1997).	Among	the	several	endemic	
species,	 they	 host	 the	 two	 species	 of	Balearic	 lizard	 (i.e.,	Podarcis 
lilfordi	from	the	Gimnesic	islands	and	P. pityusensis	from	the	Pityusic	
islands).	They	are	among	the	most	extensively	studied	vertebrates	of	
the	archipelago,	due	to	their	remarkable	phenotypic	diversity	(Pérez-	
Cembranos	et	al.,	2020),	high	population	densities,	and	reduction	of	
antipredator	behavior	associated	to	the	“island	syndrome”	(Cooper	&	
Pérez-	Mellado,	2012; Hawlena et al., 2009;	Novosolov	et	al.,	2013; 
Rotger et al., 2023).

Podarcis lilfordi	 (Günther,	A.,	1874)	presently	occurs	on	43	off-	
the-	coast	islets	of	Mallorca	and	Menorca,	as	well	as	in	the	Cabrera	
archipelago.	 Current	 distribution	 is	 the	 result	 of	 a	 vicariance	 pro-
cess	 during	 the	 Mediterranean	 Sea	 desiccation	 and	 subsequent	
reflooding	 (5.33 Mya)	 (Krijgsman	et	al.,	1999; Terrasa et al., 2009).	
The disappearance of P. lilfordi from the main islands of Menorca 
and	Mallorca	 dates	 back	 more	 than	 2000 years,	 following	 the	 in-
troduction	of	predators	by	humans	 (Alcover,	2000).	The	species	 is	
now confined on islets that provide an effective refuge for to date 
populations.	Within	these	islets,	the	species	evolved	in	a	context	of	
limited	resources	and	absence	of	major	predators	and	competitors,	
greatly	diversifying	in	morphology,	pigmentation	(Pérez-	Cembranos	
et al., 2020; Rotger et al., 2021),	 behavior,	 and	 life	 history	 traits	
(Rotger	 et	 al.,	2023;	 Salvador,	2015).	Major	 forces	 driving	 this	 di-
versification	 can	be	 ascribed	 to	 the	high	 intrapopulation	 competi-
tion	(density-	dependent	factors)	(Grant	&	Benton,	2000;	Le	Galliard	
et al., 2010; Massot et al., 1992),	as	well	as	intense	genetic	drift	result-
ing	from	recurrent	bottlenecks,	primarily	affecting	the	smallest	islets	
(Bassitta	et	al.,	2021; Charlesworth et al., 2003; Rotger et al., 2021; 
Terrasa et al., 2009).	This	context	of	rapid	phenotypic	differentiation	
among insular populations makes P. lilfordi	an	interesting	vertebrate	
model	for	ecological	and	evolutionary	studies	(Camargo	et	al.,	2010),	
particularly	those	addressing	the	genomic	basis	of	local	adaptation	
and	 persistence	 of	 small	 populations	 (Bassitta	 et	 al.,	 2021; Yang 
et al., 2022).

Genetic	 analyses	 of	 this	 species	 have	 been	 long	 limited	 to	
mtDNA,	few	nuclear	genes	(Brown	et	al.,	2008; Terrasa et al., 2009)	
and	microsatellites	 for	 few	populations	 (Bloor	 et	 al.,	2011; Rotger 
et al., 2021).	 A	 recent	 study	 based	 on	 single-	nucleotide	 polymor-
phisms	 (SNPs)	data	by	 restriction	site-	associated	DNA	sequencing	

(RAD-	Seq)	(Bassitta	et	al.,	2021)	has	expanded	on	previous	knowl-
edge	 on	 genetic	 diversity	 and	 phylogeographic	 pattern	 of	 this	
species,	 confirming	 the	 existence	 of	 two	 well-	discriminated	 ge-
netic	 lineages	 separating	populations	 from	 the	major	 archipelagos	
of	 Menorca	 and	 Mallorca/Cabrera	 (Brown	 et	 al.,	 2008; Terrasa 
et al., 2009).	 Recently,	 the	 P. lilfordi	 genome	 has	 been	 sequenced	
(Gomez-	Garrido	 et	 al.,	2023)	 providing	 the	 framework	 for	 a	 com-
prehensive	exploration	of	population-	level	genomics	of	this	species.

Here,	we	used	 for	 the	 first	 time	 the	newly	available	 reference	
genome of P. lilfordi	to	map	and	annotate	newly	generated	genome-	
wide	polymorphic	markers	obtained	by	two	independent	sequenc-
ing	 methods,	 genotyping-by-sequencing	 (GBS)	 and	 RAD-	Seq.	We	
specifically	 characterized	 SNPs	 of	 eight	 new	 populations	 (100	 in-
dividuals)	 by	 GBS,	 and	 integrated	 RAD-	Seq	 data	 of	 additional	 10	
populations	(91	individuals	from	Bassitta	et	al.	(2021)),	for	a	compre-
hensive	analysis	of	16	populations	(2	were	common	to	both	studies),	
spanning	 the	main	 range	of	 distribution	 of	 this	 species.	 Individual	
GBS	and	RAD-	Seq	datasets	were	independently	analyzed	as	well	as	
merged	to	obtain	a	representative	set	of	common	SNPs	loci	across	
all	 populations,	which	 allowed	 for	 a	 robust	 comparative	 genomics	
within P. lilfordi.

Our	main	objectives	were	to	(a)	assess	the	level	of	intraspecific	
genetic	diversity	and	structuring	of	the	different	populations	of	P. lil-
fordi;	(b)	reconstruct	the	species'	main	phylogeographic	scenario	of	
colonization	of	the	Balearic	Islands;	and	(c)	identify	potential	signa-
tures of genome diversification and loci underpinning the pheno-
typic	diversity	and	insular	adaptation	of	this	species.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling and DNA extractions

Tails tissues of 100 specimens of P. lilfordi	were	collected	between	
2015	and	2016	from	eight	islets	in	the	Menorca	and	Mallorca	ar-
chipelagos	 (Balearic	 Islands)	 (10–22	 samples	 per	 islet)	 (Figure 1 
and Table 1).	 Islets	 encompassed	 a	 representative	 subsample	 of	
the	 current	 species'	 geographic	 distribution	 and	 vary	 in	 several	
geographic	 and	ecological	 aspects,	 including	 surface	 area,	maxi-
mum	altitude,	vegetation	cover	and	type,	presence	of	human	set-
tlements,	 and	 other	 vertebrates,	 as	 well	 as	 lizard	 demographic	
traits	 (Mayol	 et	 al.,	 2020;	 Pérez-	Mellado	 et	 al.,	 2008; Rotger 
et al., 2021).	Specimens	were	captured	using	pitfall	 traps	placed	
along	paths	 and	 vegetation	 edges,	 sexed	 according	 to	 visual	 ex-
amination	 and	 morphology	 (Rotger	 et	 al.,	 2016),	 weighed,	 and	
body	 size	measured	 as	 snout	 to	 vent	 length	 (SVL)	 (see	 Table S1 
for	specimen	information).	Tails	were	preserved	in	100%	ethanol	
and	 kept	 at	 −80°C	 until	 processed.	 Permits	 for	 sampling	 were	
provided	by	Conselleria	 d'Agricultura	 i	Medi	Ambient	 i	 Territori,	
Govern	de	les	Illes	Balears	 (CEP	31/2015	to	LB	and	CEP	6/14	to	
GT).	Genomic	DNA	was	extracted	with	DNAeasy	Tissue	and	Blood	
kit	(Qiagen)	with	RNase	treatment.	DNA	concentration	was	meas-
ured	with	Qubit	2	fluorometer	(Invitrogen,	Waltham).	About	1 ug	



    |  3 of 19OTALORA et al.

of	genomic	DNA	per	sample	was	sent	to	Centro Nacional de Analisis 
Genomico	 (CNAG,	Spain)	for	sequencing.	DNA	integrity	and	con-
centration	was	further	measured	on	a	fragment	analyzer	(Agilent	
Bioanalyzer)	and	high-	quality	samples	with	at	least	10 ng/μL were 
selected	for	sequencing.

2.2  |  Sequencing

A	 restriction	 site-	associated	 DNA	 library	 was	 generated	 by	 GBS	
method	 (Elshire	 et	 al.,	2011).	 To	 select	 for	 the	 best	 enzyme	with	
reproducible	genomic	fragments	across	samples	(a	critical	criterion	
for	GBS	experiments),	we	first	generated	a	pilot	 library	 (four	sam-
ples)	 with	 Illumina	MiSeq	 (150 bp),	 using	 two	 common	 restriction	
enzymes,	Pstl	and	ApekI.	PstI	provided	the	best	reproducibility	and	
number	of	variants	and	was	therefore	chosen	to	generate	the	final	
library.

Genomic	 DNA	 was	 digested	 with	 the	 PstI,	 fragments	 were	
tagged	 with	 individual	 barcodes,	 PCR-	amplified,	 multiplexed,	
and	 sequenced	on	dual	 lanes	on	an	 Illumina	HiSeq	2500	platform	
(2 × 100 bp).	 Raw	 read	 sequences	 were	 demultiplexed	 and	 quality	
checked	using	FastQC	v0.10.1	(Wingett	&	Andrews,	2018;	available	
at https://	www.	bioin	forma	tics.	babra	ham.	ac.	uk/	proj-		ects/	fastqc/	).

Additionally,	 raw	RAD-	Seq	genomic	data	of	P. lilfordi generated 
on	a	previous	study	(Bassitta	et	al.,	2021)	were	downloaded	from	the	
online	repository	(PRJNA645796,	91	samples	from	10	populations).	
The	 GBS	 dataset	 (this	 study)	 and	 the	 RAD-	Seq	 dataset	 (Bassitta	
et al., 2021)	shared	the	restriction	enzyme	PstI,	which	allowed	data	
integration	for	comparative	purposes	(see	below).	Two	localities	of	
Colom	and	Aire	were	sampled	and	sequenced	in	both	studies	(differ-
ent	individuals)	(Table 1 and Table S1).

2.3  |  SNPs calling and filtering

Raw	 sequence	 data	 from	 GBS	 and	 RAD-	Seq	 were	 independently	
processed	as	well	as	merged	(COMBINED	dataset).	Thereafter,	the	
three	 generated	 datasets	 (GBS,	 RAD-	Seq	 and	 COMBINED)	 were	
processed through the same pipeline.

All	 barcoded	 raw	 reads	were	mapped	 to	 the	P. lilfordi genome 
(rPodLil1.1,	 available	 at	https:// denovo. cnag. cat/ podarcis)	 (Gomez-	
Garrido	 et	 al.,	 2023)	 using	 the	 Burrows–Wheeler	 Aligner	 (BWA)	
software	(v2.1)	to	generate	individual	Binary	Alignment	Map	(BAM)	
files. The genome corresponds to a single female individual sampled 
in	the	Aire	population	(the	population	was	included	in	our	dataset).	
Variant	 calling	 per	 sample	 was	 performed	 with	 Genome	 Analysis	
Toolkit	 HaplotypeCaller	 from	 GATK	 v.	 3.7	 (Van	 der	 Auwera	 &	
O'Connor,	2020)	 to	produce	gVCF	files	 (minimum-	mapping-	quality	
20).	gVCF	files	were	finally	genotyped	for	variant	calling	(i.e.,	SNPs).

Prior	to	data	filtering,	SNP	and	sample	statistics	were	explored	using	
VCFTools	v.	0.1.16	(Danecek	et	al.,	2011;	De	la	Cruz	&	Raska,	2014).	
SNPs	were	then	filtered	using	the	following	settings:	-	-	max-	alleles	2,	
-	-	remove-	indels,	-	-	min-	meanDP	10,	-	-	max-	meanDP	50,	-	-	minQ	30,	-	-	
maf	0.05,	-	-	max-	missing	0.75	(individual	datasets)	or	0.90	(combined).

To	retrieve	common	 loci	between	GBS	and	RAD-	Seq	datasets,	
the	max-	missing	parameter	was	set	to	0.9,	thus	retaining	loci	shared	
by	at	 least	90%	of	 the	specimens	and	effectively	 removing	all	 loci	
unique	to	either	GBS	or	RAD-	Seq.

2.4  |  Population genetic diversity

We	used	the	populations	module	in	STACKS	v.2.61	(Catchen	et	al.,	2013)	
to	calculate	diversity	statistics	per	population,	including	the	observed	

F I G U R E  1 Geographic	map	of	the	16	localities	(15	islands)	under	study,	sampled	in	the	archipelagos	of	Mallorca,	Cabrera,	and	Menorca.

https://www.bioinformatics.babraham.ac.uk/proj-ects/fastqc/
https://denovo.cnag.cat/podarcis
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heterozygosity	(Ho),	expected	heterozygosity	(He),	nucleotide	diversity	
(Pi),	 inbreeding	 coefficient	 (FIS),	 and	 number	 of	 private	 alleles	 (PAs).	
Allelic	richness	 (Ar)	was	calculated	with	the	“hierfstat”	package	 in	R	
(Goudet	 et	 al.,	2015)	 using	 four	 random	 individuals	 per	 population,	
that	 is,	 the	minimum	 number	 of	 samples	 per	 population	 (minimum	
number	of	alleles,	min.all = 8).	Significant	associations	between	genetic	
diversity	indexes	(He, Pi,	Ar,	and	FIS)	and	geographic	variables	(islet	sur-
face	area,	maximum	altitude,	 and	 the	 shoreline	development	 index,	
SDI,	i.e.,	a	measure	of	island	perimeter	complexity,	all	log-	transformed)	
were assessed with simple and multiple linear regression in R.

2.5  |  Population genetic 
differentiation and clustering

For	 differentiation	 and	 structural	 analyses,	 loci	 under	 Linkage	
Disequilibrium	 (LD)	 were	 removed	 using	 plink	 v2.00a3.3	 (Purcell	
et al., 2007)	(-	-	indep-	pairwise:	50	[“kb”]	5	0.20)	(Table 2).	Pairwise	FST 
values	(Weir	&	Cockerham,	1984)	were	estimated	with	the	function	
stamppFst	from	“StAMPP”	R	package	(Pembleton	et	al.,	2013),	and	
significant differences for each population pair were evaluated with 
confidence	limits	at	95%	after	1000	bootstrap	iterations.	Heatmaps	
based	on	FST were created using pheatmap	in	R	(Kolde,	2019).

Isolation	by	distance	(IBD)	was	evaluated	by	correlating	the	FST 
genetic distances with linear geographic distances among popula-
tions,	using	a	Mantel	test	(Mantel,	1967)	with	function	mantel.rand-
test	 in	 the	 “ade4”	 package	 in	R	 (Dray	&	Dufour,	2007)	with	 1000	
permutations. The test was performed for Menorca and Mallorca/
Cabrera	 archipelago	 separately	 to	 control	 for	 distance	 effect	 be-
tween	major	archipelagos.

To	reconstruct	evolutionary	relationships	among	island	popula-
tions,	we	first	used	a	discriminant	analysis	of	principal	components	
(DAPC),	 integrated	 in	 the	 “Adegenet”	 R	 package	 (Jombart,	 2008).	
In this multivariate statistical approach, sample genetic variance is 
partitioned	 into	 groups	 to	 maximize	 discrimination,	 without	 prior	
knowledge	on	genetic	structure.	The	number	of	meaningful	PCs	re-
tained	was	chosen	by	a	cross-	validation	with	the	function	xvalDapc 
(Jombart	&	Collins,	2015)	with	default	parameters	(1000	replicates).

Population	 structure,	 including	 contemporary	 and	 historic	 ad-
mixture	 among	 populations	 and	 their	 relationships,	 were	 further	
investigated	 using	 ADMIXTURE	 v1.3.0	 (Alexander	 et	 al.,	 2009),	

setting	the	numbers	of	co-	ancestry	clusters	(K)	from	2	to	16	(maxi-
mum	number	of	populations).	Cross-	validation	was	performed	with	
the	-	cv	option	(10-	fold)	to	retain	the	best	value	of	K	clusters	(lowest	
cv	error).	Membership	probabilities	were	calculated	according	to	the	
retained	discriminant	functions	and	specimens	showing	above	90%	
of	 assignment	 probability	 to	 an	 island	 different	 from	 their	 source	
were	 considered	 as	 recently	 translocated,	 or	 potential	 mislabeled	
and	removed	(none	detected).

2.6  |  Phylogeographic pattern

TreeMix	v.	1.13	(Pickrell	&	Pritchard,	2012)	was	used	to	infer	popula-
tion	splitting	and	mixture	patterns.	The	method	employs	allele	fre-
quencies	to	build	a	graph-	based	model	of	the	population	network	(as	
opposed	to	a	bifurcating	tree)	by	first	building	a	maximum	likelihood	
(ML)	tree	and	then	searching	for	migration	events	that	increase	the	
composite	likelihood	(Flesch	et	al.,	2020;	Pickrell	&	Pritchard,	2012).	
The	program	utilizes	a	Gaussian	approximation	to	model	genetic	drift	
(drift	parameter)	along	each	population	(Flesch	et	al.,	2020;	Pickrell	
&	Pritchard,	2012).	Using	the	combined	dataset	filtered	for	LD,	a	ML	
tree	was	built	with	a	window	size	(k)	of	500	SNPs,	evaluating	from	0	
to	16	migrations	edges	(m),	10	iterations	per	edge,	using	the	“-	noss”	
option	to	prevent	overcorrection	of	sample	size.	The	optimal	number	
of	 significant	migration	edges	was	 then	 inferred	 from	the	second-	
order	rate	of	change	in	likelihood	(Δm)	across	incremental	values	of	
m with the OptM	package	in	R	(Fitak,	2021).

In	addition	to	network	analyses	and	as	a	complementary	result,	
a	ML	tree	was	built	using	the	concatenated	SNP	dataset	(2867 bp).	
Prior	 to	 concatenation,	 the	 combined	 VCF	 file	 was	 filtered	 using	
BCFtools	 (Li,	 2011)	 to	 remove	 individuals	 with	 more	 than	 10%	
of	 missing	 data	 (N = 8)	 and	 candidate	 SNP	 outliers	 (N = 18,	 see	
Section	2.7).	 The	 filtered	VCF	 file	was	 then	 converted	 to	PHYLIP	
format using the vcf2phylip.py	 script	 (Ortiz,	 2019).	 Consensus	 se-
quences	for	each	population	were	estimated	with	the	function	con-
sensusString	in	the	R	package	“Biostrings.”	The	two	Cabrera	localities	
were	considered	as	a	single	population	(FST = 0.03)	and	data	merged.	
A	ML	tree	was	then	built	on	the	consensus	alignment	with	IQ-	TREE	
2	v2.2.0.8	(Minh	et	al.,	2020)	using	variable	sites	only	and	applying	
an	ascertainment	bias	 correction	 for	SNP	data	 (model	GTR + ASC)	
(Lewis,	2001),	with	10,000	pseudo-	replicates.

Dataset Study N ind N pop

SNP count

Raw Filtereda
LD 
prunedb

GBS This	study 100 8 18,88,392 143,272 34,065

RAD-	Seq Bassitta	
et	al.	(2021)

91 10 48,51,070 166,943 58,207

COMBINED Both	studies 191 16 63,94,354 5523 2876

aFilters:	-	-	max-	alleles	2,	-	-	remove-	indels,	-	-	min-	meanDP	10,	-	-	max-	meanDP	50,	-	-	minQ	30,	-	-	maf	
0.05,	-	-	max-	missing	0.75	(individual	datasets)	or	0.90	(combined).
bAfter	linkage	disequilibrium	(LD):	-	-	indep-	pair-	wise	50	[“kb”]	5	0.20.

TA B L E  2 Summary	of	raw	and	filtered	
SNP	count	per	dataset.
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To	identify	the	most	ancestral	population	in	our	dataset	we	used	
IQ-	TREE	 2	 with	 nonreversible	 substitution	 models	 (model	 12.12)	
(Naser-	Khdour	et	al.,	2022)	with	1000	ultrafast	bootstrap	replicates,	
using	both	 the	 consensus	 alignment	 as	well	 as	one	 random	speci-
men	 per	 population	 (all	 sites	 or	 only	 variables).	 The	 program	 per-
forms	a	bootstrap	 analysis	 to	obtain	 several	ML	 rooted	bootstrap	
trees; it then computes rootstrap	support	values	for	each	branch	in	
the	tree,	as	the	proportion	of	rooted	bootstrap	trees	that	have	the	
root	on	that	branch.	A	root	testing	was	then	performed	with	option	
-	-	root-	test	to	compare	the	log-	likelihoods	of	the	trees	being	rooted	
on	every	branch	of	the	ML	tree.	The	resulting	trees	were	visualized	
and	edited	in	Figtree	v1.4.4	(http://	tree.	bio.	ed.	ac.	uk/	softw	are/	figtr	
ee/ ).

2.7  |  Identification and functional annotation of 
SNPs outliers

To detect footprint of genomic diversification and potential se-
lection, outlier loci were identified using two independent ap-
proaches:	 PCAdapt	 software	 v	 4.3.5	 (Luu	 et	 al.,	 2017)	 and	
BayeScan	 v	 2.1	 (Foll	 &	 Gaggiotti,	 2008).	 The	 PCAdapt	 package	
implemented	 in	R	software	detects	outlier	 loci	based	on	PCA	by	
assuming	 that	 markers	 excessively	 related	 to	 population	 struc-
ture	are	candidates	for	potential	adaptation.	The	number	of	PCs	
to retain was chosen after checking score plots for population 
structuring,	setting	maf = 0.01	and	distance	to	“mahalanobis.”	The	
distribution	 of	 loadings	 (SNP	 contribution	 to	 each	 PC)	 was	 uni-
form, indicating no relevant LD effect. p-	Values	were	 corrected	
for	 false	 discovery	 rate	 (FDR)	 using	 a	 cutoff	 q < 0.01	 for	 outlier	
retention.	 BayeScan	 is	 designed	 to	 detect	 potential	 genetic	 loci	
under	 selection	 by	 analyzing	 variations	 in	 allele	 frequencies	
among	 specific	 groups	 with	 a	 Multinomial-	Dirichlet	 model.	 The	
prior	odd	(PO)	for	neutrality	indicates	the	ratio	of	selected:neutral	
sites	(e.g.,	1:1000)	and	provides	a	measure	of	uncertainty	on	the	
likelihood of the neutral model compared to the selection model 
(Lotterhos	&	Whitlock,	2014).	The	sensitivity	of	the	analysis	to	the	
PO	was	evaluated	using	alternative	values	(1:100,	1:10,000).	The	
final MCMC chain was run for 20 short pilot runs with 5000 in-
tegrations,	50,000	burn-	in,	thinning	interval	of	10,	and	PO	set	to	
100. Loci were filtered for q-	value	<0.01.

PCAdat	and	BayeScan	results	were	finally	intersected,	retaining	
outliers with FST > 0.8,	thus	providing	a	conservative	set	of	candidate	
loci.	The	above	analysis	was	performed	separately	for	each	dataset	
(GBS,	RAD-	Seq	and	COMBINED	data).

The	candidate	SNP	outliers	were	annotated	by	cross-	referencing	
the	SNP	position	against	the	GFF	file	of	the	rPodLil1.1 genome as-
sembly	 (Gomez-	Garrido	 et	 al.,	2023)	 for	Gene	 ID	 association.	 For	
outliers	falling	in	protein-	coding	region,	a	gene	ontology	(GO)	anno-
tation	was	performed,	followed	by	a	functional	enrichment	analysis	
with	 gGOSt	 in	 g:Profiler	 [https://	biit.	cs.	ut.	ee/	gprof	iler/	gost]	 on	 in-
dividual	datasets	(GBS	and	RAD-	Seq).	The	Podarcis muralis genome 
was used as a reference to determine the functional categories 

(biological	 processes	 [BP],	 molecular	 functions	 [MF],	 and	 cellular	
components	[CC])	that	were	significantly	enriched	(FDR < 0.05).	For	
the	subset	of	outliers	falling	within	coding	regions	(CDS),	we	anno-
tated the codon position and assessed whether the alternative allele 
(ALT)	translated	into	a	synonymous	or	nonsynonymous	substitution	
with	respect	to	the	reference	position	in	the	genome	(REF).

2.8  |  Outlier association with 
environmental variables

A	 potential	 association	 between	 outliers	 and	 geographic/environ-
mental	 variables	 (major	 archipelagos,	 islet	 surface,	 maximum	 alti-
tude,	 and	SDI)	was	assessed	 through	a	permutational	multivariate	
analysis	of	variance	(PERMANOVA)	with	the	function	adonis2 in the 
“vegan”	R	package	(Oksanen	et	al.,	2022).	A	Euclidean	distance	ma-
trix	among	individuals	was	built	on	allele	frequencies	calculated	with	
gl.percent.freq	in	the	“dartR”	package	(Gruber	et	al.,	2018).	Previously,	
missing	 genotype	 values	 were	 imputed	 using	 the	 function	 “gl.im-
pute”	in	the	dartR	package.	Model	selection	was	performed	by	first	
fitting	a	model	with	all	two-	way	interactions	and	all	main	terms,	and	
then	refitting	the	model	after	excluding	nonsignificant	interactions.	
Significance	of	model	terms	was	assessed	using	marginal	tests	(1000	
permutations).	SNPs	that	significantly	discriminated	between	major	
archipelagos were identified with logistic regression models using 
p < .01	after	adjusting	p-	values	to	minimize	FDR.	A	genotype	matrix	
coded	as	0/1/2	was	obtained	using	function	extract.gt	in	the	“vcfR”	R	
package	(Knaus	&	Grünwald,	2017)	and	used	to	visualize	geographic	
clustering	of	individual	SNP	outliers	by	a	principal	component	analy-
sis	(PCA).

3  |  RESULTS

We	generated	 a	 total	 of	 15 billion	 paired-	end	GBS	 raw	 reads	 for	
100	specimens	 from	eight	distinct	 localities/islands	 (99%	passing	
the filters, Table S2).	 Newly	 generated	 data	 and	 previous	 RAD-	
Seq	 data	 from	 Bassitta	 et	 al.	 (2021)	 were	 individually	 processed	
through	the	same	pipeline	and	combined	for	an	integrative	analysis	
of	 all	 16	 populations.	 After	 genome	mapping,	 variant	 calling	 and	
filtering,	we	obtained	a	total	of	143,272	biallelic	SNPs	for	the	GBS	
dataset	(100	individuals	and	8	localities),	166,943	for	the	RAD-	Seq	
dataset	(91	individuals,	10	localities),	and	5523	for	the	COMBINED	
dataset	 (191	individuals,	16	localities,	 including	only	common	loci	
between	GBS	and	RAD-	Seq	datasets)	(Table 2).	As	expected,	multi-
allelic	variants	represented	a	minor	fraction	of	the	total	polymor-
phic	sites	(2.1%	for	GBS	and	2.5%	for	RAD-	Seq)	and	were	excluded	
from	the	study.

Both	raw	and	filtered	SNPs	were	widely	distributed	across	the	
18	 autosomal	 and	 two	 sexual	 chromosomes	 (Z	 and	W),	with	 SNP	
frequencies	being	proportional	to	chromosome	size	(Figure 2; chro-
mosome	W	representation	strictly	depends	on	the	number	of	males	
in the dataset, see Table S1).	Both	sequencing	methods	covered	the	

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://biit.cs.ut.ee/gprofiler/gost
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entire	 genome	 diversity,	 with	 chromosome	 representation	 being	
highly	congruent	among	the	three	datasets	(Figure 2).

3.1  |  Population/islet genetic diversity

Genetic	diversity	based	on	the	COMBINED	dataset	is	summarized	in	
Figure 3a.	While	diversity	statistics	for	the	individual	datasets	(GBS	
and	RAD-	Seq)	was	slightly	higher	in	the	absolute	estimates	per	local-
ity	(Table S3),	the	relative	pattern	found	among	localities	was	highly	
preserved,	indicating	that	the	reduced	COMBINED	dataset	is	overall	
representative	of	the	relative	genetic	diversity	within	this	species.

Population	nucleotide	diversity	 (Pi)	 ranged	between	0.104	and	
0.174,	with	 the	 three	 archipelagos	 showing	 similar	 ranges:	 0.123–
0.156	(Cabrera),	0.109–0.174	(Mallorca),	and	0.104–0.158	(Menorca)	
(Figure 3a).	The	observed	heterozygosity	 (Ho)	 showed	comparable	

values as Pi,	varying	between	0.095	and	0.140.	Most	diverse	popula-
tions/islets	per	archipelago	were	the	two	Cabrera	localities	(Cabrera),	
Guardia	and	Moltona	(Mallorca),	and	Aire	and	Colom	(Menorca);	the	
least	diverse	populations	were	the	small	islets	of	Porros	(Menorca),	
Colomer	(Mallorca),	and	Esclatasang	(Cabrera)	(Figure 3a).	FIS values 
were	positive	 for	all	populations	and	range	from	0.009	 (Porros)	 to	
0.107	(Moltona),	 indicating	low	inbreeding	effect	despite	the	small	
size	of	some	islands.	Individual	datasets	(GBS	and	RAD-	Seq)	based	
on	a	more	extensive	number	of	SNPs	confirmed	low	FIS values and 
major	trend	among	populations	(Table S3).	The	Allelic	richness	(Ar)	
was	also	comparable	across	localities,	ranging	between	1.245	(Porros)	
and	1.438	(Dragonera).	The	number	of	private	alleles	(PA)	estimated	
on	 individual	 datasets	 (Table S3)	 vary	 greatly,	with	 highest	 values	
found	in	the	four	smallest	islets	of	Porros,	en	Curt,	Esclatasang,	and	
Foradada	(n > 1000,	island	area < 1.50 ha),	with	the	small	islet	of	en	
Curt	presenting	the	largest	number	(n = 5316)	(Table S3).

F I G U R E  2 Chromosome	distribution	of	raw	and	filtered	SNP	data	for	each	of	the	three	datasets	(COMBINED,	GBS,	and	RAD-	Seq).
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Of	 the	 genetic	 diversity	 indexes,	 Ar,	 Pi, and FIS showed posi-
tive	coefficients	with	 the	 islet	surface	 (Figure 3b,	 for	Ar	only)	and	
negative	with	maximum	altitude	in	multiple	regression	models	 (Ar:	
p < .001	only	for	area,	Pi: p = .001	for	area	and	p < .005	for	max	alti-
tude, FIS: p < .05	for	area	and	max	altitude),	indicating	that	the	small-
est	 islets	typically	host	a	more	reduced	genetic	diversity,	although	
no	evident	inbreeding	depression.

3.2  |  Population genetic 
differentiation and structure

Pairwise	 FST	 values	 (Weir	 &	 Cockerham,	 1984)	 estimated	 for	 the	
combined	dataset	 (2876	SNPs	after	LD	pruning,	Table 2)	 indicated	
that	all	populations	were	significantly	differentiated	 (p < .01	 for	all	
pair-	wises)	 (Figure 4).	 Global	 levels	 of	 differentiation	 among	 islet	

F I G U R E  3 (a)	Genetic	diversity	
estimates	per	population	(Pi: nucleotide 
diversity,	Ho:	observed	heterozygosity,	
and FIS:	inbreeding	coefficient)	with	
corresponding	error	bars.	(b)	Scatter	
plot	of	population	allelic	richness	(Ar)	
and	surface	area	(on	log	scale).	The	solid	
line	shows	the	ordinary	linear	regression	
(Ar = 1.34 + 0.014	log(area),	R2 = .64,	
p = .0002),	while	the	ribbon	shows	the	
95%	confidence	interval	around	mean	
expected	values.	All	estimates	are	based	
on	5523	SNPs	(COMBINED	dataset).
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populations	were	 generally	 high,	with	 a	mean	FST = 0.247	 (ranging	
between	0.030	and	0.473).	These	values	were	highly	comparable	to	
those estimated on individual datasets, indicating that this reduced 
SNP	 dataset	 is	 also	 representative	 of	 the	 genetic	 differentiation	
among the studied populations.

The most discriminated population was the small islet of en Curt 
(Mallorca),	showing	an	average	FST	of	0.338	with	respect	to	all	other	
islands	(minimum	value	with	Moltona,	FST = 0.24,	Figure 4).	The	least	
differentiated	populations	were	Aire	and	Colom	(0.047,	Menorca),	Na	
Guardis	and	Na	Moltona	(0.064,	Mallorca),	and	the	two	Cabrera	local-
ities	(0.030).	In	this	latter	case,	FST	value < 0.05	supports	the	existence	
of	a	unique	panmictic	population	within	the	major	Cabrera	Island.

Within	major	archipelagos,	no	significant	correlation	was	found	
between	genetic	(FST)	and	geographic	distances	(p > .1),	excluding	a	
scenario	of	isolation-	by-	distance.

Population	 genetic	 clustering	with	DAPC	 (Figure 5a)	was	 con-
sistent with FST-	based	distances	 (Figure 4)	and	the	geographic	dis-
tribution	of	these	populations	(Figure 1).	Membership	probabilities	
according	 to	 the	 retained	discriminant	 function	 (64	PCs)	 correctly	
assigned	 all	 individuals	 to	 their	 source	 population/islet,	 excluding	
recent	translocations	or	mislabeling.	According	to	the	first	discrim-
inant	 function	 (DF)	 (35%	of	variance),	 three	major	genetic	clusters	
were	identified	(Figure 5a):	(I)	the	group	of	Menorca	islands,	highly	
homogeneous	and	with	poor	 internal	discrimination,	 (II)	 the	group	
of	 Cabrera	 and	 Mallorca	 islands,	 characterized	 by	 a	 stronger	 ge-
netic	differentiation	among	populations,	and	(III)	the	islet	of	en	Curt,	
forming	an	independent	lineage.	DAPC	on	the	subset	of	Menorcan	

populations	 only	 (30	 PCs	 retained)	 slightly	 increased	 the	 popula-
tion	resolution,	highlighting	a	clear	divergence	of	the	islet	of	Porros	
(Figure 5a,	top	left	panel).

ADMIXTURE	 analyses	were	 used	 to	 further	 explore	 popula-
tion	structure,	as	well	as	shared	ancestry	(Figure 5b).	Genetic	clus-
tering	clearly	evidenced	a	major	discrimination	between	Menorca	
and	Cabrera/Mallorca	populations	(K = 2),	followed	by	progressive	
substructuring	 within	 Cabrera/Mallorca	 (from	 K = 3),	 and	 ulti-
mately	within	Menorca	 (from	K = 5).	The	best	supported	number	
of	present	genetic	clusters	is	9	(CV = 0.386),	corresponding	to	four	
genetic	clusters	 in	Menorca	and	five	 in	Mallorca/Cabrera,	 in	 line	
with	the	major	structure	recovered	by	DAPC	analysis	(Figure 5a).	
The	 proportion	 of	 shared	 ancestry	 among	 populations	 varies	
from	zero	 (independent	 lineages	of	 the	 islets	of	en	Curt,	Porros,	
Foradada,	and	Esclatasang)	up	to	40%	(the	highly	admixed	popula-
tion	of	Colom).	Cabrera	island	and	distant	islands	from	northwest	
of	 Mallorca	 (Dragonera	 and	 Colomer)	 formed	 a	 unique	 genetic	
cluster, with a small proportion of shared ancestries also with 
the	small	islets	of	Foradada	and	Esclatasang	(North	and	South	of	
Cabrera,	respectively)	(see	map	in	Figure 1).	According	to	the	op-
timal	 current	 grouping	 (K = 9),	 no	 shared	 ancestry	was	 detected	
between	 the	 two	major	 archipelagos	 of	Menorca	 and	Mallorca/
Cabrera,	 indicating	 a	 strong	 genetic	 differentiation.	 However,	
lower	 substructuring,	 from	K = 2	 to	9	 retrieved	 a	 clear	 signature	
of	shared	ancestry	between	the	Northern	Mallorca	populations	of	
Dragonera and Colomer with the Menorcan populations of Colom, 
Rei,	and	Aire.

F I G U R E  4 Heatmap	of	pairwise	genetic	differentiation	(FST)	between	the	16	populations	of	Podarcis lilfordi	(COMBINED	dataset,	2876	
SNPs).	All	FST	estimates	were	significant	(p < .01	after	permutations).
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3.3  |  Phylogeographic scenario

Prior	 to	 phylogenetic	 reconstruction,	 we	 assessed	 past	 migration	
events	among	populations	using	allele	frequencies	on	Treemix	and	
OptM	analysis	to	support	the	best	number	of	edges.	OptM	analysis	
indicated	a	single	migration	edge	explaining	98.9%	of	the	variance.	
The event with the greatest weight occurred from Colomer into 
Cabrera–Escatlasang	 (mean	migration	 weight:	 0.454032,	 mean	 p-	
value:	3.22478e-	11),	followed	by	a	migration	event	from	Dragonera	
into	Escatlasang–Cabrera	(mean	migration	weight:	0.380029,	mean	
p-	value:	6.71e-	05)	(Figure S1).

A	 midpoint-	rooted	 ML	 tree	 was	 then	 built	 using	 consensus	
sequences	for	each	population	on	the	concatenated	SNP	dataset	
(Figure 6).	The	phylogenetic	tree	supports	the	major	grouping	ob-
tained	by	the	ADMIXTURE,	FST,	and	DAPC	analyses,	largely	in	line	
with	the	population	geographic	distribution	(Figure 1).	Menorcan	
and	 Cabrera/Mallorca	 populations	 formed	 clearly	 distinct	 phy-
logenetic	 clades	 (bootstrap,	 bs = 100%).	 Within	 the	 Mallorca/
Cabrera	 clade,	 further	 substructuring	 indicated	 three	 well-	
differentiated	clades:	 (i)	 the	 southern	Mallorca	 islets	of	en	Curt,	
Moltona,	 and	 Guardia	 (bs = 99%),	 (ii)	 Cabrera	 islets	 of	 Foradada	
and	 Esclatasang	 (bs = 76%),	with	Cabrera	 as	 a	 basal	 lineage,	 and	
(iii)	the	two	northern	Mallorcan	islands	of	Colomer	and	Dragonera	
(bs = 80%)	(Figures 1 and 6).	Within	the	Menorca	clade,	substan-
tial	support	 is	given	only	to	the	grouping	of	Porros	de	Cavalleria	
(PRCV)	 and	 Revells	 (RAVL)	 (bs = 73%),	 while	 the	 small	 islet	 of	
Porros	de	Fornells	(PORROS)	represents	an	independent	lineage,	
highly	 differentiated	 from	 to	 the	 rest	 of	 Menorcan	 populations	
(bs = 89%).	 The	 remaining	 Menorcan	 populations	 were	 poorly	
resolved,	 consistently	with	 their	 lower	FST	 values	 (Figure 4)	 and	
higher	admixture	levels	(Figure 5b).

Tree	rooting	using	nonreversible	models	on	IQ-	tree	consistently	
identified	 the	 population	 of	 Colomer	 (Mallorca)	 as	 the	most	 likely	
ancestral lineage. The island showed the highest rootstrap value 
(86.13%,	after	10K	bootstrapping	on	consensus	sequences,	all	sites;	
values <2%	 for	 all	 other	branches)	 (Figure S2).	 This	 result	was	 ro-
bust	to	the	use	of	consensus	sequences	with	variant	sites	only	and	to	
subsampling	to	one	random	specimen	per	population,	all	consistently	
recovering	the	highest	rootstrap	value	for	Colomer	(71.35	and	69.54,	
respectively).	Root	testing	provided	the	maximum	p-	value	of	the	ap-
proximately	 unbiased	 (AU)	 test	 for	 the	 branch	 leading	 to	Colomer	
(p = .85).	All	branches	within	the	Menorca	clade	showed	a	p < .05,	sig-
nificantly	excluding	Menorca	as	a	potential	source	of	the	ancestral	
population.	Rootstrap	values	and	root	 testing	considering	only	 the	
archipelago	of	Menorca	did	not	provide	any	clear	root	support	within	
Menorca.

3.4  |  Outlier identification

We	 explored	 potential	 selective	 pressures	 driving	 population	
genomic	differentiation	by	identification	of	outlier	SNPs.	Intersection	
of	outputs	from	two	independent	methods	(PCAdapt	and	BayeScan)	
provided	a	total	of	18	candidate	outliers	for	the	COMBINED	dataset,	
222	 for	 the	GBS	and	190	 for	 the	RAD-	Seq	dataset	 (n	 total = 446,	
q < 0.01	and	FST > 0.8,	see	Table S4	for	a	complete	list).

Pattern	of	 distribution	of	 outliers	 per	 chromosome	was	 highly	
concordant among the three datasets, with most outliers falling 
within	 the	 sexual	 chromosome	Z	 (>16%	 for	 all	 datasets),	 followed	
by	a	large	representation	on	chromosome	2	(>9%)	and	15	(12%	and	
8%,	respectively)	(Figure 7a).	Outliers	in	chromosomes	3	and	4	were	
detected	only	by	RAD-	Seq.

F I G U R E  5 Population	genetic	structure	based	on	2876	SNPs	(COMBINED	dataset,	after	LD).	(a)	DAPC	retaining	the	first	64	PCs	(65%	of	
the	explained	variance).	(b)	Unsupervised	clustering	by	ADMIXTURE	depicting	K = 2–9	(best	value)	clusters.
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About	60%	of	the	outliers	fell	within	protein-	coding	genes	(44%	for	
the	COMBINED)	corresponding	to	a	total	of	182	proteins	(Figure 7a, 
pie	charts).	Only	a	minor	proportion	fell	within	CDS	(n = 14	outliers,	
corresponding	to	11	annotated	proteins).	Five	of	these	SNPs	caused	
a	 nonsynonymous	 substitution	 (ALT)	with	 respect	 to	 the	 reference	
genome	(REF)	and	were	detected	in	the	glypican-	3,	B-	cell	lymphoma	
6	protein,	the	cytochrome	P450	2C19-	like,	the	pore	complex	Nup214	
genes,	and	an	uncharacterized	protein	(see	details	in	Table S4).

Functional	enrichment	analysis	of	annotated	proteins	with	out-
liers	indicated	a	comparable	profile	for	GBS	and	RAD-	Seq,	showing	
a	 significant	 overrepresentation	 of	 binding	 proteins	 and	 catalytic	
activity	(MF	category),	and	metabolic	process,	growth,	and	cellular	
homeostasis	(BP	category)	(BH,	p < .001,	Figure S3).

Of	the	overall	182	proteins	with	outliers,	a	small	subset	(n = 13)	was	
consistently	retrieved	by	more	than	one	dataset	and	most	(n = 9)	were	
target	of	multiple	outliers	per	dataset	(up	to	seven)	(Figure 7b).	Three	
of these proteins were ion channels: the calcium channels inositol 
1,4,5-	trisphosphate	receptor	type	2	and	the	voltage-	dependent	L-	type	
calcium	 channel	 subunit	 alpha-	1C-	like,	 and	 the	 potassium	 voltage-	
gated	channel	subfamily	KQT	member	1-	like.	Two	proteins	presented	
an	outlier	position	 identified	by	more	 than	one	dataset:	 the	 cullin-	1	
protein	(SNP	Position	POS:937545)	detected	by	all	three	datasets,	and	

the	voltage-	dependent	 L-	type	 calcium	channel	 subunit	 alpha-	1C-	like	
(POS:55226525)	detected	by	both	GBS	and	COMBINED	(Table S4).

3.5  |  Major archipelago- segregating SNPs

Finally,	we	explored	environmental	and	geographic	variables	driv-
ing	 outlier	 distribution.	 PERMANOVA	 analyses	 indicated	 that	
major	 archipelago	 (Menorca	 and	Mallorca/Cabrera,	 Table 1)	 was	
the	only	explanatory	variable	for	all	three	datasets	(p < .001,	1000	
permutations),	with	all	individual	outliers,	except	one,	significantly	
contributing	to	geographic	between	these	two	major	phylogenetic	
lineages	 (Figure 6)	 (binomial	 test	 p < .01).	 PCA	 based	 on	 outlier	
genotype	 matrix	 clearly	 evidenced	 this	 major	 clustering	 (85.5%	
of	variance	explained	for	the	COMBINED	dataset,	Figure 7c, see 
also Figure S4	for	individual	outlier	genotype	clustering).	Only	one	
SNP	departed	from	this	trend	(SNP	Chr2_24907248),	recovering	a	
clustering	of	South	Mallorca	with	a	subset	of	the	Menorcan	islands	
(Figure 7c and Figure S4).	The	SNP	falls	within	the	sidekick2	pro-
tein	(Table S4).

A	high	percentage	of	outliers	had	allelic	variants	that	perfectly	
segregated	between	major	archipelagos,	that	is,	had	null	frequency	

F I G U R E  6 Midpoint-	rooted	ML	tree	based	on	consensus	sequences	per	population	after	SNP	concatenation	(2876	SNPs,	only	variable	
sites,	model	GTR + ASC,	10,000	bootstrap	replicates).	Node	numbers	indicate	bootstrap	support.	The	asterisk	indicates	the	most	probable	
ancestral	population	according	to	IQ-	TREE	2	root	analysis.
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in	one	archipelago	while	being	present	 in	 the	other	 (n	 total = 154;	
11%	for	COMBINED,	42%	for	GBS,	and	31%	for	RAD-	Seq)	(Table S5).	
These	fixed	allelic	differences	can	be	considered	as	specific	markers	
of	the	two	major	phylogenetic	clades	(Figure 6).

4  |  DISCUSSION

4.1  |  Genetic diversity of P. lilfordi: Evolution in 
islands and population conservation

A	fundamental	goal	in	population	ecology	and	evolution	is	to	under-
stand	the	processes	that	maintain	genetic	diversity,	and	those	that	
drive intraspecific/interpopulation divergence across geographic 

space	 and	 time	 (Avise,	2000).	 In	 small	 insular	 populations,	 free	of	
predators	 and	 with	 no	 immigrants,	 genetic	 diversity	 is	 primar-
ily	driven	by	genetic	drift	 (due	 to	environmental	and	demographic	
stochasticity,	both	particularly	important	in	tiny	islets)	and	density-	
dependent selection due to competition for the limited local re-
sources	(Hoffmann	et	al.,	2021; Hunt et al., 2022; Travis et al., 2023).	
Founder	 effect	 and	 high	 inbreeding	 levels	 are	 also	 expected	 to	
further reduce the population genetic variance and accelerate the 
process	of	divergence	from	the	original	source	population	(Keller	&	
Waller,	2002).	Each	P. lilfordi	island	clearly	hosted	a	distinct	popula-
tion	(all	FST	distances	were	significant),	with	no	contemporary	gene	
flow	 (no	 recent	 translocations	 detected).	 Few	 small	 islets	 showed	
a	 remarkably	 high	 differentiation	 from	 all	 other	 islets	 (i.e.,	 Porros	
and en Curt, FST > 0.2	 for	 all	 pairs,	 see	 Figure 4),	 indicating	 either	

F I G U R E  7 Candidate	SNP	outliers	identified	for	GBS	(n = 222),	RAD-	Seq	(n = 190),	and	COMBINED	(n = 18).	(a)	Outliers	chromosome	
distribution	(barplot)	and	proportion	per	gene	category	(coding,	CDS	and	noncoding	regions)	(pie	chart).	(b)	Proteins	with	outliers	detected	
by	multiple	datasets	and	corresponding	number	of	outliers.	The	asterisk	indicates	proteins	with	shared	SNP	outliers	among	datasets.	(c)	
Distance	biplot	of	a	principal	component	analysis	(PCA)	based	on	the	outlier	genotype	distance	matrix	for	the	COMBINED	dataset	(18	SNPs).	
Circles	are	specimens	plot	to	optimally	reproduce	their	Euclidean	distances;	arrows	are	unscaled	SNPs	scores	showing	their	contribution	to	
each principal component.
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a strong founder effect and/or intense local drift and selection 
due	to	their	reduced	island	size	(Sendell-	Price	et	al.,	2021).	Despite	
being	 effectively	 closed,	 P. lilfordi	 populations	 harbored	 relatively	
high	 genetic	 diversity	 (Ho > 0.09	 and	 Pi > 0.1	 for	 all	 populations),	
even higher than other continental and insular species of Podarcis 
(Sabolić	&	Štambuk,	2021).	Diversity	was	overall	largely	comparable	
among	all	16	populations	studied	and	across	their	range	of	distribu-
tion	(Figures 1 and 3a);	nonetheless,	association	analyses	supported	
the	expected	pattern	of	decreasing	genetic	diversity	with	decreasing	
island	 size	 (Furlan	et	 al.,	2012).	 Smaller	 islands	 also	presented	 the	
highest	number	of	private	alleles,	 indicative	of	an	ongoing	process	
of	differentiation.	Mallorca/Cabrera	archipelago	typically	hosted	a	
higher	genetic	diversity	than	Menorca	(Figure 3a),	with	the	islands	of	
Cabrera,	Guardia,	and	Moltona	(South	of	Mallorca)	currently	harbor-
ing	the	largest	genetic	diversity	present	in	this	species.

As	previously	reported	by	Bassitta	et	al.	(2021),	we	also	observed	
low	 levels	of	 inbreeding	 for	most	populations	 (FIS < 0.08),	even	 for	
tiny	 islets	 such	 as	 Esclatasang,	 Foradada,	 Porros,	 Revells,	 and	 en	
Curt	 (all	with	area	<0.7 ha,	FIS < 0.5,	Table 1 and Figure 3a).	While	
small	 populations	 are	expected	 to	 show	a	 reduced	heterozygosity	
(Keller	&	Waller,	2002),	FIS values in P. lilfordi indicated a slight trend 
of positive increase with increasing islet surface, with the highest 
estimate	found	for	the	island	of	Moltona	(FIS = 0.16).	A	small	inbreed-
ing	coefficient,	negatively	associated	with	island	size,	was	also	found	
in	a	previous	study	based	on	microsatellites	from	the	three	neigh-
boring	 populations	 of	 Moltona,	 Na	 Guardia,	 and	 en	 Curt	 (Rotger	
et al., 2021).	A	potential	 explanation	 is	 the	existence	of	 a	popula-
tion	spatial	substructure	within	larger	islands,	which	would	cause	a	
nonrandom	mating	of	individuals	effectively	reducing	the	observed	
heterozygosity.	Nonetheless,	we	invite	caution	in	 interpretation	of	
these	results	as	SNP-	based	estimation	of	the	inbreeding	depression	
in	wild	populations	is	notoriously	challenging	(Schmidt	et	al.,	2021)	
and	would	 require	 further	 analyses	based	on	pedigree	and	 identi-
fication	of	runs	of	homozygosity	(ROH)	for	a	reliable	quantification	
(Kardos	et	al.,	2016).

Both	 the	 relatively	 high	 genetic	 diversity	 and	 low	 FIS values 
observed	 in	 P. lilfordi	 would	 suggest	 the	 existence	 of	 potential	
mechanisms	for	buffering	inbreeding	depression	in	these	lizard	pop-
ulations, increasing their chances of persistence. In line with this, 
recent	 studies	 support	 the	 ability	 of	 insular	 lizards	 to	 counteract	
genetic	depletion	even	in	presence	of	a	strong	founder	effect	(see	
Sherpa	et	al.,	2023).

4.2  |  A phylogeographic scenario of P. lilfordi 
colonization of the Balearic Islands

Podarcis lilfordi	genetic	diversity	was	largely	structured	according	to	
the	main	 geographic	 distribution,	with	 all	 analyses	 supporting	 the	
existence	of	two	major	genetic	lineages	separating	the	large	archi-
pelagos	of	Menorca	 from	Mallorca/Cabrera	 (Figures 5 and 6).	The	
tree	 topology	was	 largely	 consistent	with	 the	 ones	 previously	 re-
ported	based	on	mtDNA	and	SNPs	data	(Bassitta	et	al.,	2021;	Brown	

et al., 2008;	 Pérez-	Cembranos	 et	 al.,	 2020; Terrasa et al., 2009).	
While	 Mallorca/Cabrera	 lineage	 is	 further	 sub-	structured	 in	 four	
well-	supported	 clades	 (bs > 80%,	 Figure 6),	 phylogenetic	 relation-
ships	 among	Menorcan	 populations	 remain	 largely	 unresolved,	 as	
also	 indicated	by	 their	 low	degree	of	differentiation	 (Figure 4, FST 
values < 0.1).	Menorcan	islands	were	once	largely	panmictic	(Brown	
et al., 2008; Terrasa et al., 2009)	and	a	signature	of	past	admixture	
can	 still	 be	 observed	 among	most	 populations	 of	 this	 archipelago	
(Figure 5b),	with	the	exclusion	of	the	small	islet	of	Porros,	now	rep-
resenting	an	independent	lineage	(Figure 6).

Admixture	analysis	 (K = 2,	Figure 5b),	 root	 inference	by	 IQ-	tree	
(Figure S2)	and	root	testing	all	strongly	suggest	that	the	origin	of	the	
species occurred in the main island of Mallorca, with most ancestral 
populations	in	our	dataset	being	identified	in	the	North	of	Mallorca.	
The	 highest	 rootstrap	 support	 (86.13%)	 specifically	 points	 to	 the	
small	island	of	Colomer	as	the	population	retaining	nowadays	most	
ancestral	 polymorphisms,	 in	 line	with	previous	proposals	 (Bassitta	
et al., 2021; Terrasa et al., 2009).	This	root	placement	is	consistent	
with	the	geographic	history	of	both	Dragonera	and	Colomer	islands	
which	were	once	connected	 to	 the	Serra	of	Tramuntana,	 a	moun-
tain	 chain	 running	up	North	of	Mallorca,	before	 their	detachment	
from	the	main	Mallorca	 Island	about	2.3	Mya	 (Brown	et	al.,	2008; 
Terrasa et al., 2009).	The	Serra	of	Tramuntana	is	considered	as	the	
last refuge of P. lilfordi	 (Bailón,	 2004)	 before	 its	 extinction	 in	 the	
main	Mallorca	 Island,	 as	 testified	 by	 fossil	 records	 dating	 around	
2000 years	old	found	in	the	Muleta	cave,	in	the	central	part	of	the	
Tramuntana	 (Alcover,	 2000;	 Kotsakis,	 1981).	 The	 Colomer	 islet	 is	
characterized	 by	 high	 lizard	 density	 (Pérez-	Mellado	 et	 al.,	 2008)	
and	 limited	 accessibility	 (due	 to	 high	 altitude	 and	 coastal	 shape).	
Although	introduction	of	lizards	from	other	islands	cannot	be	ruled	
out,	the	islet	has	reduced	chances	of	external	gene	flow,	compatible	
with	the	retention	of	ancestral	polymorphisms	(Bassitta	et	al.,	2021; 
Terrasa et al., 2009).

The	 following	 process	 of	 colonization	 within	 the	 archipelago	
of	Mallorca/Cabrera	did	not	 follow	an	 isolation	by	distance	model	
(Mantel	 test,	 p > .1).	 According	 to	 admixture,	 phylogenetic	 analy-
ses	and	Treemix	reconstructions	of	past	migration	events,	North	of	
Mallorca	was	then	the	source	of	colonization	of	main	Cabrera	Island,	
with	which	they	form	a	unique	genetic	clade	(see	Admixture	results,	
Figure 5b).	 This	 closed	 genetic	 relationship	 was	 also	 reported	 by	
Bassitta	et	al.	(2021),	although	it	partly	differs	from	mtDNA	results	
(Terrasa	et	al.,	2009).

Following	this	scenario,	species	expansion	within	the	archipelago	
of	Cabrera	proceeded	with	the	colonization	of	small	surrounding	is-
lets	(Esclatasang	and	Foradada),	as	supported	by	the	observed	coan-
cestry	with	Cabrera	Island	(see	Figure 5b).	This	suggests	a	founder	
effect	in	these	small	islands,	followed	by	independent	evolution	lead-
ing	to	the	nowadays	well-	differentiated	genetic	clade	of	Esclatasang	
and	 Foradada	 (Figures 5 and 6).	 Similarly,	 admixture	 and	ML	 tree	
analyses	indicated	that	islets	on	North	of	Cabrera	could	have	been	a	
source	of	colonization	for	Southern	Mallorca	islets,	specifically	the	
islet	 of	Moltona,	with	which	 they	 still	 share	 a	 small	 proportion	of	
coancestry	(Figures 5b and 6),	while	the	geographically	closed	sister	
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population	 of	Na	Guardis	 has	 currently	 lost	 all	 signature	 of	 coan-
cestry	with	Northern	Cabrera	(Figure 5b).	The	observed	clustering	
of	Cabrera	with	South	Mallorca	islets	confirms	previous	haplotype	
grouping	based	on	mtDNA	data,	which	also	suggested	a	direction-
ality	 of	 gene	 flow	 from	 Cabrera	 to	 South	 Mallorca	 (Network	 III;	
Terrasa et al., 2009).	Moltona	would	have	then	seeded	the	small	islet	
of	en	Curt,	with	which	they	form	a	unique	clade	(bs = 99%,	Figure 6),	
as	evidenced	by	their	shared	coancestry	 (Figure 5b).	The	tiny	 islet	
of	en	Curt	 (0.44 ha)	would	have	 followed	a	process	of	accelerated	
differentiation	presumably	driven	by	a	founder	effect,	extensive	ge-
netic	drift,	and	intense	density-	dependent	selection	with	more	than	
1500 ind/ha	(Ruiz	De	Infante	Anton	et	al.,	2013).	As	an	alternative	
scenario,	the	three	islets	on	the	South	of	Mallorca	directly	derived	
from	the	ancestral	mainland	Mallorca	population,	now	extinct,	a	sce-
nario	that	we	presently	cannot	exclude.

According	 to	 bathymetric,	 geological,	 and	 genetic	 data	 subse-
quent	 colonization	of	Menorca	occurred	 around	~ 2.8 Mya	 (Brown	
et al., 2008; Terrasa et al., 2009).	We	were	not	able	to	assess	the	root	
within	 this	archipelago	due	 to	high	 levels	of	admixture.	Menorcan	
populations	were	highly	panmictic	during	a	large	period	of	time	and	
the	colonization	and	subsequent	isolation	of	most	Menorcan	islands	
was	gradual	(Pretus	et	al.,	2004),	following	a	vicariance	type	of	colo-
nization,	with	an	asymmetric	flow	from	south	to	north	of	the	distri-
bution	of	the	species	(Terrasa	et	al.,	2009).

4.3  |  Signature of genomic diversification of P. 
lilfordi populations

Local	adaptation	in	effectively	closed	populations	is	a	trade-	off	be-
tween	genetic	drift	and	selective	pressures	(Savolainen	et	al.,	2013).	
The	two	processes	are	intrinsically	associated	with	the	island	surface	
and	its	exposure	to	open	sea,	both	affecting	the	impact	of	environ-
mental	 stochasticity	 (stronger	 in	smaller	 islets)	and	 resource	avail-
ability	(reduced	in	smaller	islands).	Particularly,	the	vegetation	cover,	
highly	correlated	to	the	island	size,	provides	a	strong	cascade	effect	
on	lizard	resource	availability,	including	pollen	and	fruits	production,	
insect	visitor	frequency	and	diversity,	and	even	seabirds	presence,	
all	 potential	 sources	 of	 dietary	 items	 (Pérez-	Mellado	 et	 al.,	 2008; 
Ruiz	 De	 Infante	 Anton	 et	 al.,	 2013;	 Salvador,	 2015;	 Santamaría	
et al., 2020).	Along	with	stochasticity,	this	gives	rise	to	a	heterogene-
ous	landscape	across	islands,	which	is	expected	to	drive	independ-
ent	processes	of	lizard	phenotypic	diversification.

We	explored	the	signature	of	genomic	diversification	that	might	
underpin	 this	 lizard	 phenotypic	 diversity	 through	 outlier	 analysis.	
Outlier	 distribution	 showed	 a	 clearly	 skewed	 chromosome	 repre-
sentation,	with	most	outliers	falling	within	the	sexual	chromosome	
Z,	consistently	for	all	datasets	analyzed	(Figure 7a).	Recent	studies	
in	birds	and	lizards	showed	that	closely	related	species	often	pres-
ent	high	differentiation	on	the	Z	chromosome	(Kulikova	et	al.,	2022; 
Rovatsos et al., 2019),	a	pattern	that	is	typically	explained	as	faster	
Z	evolution	and	lower	recombination	rates	(Irwin,	2018; Lima, 2014; 
Mank et al., 2010;	Wright	et	al.,	2015).	The	existence	of	potential	

“islands	of	differentiation”	within	the	sexual	chromosomes	has	also	
been	 hypothesized	 (Lavretsky	 et	 al.,	 2019).	 At	 present,	 detection	
of	such	“islands”	 in	P. lilfordi	Z	chromosome	would	require	a	higher	
sequencing	coverage	than	the	one	currently	provided	by	GBS	and	
RAD-	Seq	(i.e.,	genome	resequencing).

Most	outliers	fell	within	protein-	coding	genes,	although	the	large	
majority	were	intronic	(Figure 7a).	Substantial	evidence	supports	the	
notion	that	introns	have	a	crucial	and	evolutionarily	conserved	func-
tion	in	controlling	gene	expression	in	eukaryotes	(Kumari	et	al.,	2022; 
Rose, 2019),	providing	a	particularly	rapid	mechanism	for	increasing	
variation	 in	proteome	variance	by	production	of	a	diverse	array	of	
alternative	splicing	variants	(AS)	(Reixachs-	Solé	&	Eyras,	2022;	Wang	
et al., 2015).	Moreover,	most	 genes	with	 outliers	were	 associated	
with	 protein	 binding	 and	 catalytic	 activities	 and	were	 involved	 in	
metabolic	and	growth	processes	(Figure S3),	critical	molecular	func-
tions	for	gene	expression	regulation	and	phenotypic	diversification	
(Van	Nostrand	et	al.,	2020).	In	small,	isolated	populations,	extensive	
modulation	 of	 gene	 expression	 conferring	 phenotypic	 plasticity	
could	 represent	 a	major	mechanism	 to	 counteract	 the	 loss	 of	 ge-
netic	diversity	 (Buglione	et	al.,	2019;	Fulgione	et	al.,	2023;	Sherpa	
et al., 2023),	a	hypothesis	that	needs	to	be	validated	by	whole	tran-
scriptome	and	epigenome	data	(Chapelle	&	Silvestre,	2022;	Fulgione	
et al., 2023).

We	found	a	subset	of	protein-	coding	genes	targets	of	multiple	
outliers	 according	 to	both	 independent	 sequencing	methods,	GBS	
and	RAD-	Seq	(Figure 7b),	which	might	represent	interesting	candi-
dates	for	further	exploration	of	population	genomic	diversification	
in P. lilfordi. Of these proteins, few represented potassium and cal-
cium	channels,	which	could	hint	to	an	important	regulatory	role	of	
osmotic	 pressure	 in	 lizards	 (Dantzler	&	Bradshaw,	 2009).	We	 also	
highlight	the	cullin-	1	protein,	with	a	shared	outlier	SNP	detected	by	
all	datasets.	The	protein	 is	known	 to	be	 involved	 in	ubiquitination	
and	subsequent	proteasomal	degradation	of	 target	proteins	 (Duan	
et al., 2011;	Gao	et	 al.,	2011;	 Scott	 et	 al.,	 2016).	Recent	 evidence	
indicates a critical role of this protein in modulation of the transcrip-
tion	factor	c-	MYC,	a	major	regulator	of	gene	expression	and	cell	pro-
liferation	(Sweeney	et	al.,	2020).	While	there	are	no	specific	studies	
on	cullin-	1	protein	in	lizards,	c-	MYC	was	linked	to	the	cellular	regen-
erative	response	after	tail	amputation	(Alibardi,	2017).	The	gradual	
loss	of	 tail	 autotomy	ability	 in	 insular	 lizards	 is	 a	hallmark	of	 their	
reduced	antipredator	response	following	insular	adaptation	(part	of	
the	island	syndrome)	(Cooper	et	al.,	2004;	Pafilis	et	al.,	2009;	Pérez-	
Mellado et al., 1997).

Exploration	of	the	major	variables	driving	outlier	genotypes	pri-
marily	recovered	a	signature	of	past	geographic	separation	between	
Menorca	and	Cabrera/Mallorca,	with	a	large	proportion	of	 loci	pre-
senting	 fixed	 allelic	 differences	 between	 archipelagos	 (Figure 7c).	
Given	Mallorca	as	the	species	motherland,	SNP	allelic	variants	unique	
to	the	Mallorca/Cabrera	archipelago	could	be	considered	as	ancestral	
polymorphisms	 of	 the	 species,	 putatively	 retained	 since	 separation	
from	the	mainland.	On	the	other	hand,	Menorca-	specific	allelic	vari-
ants	might	be	derived	from	a	past	founder	effect	that	occurred	during	
initial	colonization	of	 the	Menorca	archipelago	 (Brown	et	al.,	2008; 
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Terrasa et al., 2009)	or	be	the	result	of	unclear	selective	forces,	 in-
cluding	 potential	 selective	 sweeps	 (Brown	 et	 al.,	 2023; Campagna 
et al., 2022;	 Stephan,	2019).	 In	 all	 cases,	 these	archipelago-	specific	
outliers	support	no	recent	secondary	contact	between	Archipelagos,	
in	line	with	previous	mtDNA-	based	phylogeographic	reconstructions	
(Terrasa	et	al.,	2009).	We	finally	note	that	given	the	major	confound-
ing effect of archipelago, the significance/impact of other environ-
mental	variables	in	driving	genome	diversification	cannot	be	reliably	
assessed	 with	 the	 current	 sampling	 design	 (Bassitta	 et	 al.,	 2021).	
Additional	sampling,	along	with	phenotypic	data	are	required	to	clar-
ify	the	putative	adaptive	role	of	these	genomic	changes.

5  |  CONCLUSIONS

The	Balearic	 lizard	P. lilfordi	 has	 recently	entered	 the	genomic	era,	
offering	a	new	interesting	insular	system	to	explore	trends	in	verte-
brate	genome	evolution.	Our	study	presents	a	first	use	of	the	P. lil-
fordi	genome	to	reliably	mapped	extensive	SNP	data.	Comparative	
analysis	using	independent	methods	and	datasets	provided	robust-
ness	to	our	findings.	We	found	support	for	the	origin	of	this	species	
colonization	 in	 the	Mallorca	 Island,	 confirming	 previous	 proposals	
and	 providing	 a	 framework	 for	 future	 studies	 of	 the	 evolutionary	
trajectories	 in	 genome	 diversification	 for	 this	 insular	 species.	 The	
substantial	 genetic	 diversity	 observed	 in	 these	 effectively	 closed	
populations	suggest	that	they	have	potential	mechanisms	to	partially	
counteract	genetic	drift	and	 inbreeding	depression	 that	are	worth	
further	investigation	by	genome	resequencing	and	inclusion	of	ad-
ditional	 populations.	Based	on	 the	extensive	divergence	observed	
among most populations, we propose to consider each islet as a con-
servation	unit	for	effective	protection	of	the	genetic	diversity	of	this	
endemism.	Future	integration	of	population	demographic	data	(on-
going)	and	collection	of	detailed	phenotypic	data,	still	scarce	for	this	
species,	will	be	critical	to	evaluate	the	genomic	plasticity	and	ability	
to persist of these insular populations.
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