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The research presented in this dissertation, entitled “Population Genetics of the
Endemic Lizard Podarcis lilfordi (Gunther, 1874) from the Balearic Islands”, is
structured around three core scientific chapters, each corresponding to a research article:
two already published and one currently in preparation for submission. In addition, a
methodological article was co-authored and published, providing foundational support

for the development of the first chapter.

The methodological study, “Chromosome-level genome assembly of Lilford’s wall
lizard, Podarcis lilfordi (Glinther, 1874) from the Balearic Islands (Spain)”, was
published in DNA Research (Vol. 30, Issue 3, 2023, DOI:
https://doi.org/10.1093/dnares/dsad008 ), with a Journal Impact Factor of 3.9 (SCI,
2023). This journal ranks in the first quartile (Q1) within the “Genetics & Heredity”
category, holding the 8th position out of 180 indexed journals, with an SCIE score of
91.2.

The first scientific chapter corresponds to the article “Population genetics and
phylogeographic history of the insular lizard Podarcis lilfordi (Ginther, 1874) from the
Balearic Islands based on genome-wide polymorphic data”, published in Ecology and
Evolution (Vol. 14, 2024, DOI: https://doi.org/10.1002/ece3.11407 ). This study provides
a detailed analysis of the genetic diversity and phylogeographic structure of the species.
The journal has an Impact Factor of 2.3 (SCI, 2023) and is ranked in the first quartile (Q1)
in the Ecology category according to the Scimago Journal Rank (SJR), where it occupies
the 41st position out of 175 journals, with an SJR score of 0.858 (2024).




The second chapter is currently being finalized and is provisionally titled “Historical
demographic inference in island populations: the case of the Lilford’s wall lizard,
Podarcis lilfordi (Gunther, 1874)". This chapter focuses on reconstructing the historical
demography of the species, offering novel insights into island vertebrate evolution and

informing conservation strategies related to population resilience.

The third chapter investigates the immunogenomic repertoire of P. lilfordi and
corresponds to the article “Antimicrobial peptides (AMPs) of lizards: a first
comprehensive characterization of beta-defensins, ovo-defensins and cathelicidins
from the Balearic lizard Podarcis lilfordi and closely related Lacertidae species”,
published in BMC Genomics (Vol. 26, 2025, DOI: https://doi.org/10.1186/s12864-025-
11797-2 ). The journal reports an Impact Factor of 3.7 (SCI, 2023) and is ranked in the
first quartile (Q1) according to the Scimago Journal Rank (SJR), where it holds an SJR

score of 1.003 (2024) and ranks 12th out of 96 journals in the Genetics category.

Together, these chapters constitute a comprehensive scientific contribution to the
understanding of the genomic architecture, demographic history, and immunological
diversity of an insular endemic species, with broader implications for evolutionary biology

and conservation management.



ABSTRACT

Island ecosystems offer unique windows into microevolutionary processes, particularly

when recurrent climatic oscillations and anthropogenic pressures shape the genetic
architecture of endemic taxa. This thesis investigates the population genetics, historical
demography, and innate immune gene diversity of the Balearic lizard Podarcis lilfordi—
an endangered lacertid lizard restricted to 43 islets across the Mallorca, Menorca, and
Cabrera archipelagos—with the overarching goal of informing conservation strategies for
highly fragmented insular populations.

Chapter 1 explores the phylogeographic structure and genome-wide patterns of genetic
diversity within the species. Using a newly assembled reference genome and >300,000
SNPs from 191 individuals across 16 islets, the analyses reveal two deeply divergent
lineages corresponding to the Mallorca—Cabrera and Menorca archipelagos (mean
global FST = 0.247 = 0.09). Despite severe fragmentation, islet populations retain
moderate levels of nucleotide diversity (m = 0.144 + 0.021) and low inbreeding
coefficients (FIS< 0.10), suggesting that historical connectivity, past population sizes, and
possibly selection may have contributed to the retention of genetic diversity, although
the precise mechanisms remain uncertain. Allelic richness increases significantly with islet
surface area, indicating that larger islands may better sustain genetic diversity. Maximum-
likelihood phylogenies based on concatenated SNPs support a Mallorcan origin for P.
lilfordi, followed by colonization events toward Menorca and Cabrera during Pleistocene
glacial lowstands, likely facilitated by temporary land connections or reduced sea barriers
during periods of lowered sea levels.

Chapter 2 aims at reconstructing major historical demographic events within P. lilfordi
looking at three hierarchical levels: (i) within the species, (i) within archipelagos, and (iii)
within individual populations/islands, focusing on three islands under current
demographic study. For this purpose, site frequency spectra models (assuming a four-
year generation time and a mutation rate of 1x107®) reveal strong population
contractions during the Riss (~300-130 ka), Wirm (~115-11.7 ka), and LGM (~33-19 ka),
likely driven by habitat loss and climatic instability. Subsequent interglacial sea-level rises
intensified fragmentation, although rare rafting events or short-lived land bridges likely

permitted limited gene flow. A sharp decline in Ne around 4.3-4.5 ka coincides with early
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human settlement, followed by habitat transformation and predator introduction which
caused the extirpation of P. lilfordi from Mallorca and Menorca by ~2 ka and severe

bottlenecks on remnant islets.

Chapter 3 explores the genetic potential of P. lilfordi to respond to infection threats by
investigating its innate immune gene repertoire. Specifically, the chapter presents the
first genome-wide characterization of AMPs in this species and compares them with close
relatives in the Lacertidae family. Three AMP families were identified— beta-defensins,
ovo-defensins (including three proline-rich variants), and cathelicidins—totaling 77
genes. Most beta- and ovo-defensins are located on chromosome 3, and cathelicidins
on chromosome 12, flanked by conserved genomic markers. Comparative analyses
revealed 58 orthologs or paralogs shared with P. muralis, P. raffonei, and Zootoca
vivipara, including cathelicidins and ovo-defensins-PrAMPs, most of which were one-to-
one orthologs between species, as well as recent gene expansions in beta- and ovo-
defensins. Phylogenetic reconstructions suggest potential convergent evolution of AMP
sequences across distantly related squamates. Despite historical bottlenecks and
absence of gene flow, P. lilfordi retains high AMP gene diversity, potentially contributing

to population resilience in isolated environments.

In summary, this thesis demonstrates that P. lilfordi has withstood both Pleistocene
climatic shifts and recent human impacts while preserving significant genetic and
functional variation. The identification of distinct genetic lineages and high
immunogenomic diversity highlights the importance of managing each islet population
as a distinct conservation unit. These findings offer a strong genomic framework for
biodiversity conservation strategies targeting this key insular species, with broader

implications for all isolated vertebrate populations in dynamic island ecosystems.

CATALA

Els ecosistemes insulars ofereixen finestres Uniques als processos microevolutius,
especialment quan les oscil-lacions climatiques recurrents i les pressions
antropogeéniques configuren ['arquitectura genética dels taxons endémics. Aquesta tesi
investiga la genética de poblacions, la demografia historica i la diversitat génica
immunitaria innata del sargantana balear Podarcis lilfordi—un lacertid en perill d'extincié

restringit a 43 illots dels arxipelags de Mallorca, Menorca i Cabrera— amb |'objectiu

11



general d'informar les estrategies de conservacié per a poblacions insulars altament

fragmentades.

El Capitol 1 explora |'estructura filogeografica i els patrons de diversitat genetica a nivell
del genoma dins de I'espécie. Utilitzant un genoma de referencia recentment assemblat
i >300.000 SNP de 191 individus de 16 illots, les analisis revelen dos llinatges
profundament divergents corresponents als arxipelags de Mallorca-Cabrera i Menorca
(FST global mitjana = 0,247 + 0,09). Malgrat la fragmentacié severa, les poblacions
d'illots mantenen nivells moderats de diversitat de nucleotids (m = 0,144 + 0,021) i
coeficients de consanguinitat baixos (FIS < 0,10), cosa que suggereix que la connectivitat
historica, les mides de les poblacions passades i possiblement la seleccié poden haver
contribuit a la retencié de la diversitat genética, tot i que els mecanismes precisos
continuen sent incerts. La riquesa allélica augmenta significativament amb la superficie
dels illots, cosa que indica que les illes més grans poden sostenir millor la diversitat
genética. Les filogénies de maxima probabilitat basades en SNP concatenats donen
suport a un origen mallorqui de P. lilfordi, seguit d'esdeveniments de colonitzacié cap a
Menorca i Cabrera durant les zones glacials baixes del Plistoce, probablement facilitats
per connexions terrestres temporals o barreres maritimes reduides durant periodes de

baixada del nivell del mar.

El Capitol 2 t¢ com a objectiu reconstruir els principals esdeveniments demografics
historics dins de P. lilfordi observant tres nivells jerarquics: (i) dins de I'espécie, (ii) dins
dels arxipélags i (iii) dins de poblacions/illes individuals, centrant-se en tres illes que
s'estan estudiant actualment. Per a aquest proposit, els models d'espectres de
freqliencia de llocs (assumint un temps de generacié de quatre anys i una taxa de mutacié
d'1x107®) revelen fortes contraccions poblacionals durant el Riss (~300-130 ka), el Wirm
(~115-11,7 ka) i I'Ultim Maxim Glacial (~33-19 ka), probablement impulsades per la
perdua d'habitat i la inestabilitat climatica. Els augments posteriors del nivell del mar
interglacial van intensificar la fragmentacid, tot i que els rars esdeveniments de rafting o
els ponts terrestres de curta durada probablement van permetre un flux genetic limitat.
Una forta disminuci6 de Ne al voltant de 4,3-4,5 ka coincideix amb els primers
assentaments humans, seguida de la transformacié de I'habitat i la introduccié de
depredadors que van causar |'extirpacié de P. lilfordi de Mallorca i Menorca en ~2 ka i

greus colls d'ampolla als illots restants.
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El Capitol 3 explora el potencial genétic de P. lilfordi per respondre a les amenaces
d'infeccié investigant el seu repertori de gens immunitaris innats. Concretament, el
capitol presenta la primera caracteritzaci6 a nivell de genoma dels péptids
antimicrobians (AMP) d'aquesta especie i els compara amb parents propers de la familia
Lacertidae. Es van identificar tres families d'AMP: beta-defensines, ovo-defensines
(incloses tres variants riques en prolina) i catelicidines, que sumen un total de 77 gens.
La majoria de les beta- i ovo-defensines es troben al cromosoma 3, i les catelicidines al
cromosoma 12, flanquejades per marcadors genomics conservats. Les analisis
comparatives van revelar 58 ortolegs o paralegs compartits amb P. muralis, P. raffonei i
Zootoca vivipara, incloent-hi catelicidines i ovo-defensines-PrAMP, la majoria de les quals
eren ortolegs un a un entre espécies, aixi com expansions geniques recents en beta- i
ovo-defensines. Les reconstruccions filogenétiques suggereixen una possible evolucié
convergent de les sequéncies d'AMP a través d'esquamats distants. Malgrat els colls
d'ampolla historics i I'absencia de flux genétic, P. lilfordi conserva una alta diversitat

génica d'AMP, cosa que pot contribuir a la resiliencia de la poblacié en entorns aillats.

En resum, aquesta tesi demostra que P. lilfordi ha resistit tant els canvis climatics del
Plistoce com els impactes humans recents, alhora que ha preservat una variacié genética
i funcional significativa. La identificacié de diferents llinatges genetics i una alta diversitat
immunogenomica destaca la importancia de gestionar cada poblacié d'illots com una
unitat de conservacié diferent. Aquestes troballes ofereixen un marc genomic solid per
a estrategies de conservacié de la biodiversitat dirigides a aquesta espécie insular clau,
amb implicacions més amplies per a totes les poblacions de vertebrats aillats en

ecosistemes insulars dinamics.
CASTELLANO

Los ecosistemas insulares ofrecen una perspectiva Unica sobre los procesos
microevolutivos, especialmente cuando las oscilaciones climaticas recurrentes y las
presiones antropogénicas configuran la arquitectura genética de los taxones endémicos.
Esta tesis investiga la genética de poblaciones, la demografia histérica y la diversidad de
genes inmunitarios innatos de la lagartija balear Podarcis lilfordi, una especie en peligro

de extincién que se encuentra restringida a 43 islotes de los archipiélagos de Mallorca,

13



Menorca y Cabrera, con el objetivo general de informar sobre las estrategias de

conservacion de las poblaciones insulares altamente fragmentadas.

El Capitulo 1 explora la estructura filogeografica y los patrones genémicos de diversidad
genética dentro de la especie. Utilizando un genoma de referencia recientemente
ensamblado y mas de 300 000 SNP de 191 individuos de 16 islotes, los analisis revelan
dos linajes profundamente divergentes correspondientes a los archipiélagos de
Mallorca-Cabrera y Menorca (FST global medio = 0,247 + 0,09). A pesar de la grave
fragmentacion, las poblaciones de los islotes conservan niveles moderados de diversidad
nucleotidica (m = 0,144 = 0,021) y bajos coeficientes de endogamia (FIS < 0,10), lo que
sugiere que la conectividad histérica, el tamafio de las poblaciones en el pasado v,
posiblemente, la seleccién pueden haber contribuido a la conservacion de la diversidad
genética, aunque los mecanismos precisos siguen siendo inciertos. La riqueza alélica
aumenta significativamente con la superficie de los islotes, lo que indica que las islas mas
grandes pueden mantener mejor la diversidad genética. Las filogenias de maxima
verosimilitud basadas en SNP concatenados respaldan un origen mallorquin para P.
lilfordi, seguido de eventos de colonizacién hacia Menorca y Cabrera durante los
glaciares del Pleistoceno, probablemente facilitados por conexiones terrestres
temporales o barreras maritimas reducidas durante los periodos de descenso del nivel

del mar.

El Capitulo 2 tiene como objetivo reconstruir los principales acontecimientos
demogréficos histéricos dentro de P. lilfordi, analizando tres niveles jerarquicos: (i) dentro
de la especie, (ii) dentro de los archipiélagos y (iii) dentro de poblaciones/islas
individuales, centrandose en tres islas que actualmente son objeto de estudio
demogréfico. Para ello, los modelos de espectros de frecuencia de sitios (suponiendo un
tiempo de generacion de cuatro afios y una tasa de mutaciéon de 1x107®) revelan fuertes
contracciones de la poblacién durante el Riss (~300-130 ka), el Wirm (~115-11,7 ka) y el
Ultimo Méximo Glacial (~33-19 ka), probablemente impulsadas por la pérdida de habitat
y la inestabilidad climatica. Las subidas del nivel del mar durante los interglaciales
posteriores intensificaron la fragmentacién, aunque es probable que algunos casos
aislados de rafting o puentes terrestres de corta duracién permitieran un flujo genético
limitado. El fuerte descenso de Ne alrededor de 4,3-4,5 ka coincide con los primeros

asentamientos humanos, seguidos de la transformacién del habitat y la introduccién de
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depredadores, lo que provoco la extincidon de P. lilfordi en Mallorca y Menorca hace ~2

ka y graves cuellos de botella en los islotes restantes.

El Capitulo 3 explora el potencial genético de P. lilfordi para responder a las amenazas
de infeccién mediante la investigacion de su repertorio de genes inmunitarios innatos.
En concreto, el capitulo presenta la primera caracterizacion genémica completa de los
péptidos antimicrobianos (AMP) en esta especie y los compara con parientes cercanos
de la familia Lacertidae. Se identificaron tres familias de AMP: beta-defensinas, ovo-
defensinas (incluidas tres variantes ricas en prolina) y catelicidinas, con un total de 77
genes. La mayoria de las beta- y ovo-defensinas se encuentran en el cromosoma 3, y las
catelicidinas en el cromosoma 12, flanqueadas por marcadores genémicos conservados.
Los anélisis comparativos revelaron 58 ortélogos o pardlogos compartidos con P. muralis,
P. raffonei'y Zootoca vivipara, incluidas las catelicidinas y las ovo-defensinas-PrAMP, la
mayoria de los cuales eran ortélogos uno a uno entre especies, asi como expansiones
genéticas recientes en las beta- y ovo-defensinas. Las reconstrucciones filogenéticas
sugieren una posible evolucién convergente de las secuencias de AMP en escamosos
lejanamente emparentados. A pesar de los cuellos de botella histéricos y la ausencia de
flujo génico, P. lilfordi conserva una alta diversidad de genes AMP, lo que podria

contribuir a la resiliencia de la poblacién en entornos aislados.

En resumen, esta tesis demuestra que P. lilfordi ha resistido tanto los cambios climaticos
del Pleistoceno como los impactos humanos recientes, al tiempo que ha conservado una
importante variacién genética y funcional. La identificacién de linajes genéticos distintos
y una alta diversidad inmunogenémica pone de relieve la importancia de gestionar cada
poblacién de islotes como una unidad de conservacién distinta. Estos hallazgos ofrecen
un sélido marco gendémico para las estrategias de conservacion de la biodiversidad
dirigidas a esta especie insular clave, con implicaciones mas amplias para todas las

poblaciones de vertebrados aisladas en ecosistemas insulares dindmicos.
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1. GENERAL INTRODUCTION

1.1. Evolutionary context and characterization of P. lilfordi

1.1.1.Introduction to the study of insular species

1.1.1.1. Evolutionary processes on islands: genetic drift and selection

Islands are natural evolutionary laboratories, providing isolated and controlled
environments where processes like genetic drift and natural selection play dominant roles
in shaping biodiversity (Gillespie, 2016; Losos & Ricklefs, 2009). The unique combination
of biotic, abiotic, and stochastic factors ensures that each island population has a distinct
demographic history (MacArthur & Wilson, 1967). The isolation and typically small
population sizes characteristic of islands create ideal conditions for studying genetic drift,
a process involving the random fluctuation of allele frequencies within populations over
time (Frankham, 1997). On islands, genetic drift is amplified due to the limited gene pool,
often resulting in the fixation or loss of alleles independently of their adaptive value
(Wright, 1931). Stochastic events, such as environmental disturbances or natural disasters
(Banks et al., 2013), can cause a dramatic reduction in population size, leading to a
significant reduction in genetic diversity and causing populations to diverge genetically
from their mainland relatives or neighboring islands. Genetic drift decreases genetic
variation in a manner that is inversely related to the size of the population (Crow &
Kimura,1970). As a result, drift is anticipated to be particularly significant in islands with
small population sizes (Woolfit, & Bromham, 2005). Genetic drift on islands can also occur
due to a founder effect, where a few individuals colonize a new environment and establish
a population with limited genetic variation (Mayr, 1942). Both stochasticity and founder
effects critically shaped island populations, influencing evolutionary trajectories in ways

distinct from those seen on continents (Clegg et al., 2002).

In addition to genetic drift, natural selection is a powerful evolutionary force on islands,

often operating under unique conditions compared to the mainland. Stabilizing selection
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is frequently predominant, favoring intermediate traits optimized for the resource-limited
environments of many islands, which enhances survival and maintains genetic stability
within populations (Grant & Grant, 1995; Russo et al., 2009; Losos & Ricklefs, 2009; Estes
& Arnold, 2007; Schluter, 2000). Nonetheless, islands also provide fertile ground for
directional selection, particularly when environmental shifts or novel resources drive
populations toward new adaptive peaks, as seen in the specialized beak evolution of
Galdpagos finches ( Grant & Grant, 2002; Clegg & Owens, 2002).This is further illustrated
in behavioral traits, such as altered call frequencies in island populations of the amphibian
Boana albomarginata (Reboucas et al., 2020). While less common, disruptive selection
may occur when distinct ecological niches within the same island favor extreme over
intermediate phenotypes, potentially driving intraspecific divergence (Schluter, 2000;
Lack, 1947; Clegg et al., 2008). A classic example involves Geospiza fortis on Santa Cruz
Island, where bimodal beak sizes persisted through strong disruptive selection during
droughts, despite constraints against the most extreme morphs due to interspecific
competition or resource scarcity (Hendry et al., 2008; Grant & Grant, 2006). Although
rare, disruptive selection on islands may promote ecological divergence and even
speciation under sympatric conditions (Hendry et al., 2008), with G. fortis illustrating how
assortative mating and fluctuating resources influence adaptive radiation (Martin &
Wainwright, 2013).

Overall, the interplay between drift and selection on islands fosters high levels of
endemism and specialization, with limited gene pools and ecological isolation
accelerating evolutionary processes beyond what is typically observed on the mainland
(Frankham, 1997; Grant & Grant, 2008). This dynamic is encapsulated in the concept of
“island syndrome,” where life-history traits, morphology, and behavior evolve to match
insular constraints (Baeckens & Van Damme, 2020; Novosolov et al., 2013), making
islands essential natural laboratories for studying the mechanisms driving biodiversity and

speciation worldwide.
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1.1.2. The Gymnesian islands

1.1.2.1. Historical and environmental background of the Balearic islands

The Balearic Islands, comprising the Pityusic Islands (lbiza and Formentera) and the
Gymnesic Islands (Mallorca, Menorca, Cabrera, and surrounding islets), represent a
geologically diverse archipelago in the western Mediterranean Sea. Their formation is
closely connected to important geological events during the Miocene epoch (23-5.3
Mya). At that time, the Alpine Orogeny, part of the Baetic System, shaped the islands
into a typical horst-and-graben landscape (a system of uplifted blocks and depressions).
Mallorca, which belongs to the NE-SW oriented Balearic Promontory, shows a
particularly complex relief because the Earth’s crust there was affected by both
extensional (stretching) and compressional (squeezing) processes during the Cenozoic.
This geological history, together with wider Mediterranean tectonic dynamics such as
backarc extension and slab rollback, has left a legacy of great structural diversity and

remains an active subject of scientific research (Cuerda, 1989; Issar, 2004).

The isolation of the Balearic Islands became more pronounced following the MSC
(Messinian Salinity Crisis) (around 5.3 Mya, which is regarded as the point at which the
archipelago became more distinctly separated from mainland Europe and North Africa
(Clauzon et al., 1996; F. Gautier et al., 1994; Krijgsman et al., 1999). During the
Pleistocene epoch (approximately 0.2 Mya), the fluctuating Mediterranean Sea levels
caused the islands to experience cycles of submergence and reemergence, shaping their
distinct geological and ecological composition (Goy et al., 1997). These climatic
fluctuations during the Pleistocene, including events like the Wirm Glaciation (115,000
11,700 years ago), had significant effects on the islands’ biota, with glaciations altering
the paleogeography of the Mediterranean region and influencing the evolutionary
processes of species (Terrasa et al., 2009). The Mediterranean region was shaped by
these glaciations, and the changing climate over the past 2.5 million years contributed

to the evolutionary development of species living on the islands.

Human colonization of the Balearic Islands did not occur until around 4420-4220 cal years
before present (BP), which allows for a clear understanding of the natural evolution of the
islands’ landscapes throughout much of the Holocene (11.7 ka to present) (Burjachs et

al., 2017; Fernandes et al., 2020). Prior to human settlement, climatic oscillations during
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the Early and Middle Holocene had already begun transforming the landscape, with
significant changes in vegetation occurring before human arrival. Vegetation shifts on
Menorca occurred between approximately 5.8 and 4.7 Ka, while Majorca exhibited
floristic changes over a broader time span, from around 7.2 to 2.5 Ka. In contrast, lbiza—
located within the southern Pityusic Islands—experienced more gradual vegetation
transitions, which appear to have coincided with the 4.2 Ka climatic anomaly, a period
that also corresponds with the earliest evidence of human presence on the island
(Burjachs et al., 2017). This highlights the dominant influence of climate in shaping the

landscape, with human impact becoming more significant during the Late Holocene.

The Gymnesian Islands, present more varied topography compared to the smaller, flatter
Pityusic Islands of Ibiza and Formentera (Mayol et al., 2020). These islands, with their
distinctive landscapes, became biodiversity hotspots due to their geographical isolation
and the diverse Mediterranean climates that prevail on the islands. Hot, dry summers and
mild, wet winters create a variety of ecological niches, which in turn contribute to the
development of numerous endemic species, particularly among reptiles and
invertebrates (Aurelle et al., 2022; Barbosa et al., 2012; Terrasa et al., 2009; Thompson,
2020). The unique evolutionary processes that have occurred on the islands are driven
by the Mediterranean Sea acting as a barrier, allowing for the differentiation of species
and subspecies between island populations and their mainland relatives (Aurelle et al.,
2022; Terrasa et al., 2009).

The islands status as continental islands, rather than oceanic islands, further explains their
unique evolutionary trajectories. Unlike oceanic islands, whose biota are shaped largely
by long-distance dispersal, continental islands like the Balearics share a historical
connection with the mainland. Vicariance, the geographic isolation of species driven by
ancient climatic and geological shifts, has played a central role in the evolution of the
Balearic Islands' biota (Gillespie & Roderick, 2002). Additionally, processes such as
"relaxation" (the loss of species due to reduced area) and "relictualization" (the
development of endemics after the extinction of mainland relatives) are more common
on continental islands (Gillespie & Roderick, 2002). The evolution of species on the
Gymnesian Islands, including the emergence of unique endemic species, has been
significantly influenced by these processes, providing a rich field for understanding the
mechanisms of speciation and the impact of historic climatic fluctuations and geological

transformations on island ecosystems.
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These historical dynamics are closely linked to the present-day ecological diversity of the
Balearic archipelago, where insular isolation has promoted the emergence of unique
habitats and species (Terrasa et al., 2009). Notable examples of this insular biota include
the extinct Balearic cave goat Myotragus balearicus, a case of extreme insular adaptation
(Alcover et al., 2000), and the Mallorcan midwife toad Alytes muletensis, which survives
only in restricted mountain habitats (Moore et al., 2004). The endemic lizard Podarcis
lilfordi, now confined to the Gymnesic islets, depends on structurally complex habitats
for shelter and reproduction (Pons & del Valle, 2020; Llorens & Gil, 2017). Altogether,
these cases highlight how the combination of environmental heterogeneity and isolation
has turned the Balearic Islands into a natural laboratory for understanding speciation and
biodiversity under insular conditions (Barbera et al., 2012; Pavén et al., 2019; Larrucea et
al., 2016).

1.1.3. Lizards from the genus Podarcis

1.1.3.1. The genus Podarcis

The Balearic Islands are home to several endemisms, including two lizard species from
the genus Podarcis: P. lilfordi (Ginther, 1874), and P. pityusensis (Bosca, 1883). The
genus Podarcis represents one of the most diverse and abundant reptile groups in
Southern Europe and the Mediterranean region, notable for its remarkable diversity and
adaptability. First described by Wrangel in 1830, Podarcis includes the well-known wall
lizards found across Europe and North-West Africa. The genus currently comprises
approximately 26 recognized species (Poulakakis et al., 2005; Yang et al., 2021) and
nearly 300 subspecies, including several inhabiting islands (Bohme et al., 1985). This
extensive diversity has led to numerous taxonomic revisions, driven by the discovery of

new phylogenetic relationships (Poulakakis et al., 2005; Yang et al., 2021).

Over the past 20 million years, the diversification of lizards in the genus Podarcis has
been largely influenced by recurrent climatic shifts and tectonic transformations within
the Mediterranean basin (Terrasa et al., 2009; Yang et al., 2021). Phylogenetic
reconstructions suggest an early separation—dated to over 11 million years ago—
between two principal continental lineages, associated with the Iberian and Balkan
Peninsulas, alongside two distinct groups composed of island-endemic taxa. A major

phase of diversification is inferred to have occurred between 6.5 and 4 million years ago,
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coinciding with the MSC. Throughout this evolutionary trajectory, gene flow among
divergent lineages has played a continuous role, leading to the emergence of genomes
composed of mixed ancestries. This history of introgression has contributed to the

appearance of hybrid forms, some of which have given rise to insular endemic species.

Overall, the extensive genomic diversity of this genus and current widespread
distribution underscores its ability to diversify and adapt to a wide range of environments,
making it the most successful reptile genus in Southern Europe (Harris & Arnold, 1999).
Given the complex geological history and ecological heterogeneity of these islands, it is
conceptually appropriate to focus on Podarcis as a taxonomic framework through which
broader questions of island biogeography and evolutionary diversification can be
addressed (Poulakakis et al., 2005). This genus has been repeatedly highlighted in the
literature as a valuable system for investigating the evolutionary consequences of
isolation, habitat structuring, and restricted gene flow in island and continental contexts
(Yang et al., 2021). Moreover, its repeated use in phylogeographic and evolutionary
studies makes it particularly well-suited for integrating genomic, ecological, and spatial
data to disentangle the drivers of insular divergence. In this sense, the genus Podarcis
offers an ideal entry point for examining how landscape-scale features of the Balearics

influence lineage diversification in vertebrate taxa.

1.1.3.2. The Balearic lizard P. lilfordi: History, phenotypic differentiation,

ecology and conservation considerations

P. lilfordi (Glnther, 1874), commonly known as Lilford’s wall lizard, is an emblematic lizard
of the Balearic Islands, currently restricted to a fragmented network of 43 small offshore
islets surrounding the main islands of Menorca, Mallorca, and Cabrera. It is a medium-
sized reptile with an omnivorous diet, and exhibits marked phenotypic diversity among
populations (Rotger et al., 2016), with substantial variation in body size, scalation
patterns, and dorsal coloration, including the recurrent evolution of melanistic morphs
(Pérez-Cembranos et al.,, 2020; Bassitta et al., 2020). Morphological divergence
correlates strongly with climatic gradients across the archipelagos, with lizards from more
arid islets generally possessing fewer and larger scales, an adaptation likely linked to
thermoregulation and water retention (Pérez-Cembranos et al., 2020). In terms of
morphology, this lizard is relatively sturdy, with males attaining snout-vent lengths of up

to 81 mm and females up to 75 mm (Pérez-Mellado, 1998). Body size variation follows an
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inverse Bergmann’s rule, with larger individuals predominating in lower-latitude, warmer
habitats such as those in Mallorca and Cabrera (Pérez-Cembranos et al., 2020),
Nonetheless, multiple factors may also drive variation in body size, including changes in
diet, levels of intraspecific competition, and reductions in predation pressure (Uller et al.,
2019). These phenotypic and ecological differences are further shaped by historical
isolation, limited gene flow, and local selective pressures, resulting in distinct
evolutionary trajectories among insular populations (Pérez-Cembranos et al., 2020).
Approximately 2,000 years ago during the Holocene, the Balearic lizard vanished from
Mallorca and Menorca, most likely due to the introduction of terrestrial predators by the
Romans (Alcover, 2000; Terrasa et al., 2009). All these aspects make this species a model
system to study evolutionary adaptation and genetic differentiation processes in the

Balearic Islands (Perez-Cembranos et al., 2021; Terrasa et al., 2009).

P. lilfordiis classified as an endangered species, with an EN category by the IUCN (Pérez-
Mellado & Martinez-Solano, 2009a). Several factors represent a current threat to the long-
term persistence of these populations. Many islets that host these lizards have very small
populations, rendering them highly susceptible to disturbances. Human activities can
disrupt local populations and undermine genetic processes in the populations (Rotger et
al., 2021). Increasing populations of yellow-legged gulls (Larus cachinnans) pose a
predation threat, and the use of poisoned bait in campaigns to eradicate gulls or rats
exacerbates the risk to the lizards. On the other hand, the introduction of goats to some
islands has led to vegetation destruction, which is critical for the lizards' habitat and
survival (Mayol et al., 2020; Pérez-Mellado & Pérez-Cembranos, 2025). At present, the
horseshoe snake (Hemorrhois hippocrepis), a predator specialized on lizards that has
been accidentally introduced in the Balearic Islands, represents the most important threat

to the persistence of P. lilfordi populations (Mencia et al., 2017).
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1.2. Population genetics/ genomics and phylogeography

1.2.1. Genetic and genomic tools

1.2.1.1. Single nucleotide polymorphisms (SNPs) and their application to
population studies

Advances in molecular genetics, particularly the application of single nucleotide
polymorphisms (SNPs), have revolutionized population genetic studies by offering
insights into the organism evolutionary history, adaptation, and conservation (Bassitta et
al., 2021; Prates et al., 2018; Yang et al., 2021). SNPs are highly abundant, reproducible,
and provide broad genome-wide coverage, making them a powerful alternative to
traditional markers such as microsatellites and mitochondrial DNA (Nielsen et al., 2020).
While early concerns such as ascertainment bias were raised (Morin et al., 2004),
advances in sequencing and computational tools have made SNPs cost-effective and
widely accessible. These advantages enable researchers to investigate genetic diversity,
population history—including the reconstruction of past demographic events —and to
detect signatures of selection with greater precision (Fischer et al., 2017; Morin et al.,
2004; Nielsen et al., 2020; Puritz et al., 2012). In conservation contexts, SNPs are used to
monitor genetic health, detect inbreeding, and identify populations at risk of genetic
erosion, supporting the design of targeted management strategies (Morin et al., 2004;
Nielsen et al., 2020).

In addition to their utility in population-level monitoring, SNPs provide a powerful
framework for understanding local adaptation and evolutionary divergence (Morin et al.,
2004; Nielsen et al., 2020). Outlier SNPs, which deviate from neutral expectations, are
particularly informative for detecting loci under selective pressure (Ahrens et al., 2018;
Excoffier et al., 2009; Narum & Hess, 2011). These loci often correspond to traits that
influence fitness, including responses to environmental stressors, predation, or habitat
heterogeneity (Ahrens et al., 2018; Bassitta et al., 2021; Prates et al., 2018). Identifying
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such genomic signatures enhances our understanding of the molecular mechanisms

driving evolution in natural populations.

Research in lizards and marine vertebrates has demonstrated how SNP-based
approaches can reveal the genetic basis of local adaptation and population divergence
across diverse ecological contexts. In Anolis lizards, Prates et al. (2020) used genome-
environment association methods to identify genetic differentiation driven by
temperature and climatic gradients, illustrating how environmental selection shapes
genomic variation. In marine species such as the turtle Chelonia mydas, SNPs have been
used to detect loci associated with thermoregulation, hypoxia, melanism,
morphogenesis, osmoregulation, diet, and reproduction (Alvarez-Varas et al., 2021).
These loci have been linked to ecological specialization and behaviors such as natal
homing, providing insight into how environmental and life-history factors drive genetic
divergence. In lizards, outlier loci have similarly been associated with selective pressures

such as beach-inland transitions and altitudinal gradients (Brown et al., 2023).

Genotyping-by-sequencing (GBS) has emerged as a groundbreaking method for SNP
discovery and genotyping, widely adopted across diverse taxa due to its simplicity, cost-
effectiveness, and scalability. Initially developed by (Elshire et al., 2011), GBS employs
restriction enzymes to reduce genomic complexity, followed by the addition of barcoded
adapters, enabling the simultaneous analysis of large populations. This makes it
particularly advantageous for applications in genetic diversity, genome-wide association
studies, and marker-assisted selection, even in species with complex or non-model

genomes (Ruperao et al., 2023; Torkamaneh et al., 2016).

A key strength of GBS lies in its streamlined workflow, which minimizes sample
preparation steps compared to techniques like RAD-seq and ddRAD-seq. This efficiency
not only reduces costs but also enhances the throughput of sequencing, especially on
platforms like lllumina, which are optimized for processing large datasets (De Donato et
al., 2013). Furthermore, GBS provides reliable SNP detection even in genetically diverse
or highly heterozygous populations, making it suitable for studies in agriculture, forestry,
and conservation genomics (Torkamaneh et al., 2016; Ulaszewski et al., 2021). Its capacity
to balance reduced genome representation with high-resolution genotyping ensures
GBS remains a cornerstone in modern population genomics (Ruperao et al., 2023;
Ulaszewski et al., 2021).
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1.2.1.2. Demographic inference

Demographic inference using SNPs has become essential for reconstructing population
history and dynamics, especially in non-model organisms. Historical and contemporary
effective population size (Ne) estimates provide insight into genetic drift, migration, and
bottleneck events (Marchi et al., 2021; Noskova et al., 2023). The integration of SNP
frequency spectra (histogram that shows the distribution of different allele frequencies
for a collection of genetic variations in a population sample) further enhances these
analyses, allowing for precise modeling of allele frequency changes over time and the
detection of past demographic shifts (Liu & Fu, 2020). Additionally, usually the methods
like Sequentially Markovian Coalescent (SMC) frameworks, are normally utilized with
dense SNP datasets to infer Ne dynamics, revealing population responses to
environmental and anthropogenic pressures (Li & Durbin, 2011; Schiffels & Durbin, 2014;
Sellinger et al., 2021; Terhorst et al., 2016).

The utility of SNPs in estimating Ne spans across temporal scales. Contemporary
estimates are critical for conservation, as they assess genetic diversity and inbreeding
risks in endangered populations. Historical Ne calculations, however, offer a deeper
understanding of past population expansions or contractions, informing on
population/species ability to persist through climatic or geological changes and overall

guiding strategies for species conservation (Dedato et al., 2022; Hohenlohe et al., 2020).

By linking genomic variation to effective population sizes, demographic inference
illuminates the interplay between genetic diversity and demographic events. SNP
analyses coupled with environmental and ecological data have further refined models,

identifying how specific pressures shape genetic structure, guiding strategies for species

conservation (Dedato et al., 2022; Hohenlohe et al., 2020).
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1.2.2. Genomic foundations for P. lilfordi

1.2.2.1. Population genetics of P. lilfordi: current knowledge and gaps

Genetic data suggest that P. lilfordi and its closely related species Podarcis pityusensis
began to diverge after the Mediterranean basin was re-flooded, at the end of the
Messinian salinity event (5.3 Mya) (Brown et al., 2008; Terrasa et al., 2009). Mitochondrial
DNA studies suggest that these two species form a basal group within the genus
Podarcis, with P. sicula being their closest relative (Oliverio et al., 2000). Cytochrome b
sequence analyses estimate that the divergence between P. lilfordi and P. pityusensis
occurred approximately 4.95 million years ago, which aligns with the geological
separation of the Gymnesian Islands (Mallorca, Menorca) from the Pityusic Islands about
5 Mya (Terrasa et al., 2004). During the onset of the Quaternary period around 2.6 Mya,
the cladogenesis of the Balearic lizard of Menorca and Mallorca took place (Brown et al.,
2008; Terrasa et al., 2009). Concurrently, during the late Pliocene epoch, sea levels
exceeded those of the present day (Siddal et al. 2003), thereby obstructing any terrestrial

connection between the two islands (Pérez-Cembranos et al., 2021).

Population genetics of P. lilfordi has been long limited to mitochondrial DNA and a few
nuclear markers, including microsatellites, which constrained the resolution of
evolutionary and demographic inferences (Terrasa et al., 2009; Rotger et al., 2021).
According to these partial genetic data, the phylogeographic structure of P. lilfordi
reveals four main clades, reflecting deep insular divergence shaped by historical and
geological processes. Menorcan populations diverged ~2.6 Mya, showing a south-to-
north haplotype distribution (Brown et al., 2008; Terrasa et al., 2009), while a distinct
western Mallorcan clade (Dragonera, Malgrats, Toro) separated ~2 Mya due to
Pleistocene allopatry. The remaining clades encompass central/northern Mallorca and
Cabrera, with the latter isolated ~1.2 Mya, suggesting a northward gene flow (Brown et
al., 2008; Terrasa et al., 2009) (Figure 1). Haplotype networks show stronger structuring
and diversity in Mallorca-Cabrera populations versus the star-like pattern in Menorca,
indicative of recent expansion (Terrasa et al., 2009). Complementing these insights,
Rotger et al. (2021) analyzed microsatellites in three islets on the South of Mallorca (Na
Moltona, Na Guardia, and En Curt), revealing a correlation between genetic diversity and

island size. En Curt showed marked genetic differentiation likely due to a founder effect,
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while Moltona and Na Guardia were more similar, though the latter displayed signs of
bottlenecking, possibly from human settlement. Anthropogenic impacts, including
translocations and quarrying, further shaped gene flow and demography, with En Curt
hosting the densest population and lizards exhibiting slower growth despite larger
sizes—emphasizing how insular ecological dynamics interact with evolutionary
trajectories. However, these advances still leave major questions unanswered, requiring

higher-resolution genomic data to clarify patterns of variation and historical processes.
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Figure 1. Bayesian-inference phylogeny illustrating the relationships among taxa, with
principal clades (A-D2) labeled. Support values above each branch denote posterior
probability estimates derived from the topology’s posterior distribution. The red dot
indicates the populations included in this study. (Adapted from Terrasa et al., 2009).

A comprehensive understanding of the genetic diversity and population structure of P.
lilfordi across the Balearic archipelago remains incomplete. Despite the insights gained
from mitochondrial and microsatellite data (Terrasa et al., 2009; Rotger et al., 2021),
current knowledge does not yet clarify how genetic diversity is distributed across the
archipelago—particularly whether patterns of variation align with geographical features
such as islet size and isolation. Similarly, the phylogeographic relationships among island
populations are only partially resolved, with major questions still open regarding the
directionality of colonization events, the root of the species’ phylogeny, and the historical
role of geographic barriers. The absence of genome-wide data continues to hinder
efforts to test hypotheses on hierarchical clustering, dispersal routes, and the emergence
of independent evolutionary lineages—key aspects for understanding the historical

biogeography and insular diversification of this species.

In addition to the limited phylogeographic resolution, a major gap in the population
genomic knowledge of P. lilfordi concerns the near-complete absence of studies
addressing adaptive genetic variation, as most investigations have focused on neutral
markers, overlooking regions potentially under selection (Terrasa et al., 2009; Rotger et
al., 2021). Consequently, the influence of environmental heterogeneity, ecological
pressures, and geographic isolation on local adaptation remains largely unexplored, with
no genome-wide scans to detect outlier loci or selective sweeps. At the onset of this
research (2021), a ddRAD-seq dataset for P. lilfordi had recently become available
(Bassitta et al., 2021), providing the first genome-wide SNP resource for the species and
demonstrating the utility of such data to resolve population differentiation. Together with
previously published mitochondrial sequences (Terrasa et al., 2009), these resources
established a valuable framework to contextualize further genomic analyses. Building
upon this foundation, the present study develops a high-quality reference genome and
expands population-level sampling through Genotyping-by-Sequencing (GBS), thereby
advancing the understanding of both neutral and adaptive processes in P. lilfordi and

informing evidence-based conservation strategies. This genome-wide perspective

37



begins with the development of a high-quality reference genome, which is described in

the following section.

1.2.2.2. Sequenced and assembled genome

A high-contiguity genome assembly for P. lilfordi was generated during this PhD thesis
to obtain a reference for SNPs mapping (Gomez-Garrido et al., 2023). The assembly was
obtained integrating advanced sequencing approaches, including 10X Genomics linked
reads, Oxford Nanopore long-read technology, and Hi-C scaffolding, and transcriptomic
data from both lllumina and PacBio platforms. This integrated approach yielded a
contiguous genome of approximately 1.5 Gb with 99% of sequences mapped to
chromosomes and an annotation of 25,663 protein-coding genes (Gomez-Garrido et al.,
2023). The genome architecture comprises 18 autosomes along with a pair of sex
chromosomes (Z and W), assembled with high resolution through the use of Hi-C data
and detailed manual refinement (Gomez-Garrido et al.,, 2023). In addition, a fully
annotated mitogenome of 17,251 bp highlights conserved vertebrate gene structures
(Figure 2).

Comparisons with P. muralis demonstrate strong genome collinearity, affirming
evolutionary stability over 18-20 Mya. The assembly achieved a scaffold N50 of 90 Mb
and included comprehensive annotation of repetitive elements (39%), aligning with
closely related species. This genomic resource established a new benchmark for reptilian
genomics, offering unprecedented opportunities to explore molecular underpinnings of
phenotypic diversity and inform conservation genomics, especially as P. lilfordi faces
growing environmental and anthropogenic challenges (Gomez-Garrido et al., 2023).
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Figure 2. Visual summary of the rPodLil1.2 assembly. (A) Hi-C contact map of the
genome assembly visualized in PretextView. The map shows 20 superscaffolds,
ordered from longest to shortest, corresponding to the 18 autosomes and the two sex
chromosomes (Z and W). Additionally, there are a total of 44 short unlocalized
scaffolds within the main chromosomes, and 2,084 short unplaced scaffolds (not visible
at the resolution shown). (B) Snailplot summarising assembly metrics, including
scaffold statistics, BUSCO completeness, total size and base composition. The main
plot is divided into 1,000 size-ordered bins around the circumference with each bin
representing 0.1% of the 1.460.085.851 bp assembly. The distribution of record
lengths is shown in dark grey with the plot radius scaled to the longest record present
in the assembly (137 Mb, shown in red). Orange and pale-orange arcs show the N50
and N90 record lengths (90 Mb and 45 Mb), respectively. The pale grey spiral shows
the cumulative record count on a log scale with white scale lines showing successive
orders of magnitude. The blue and pale-blue area around the outside of the plot
shows the distribution of GC, AT and N percentages in the same bins as the inner plot.
A summary of complete, fragmented, duplicated and missing BUSCO genes in the
vertebrata_odb10 set is shown in the top right.
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1.3. Antimicrobial peptides (AMPs) in reptiles

1.3.1. Reptile innate immunity

Reptiles represent valuable models for studying innate immunity, as they retain both
primitive recognition systems and adaptive components, and their immune responses
are shaped by a long evolutionary history under varied environmental pressures (Field et
al., 2022; Zimmerman, 2020). Unlike mammals, which have been extensively studied, the
immune systems of reptiles—particularly within Crocodilia, Testudines, Squamata, and
Rhynchocephalia—have only recently begun to be characterized in detail (Zimmerman et
al., 2010; Nash & Ryan, 2023; van Hoek et al., 2014). In this context, it is important to
note that immune defense constitutes a fundamental physiological mechanism by which
organisms confront infections caused by parasites or pathogens (Lochmiller, 1996),
playing a pivotal role in determining survival (Lochmiller et al., 2000). Immunity is
classically categorized into innate and adaptive branches. Innate immunity relies on
pattern recognition receptors (PRRs) capable of detecting pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), which
signal the presence of infection or tissue damage, respectively (Zimmerman, 2020). Once
triggered by PAMPs or DAMPs, PRRs activate the innate immune cascade (Kumar et al.,
2011), which in turn primes the adaptive system, enabling it to generate a specific
response and immunological memory against subsequent exposures (Cooper et al.,
2006).

In all multicellular organisms, the innate immune arm is conserved (Zimmerman et al.,
2010), though its functional prominence varies among lineages. In reptiles, which are
ectotherms, the immune response is skewed toward innate mechanisms due to their
lower metabolic requirements compared to endothermic organisms, as they do not
internally regulate body temperature (Pough, 1980). The innate immune system provides

rapid, generalized protection and initiates downstream adaptive responses (Ilwasaki et
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al., 2015). Key components of this system include the complement cascade, phagocytic

leukocytes, inflammation, behavioral fever, and notably, AMPs.

Due to their strong reliance on innate responses and minimal adaptive interference,
reptiles offer a distinct model for studying innate immunity, though research remains
limited (Zimmerman et al., 2010; French et al., 2007a, 2007b, 2008; Graham et al., 2011;
Neuman-Lee et al., 2015, 2017). The effectiveness of innate immunity in reptiles is
strongly shaped by ecological and physiological conditions. Seasonal changes,
nutritional state, and stress have all been shown to influence immune function across
multiple species, highlighting the significant role of environmental context in modulating
immunocompetence (Nash & Ryan et al.,, 2023). These findings underscore the
importance of considering dynamic ecological variables when assessing immune function
in reptiles. Within this framework, AMPs emerge as particularly relevant immune
effectors, as their structural diversity, tissue-specific expression, and deep evolutionary
conservation in reptiles warrant focused efforts toward their description, annotation, and

characterization to contribute to the process of ecoimmunology and One Health.

1.3.2. Introduction to AMPs

AMPs represent a heterogeneous group of small, naturally occurring proteins or peptides
that play a key role in the homeostasis of the innate immune system. Widely distributed
across diverse organisms, AMPs exhibit potent broad-spectrum activity against bacteria,
fungi, viruses, and protozoan parasites (Lei et al., 2019; Mohammed et al., 2017; Zhang
et al., 2021). In vertebrates, families such as cathelicidins and defensins participate in
immune signaling, inflammation regulation, and the orchestration of responses that link
innate and adaptive immunity (Huan et al., 2020). They target various microbial
structures, such as membranes and intracellular components, with three types of
membrane actions (barrel-stave, toroidal-pore, carpet models), exploiting their cationic
and amphipathic nature to selectively interact with anionic bacterial membranes—a
mechanism that allows them to act against antibiotic-resistant microorganisms (Li et al.,
2022) (Figure 3). In contrast, the largely neutral composition of host cell membranes
reduces their susceptibility to this mechanism of action (van Hoek et al., 2019). Over
3,700 AMPs (APD3 data base) have been identified across multiple biological kingdoms,
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including animals, plants, fungi, and microorganisms, underlining their universal
importance (Huan et al., 2020; Zhang et al., 2021; Wang et al., 2015).
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Figure 3. Schematic Overview of Antimicrobial Peptide (AMP) bactericidal
mechanisms. Some AMPs compromise the cytoplasmic membrane via distinct
mechanisms—barrel-stave pore formation, toroidal-pore generation and carpet-like
disruption—thereby elevating membrane permeability, provoking cytosolic leakage
and ultimately causing cell lysis. Other AMPs target the cell wall by inhibiting
peptidoglycan synthesis and disrupting its structural integrity. A further subset of
AMPs translocates into the cell—either by direct penetration or endocytic uptake—
and exerts antimicrobial effects on intracellular components, including nucleic acids,

organelles and, in fungi, species-specific proteins (Source: Li et al., 2022).
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The adaptation of AMPs in different species highlights their evolutionary significance and
versatility (Torres et al., 2019). In particular, the continuous discovery of new AMPs and
their diverse mechanisms of action is facilitated by advances in genomic mining and
machine learning techniques. These technologies enable the identification and
development of AMPs with enhanced properties, offering promising therapeutic options

to combat the increasing global health threat of antimicrobial resistance (Madhavan et
al., 2023; Rai et al., 2016; Rojas-Pirela et al., 2023; Zhang et al., 2021).

Beyond their antimicrobial properties, AMPs are involved in a range of biological
processes, including immune modulation, angiogenesis, wound healing, and antitumor
effects (Ma et al., 2020; Wu et al., 2014). These additional functions make them a
promising alternative to address the growing challenge of antibiotic resistance in modern
medicine (Huan et al., 2020). Despite their potential, natural AMPs face limitations, such
as poor stability and cytotoxicity, which has led to extensive research focused on
optimizing these peptides for therapeutic use (Huan et al., 2020; Madhavan et al., 2023;
Rai et al., 2016; Rojas-Pirela et al., 2023; Zhang et al., 2021). The AMPs in crocodilians
have been identified as promising candidates for therapeutic use due to their potent
antimicrobial properties (Bishop et al., 2015; Santana et al., 2021).

1.3.2.1. Types and characteristics: beta-defensins, cathelicidins, and ovo-

defensins

AMPs are classified into various subgroups based on their amino acid sequence,
structure, and properties. The three major vertebrate families include defensins (a-, B-,
0-, and ovo-defensins), histatins and cathelicidins (Findlay et al., 2016; Haney et al., 2019,
Wang, 2021). AMPs are categorized into four groups based on their secondary structures:
a (helical structures), B (beta-strands), ap (combined helical and beta-strands, such as
beta-defensins), and non-af (lacking both structures, e.g., indolicidin). This classification
highlights the structural diversity of AMPs and their varied mechanisms of action (Wang,
2021). On the other hand, the vertebrate defensin family encompasses alpha-, beta-,
theta-, and ovo-defensins, with alpha- and theta-defensins found exclusively in mammals,

while ovo-defensins are specific to birds and reptiles (van Hoek et al., 2019).

Beta-defensins, characterized by their B-sheet structure, typically contain 2-8 cysteine

residues that form disulfide bonds essential for their antimicrobial activity (Koehbach &
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Craik, 2019). These peptides are widely found in mammals, including humans, where they
play a critical role in the immune response by disrupting microbial membranes through
electrostatic interactions and hydrophobic effects (Koehbach & Craik, 2019; Zhang et al.,
2021; Zhu & Gao, 2013). In addition to mammals, beta-defensins have been identified in
reptiles, amphibians, and birds, where they serve similar protective functions, particularly
in defense against environmental pathogens (Santana et al., 2021; van Hoek et al., 2019).
In reptiles, B-defensins display notable structural variability. Although the canonical
architecture comprises 2 to 3 exons—typically encoding a signal sequence, a protein with
six cysteine residues forming the B-defensin core, and occasionally an additional short
exon—there is considerable interspecific variation. These include differences in exon
number and length, the number of B-defensin domains per gene, unconventional
cysteine arrangements, and deviations in the total number of cysteines (van Hoek et al.,
2019). Ovo-defensins represent a unique subfamily of AMPs, predominantly found in egg
whites and reproductive tissues of birds and reptiles. They share a B-sheet structure
similar to beta-defensins but have distinctive properties that enhance their antimicrobial
efficacy. Ovo-defensins can bind metal ions, such as zinc, increasing their activity against
bacterial strains like Escherichia coli and Staphylococcus aureus. They play a crucial role
in protecting the egg from pathogens, and their structural diversity offers opportunities
for designing novel AMPs for therapeutic purposes (Whenham et al., 2015).

Cathelicidins, another well-known family, are typically cationic a-helical AMPs that exhibit
amphipathic properties, unique to vertebrates (Bals & Wilson, 2003). They are
characterized by precursor proteins containing conserved N-terminal pre-pro-cathelin
domains, essential for their structure and function (van Harten et al., 2018). This subgroup
is best represented by LL-37, the only human cathelicidin, which is activated from the
precursor hCAP18 by serine protease in neutrophils (Bhattacharjya et al., 2024). LL-37
undergoes conformational changes in the presence of certain anions, adopting an a-
helical structure that enhances its antimicrobial and immune-modulating functions. These
peptides act mainly by integrating into microbial membranes, causing membrane
disruption and cell death, while also modulating immune responses during infection
(Zhang et al., 2021).
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1.3.3. AMPs in reptiles and squamata

1.3.3.1. Diversity and characteristics in reptiles

Reptiles, as some of the oldest amniotes, possess a vast, but still largely underexplored
array of AMPs (Mason-Smith, 2023; Modesto & Anderson, 2004; van Hoek, 2014). Recent
advancements in proteomics and genomics have started to shed light on the genetic and
functional diversity of these peptides across various reptilian genomes, indicating a rich
reservoir of antimicrobial capabilities (Dalla Valle et al., 2012; Mason-Smith, 2023; van
Hoek et al., 2019).

The Squamata order, which includes both snakes and lizards, carry a remarkable variety
of AMPs tailored to their distinct ecological niches and challenges (van Hoek, 2014) . In
snakes, for instance, AMPs play crucial roles in their venom composition: proteomic
analyses of snake venom have revealed a complex array of peptides with diverse
antimicrobial properties, which contribute to their ability to neutralize pathogens and
subdue prey (Aird et al., 2013; Oguiura et al., 2023; Zhao et al., 2008).

Lizards, the major group within Squamata, also exhibit a similar diversity of AMPs,
according to the few studies available for the Komodo dragon (Varanus komodoensis)
and the green anole ( Anolis carolinensis ) (van Hoek et al., 2014; Dalla Valle et al., 2012).
The Komodo dragon genome encodes 66 B-defensins, six ovo-defensins and three
cathelicidins, many arranged in clusters, reflecting strong innate defenses against its
pathogen-rich environment (van Hoek et al., 2019). Similary, in A. carolinensis, combining
the reference genome with EST (Expressed sequence tag) libraries, identified 32 B-
defensin-like genes with conserved cysteine motifs, variable tissue expression and
alternative splicing, while phylogenetic evidence links some of these peptides to venom
proteins, suggesting a shared ancestral origin (Dalla Valle et al., 2012). Genomic
approaches in lizards, have identified several AMP genes, which are essential for their
survival in varied environments, highlighting the evolutionary flexibility of their immune
systems to cope with diverse microbial challenges (Alibardi, 2013; Dalla Valle et al., 2012;
van Hoek et al., 2019).
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These studies of snakes and lizards reveal both shared and unique features in their AMP
repertories, offering valuable insights into their evolutionary development (Dalla Valle et
al., 2012; van Hoek et al., 2019). Future research on AMPs in Squamata holds significant
potential to advance our understanding on their remarkable resistance of reptiles to
infections as well as on their ability to thrive in the different environments. It will also
contribute to the discovery of novel toxins and the development of novel therapeutics to

combat microbial infections.

1.3.3.2. P. lilfordi and Lacertidae innate immunity: gap of knowledge

To date there are no published studies characterizing AMPs in P. lilfordi, nor within the
family Lacertidae, which includes genera such as Podarcis and Zootoca. In the case of P.
lilfordi, a species subject to strong ecological constraints and genetic isolation, the
exploration of AMPs offers an opportunity to investigate potential immunological
adaptations associated with insular living. The characterization of AMP diversity in this
context is critical for advancing our knowledge of eco-immunology in insular vertebrates.
This perspective complements genomic and demographic analyses, contributing to a
more integrated understanding of mechanisms underpinning persistence and resilience
in small, fragmented populations. Additionally, AMP analyses directly connect to
population demography and phylogeographic structure, providing novel insights into

how immune function may shape long-term survival in endangered island reptiles.

At the same time, a comparative analysis across distinct lizard species might inform on
the evolutionary context of AMPs diversification in P. lilfordi. Although genomic data exist
for other Lacertidae—such as Podarcis muralis, Podarcis raffonei, and Zootoca vivipara—
there has been no specific genomic or functional characterization of AMPs in any of these
closely related species. As a result, key aspects remain unaddressed, including the
complete repertoire of AMP gene families, their genomic organization and chromosomal
clustering, the conservation or divergence of cysteine motifs, the extent of gene
duplication or loss and their pattern of molecular evolution. Moreover, the phylogenetic
relationships of P. lilfordi AMPs to orthologs in other Lacertidae, as well as potential
lineage-specific innovations associated with insular living, remain unexplored.
Addressing these gaps will be essential to clarify the evolutionary trajectories and

adaptive significance of AMPs in insular reptiles.
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2. RESEARCH OBJECTIVES

2.1 Main goal

The main objective of this thesis is to study microevolutionary processes in allopatric
populations of the endemic lizard P. lilfordi, distributed across the islets of the Menorca,
Mallorca, and Cabrera archipelagos in the Balearic Islands. Using genomic data (SNPs
and a newly assembled genome), the aim is to understand how geographic
fragmentation, climatic shifts, and anthropogenic pressures have shaped the genetic
diversity, phylogeographic structure, demographic history, and innate immune repertoire

of this threatened endemic species.

2.2 Specific goals

2.2.1. Assess the genetic diversity and population structure of P. lilfordi using SNP
data

Hypothesis: A genetic structure is expected that mirrors the geographical layout of the
archipelagos, wherein larger and less isolated islets retain higher levels of genetic
diversity, while smaller, more remote islets exhibit stronger effects of genetic drift and

potential inbreeding.

2.2.2. Reconstruct the phylogeographic relationships among populations and

identify signals of selective pressures in P. lilfordi

Hypothesis: The genetic diversification of P. lilfordi should reflect an initial colonization
event from Mallorca or Menorca, followed by geographic isolation and local population
adaptation. These dynamics are presumed to have left detectable signatures in both
phylogeographic structure and selected functional loci, including associations with
specific environmental and geographic features of each islet.

2.2.3. Identify signals of demographic changes in P. lilfordi populations.

Hypothesis: The demographic history of P. lilfordi has been strongly shaped by
Pleistocene glaciations and, more recently, by habitat fragmentation driven by

anthropogenic activities. These pressures are expected to have caused severe and
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heterogeneous population bottlenecks, with the most pronounced effects in smaller,

more isolated populations.

2.2.4. |dentify and describe antimicrobial peptide (AMP) using the recently
assembled P. lilfordi genome.

Hypothesis: The AMP repertoire of P. lilfordi should display a diversity in number and
composition comparable to that described for the closest related species with available
AMP data, such as the Komodo dragon, due to the P. lilfordi geographic isolation and
low gene flow. We further expect this repertoire to include clear orthologues in other
Lacertidae species and to exhibit conserved structural cysteine motifs characteristic of
each AMP family —B-defensins, ovo-defensins, and cathelicidins— consistent with a
monophyletic origin of reptilian antimicrobial defense. In line with the rapid evolutionary
dynamics of immune genes, we anticipate low phylogenetic resolution across AMP
sequences, even among lineages that diverged millions of years ago—a pattern likely
driven by functional convergence and the structural constraints imposed on antimicrobial

activity.
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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 populations
with large phenotypic diversity. Using the newly available genome for this species, we
characterized more than 300,000 SNPs, merging Genotype by Sequencing (GBS) data
with previously published Restriction-site associated DNA sequencing (RADSeq) 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
evidence, 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 primarily
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. Introduction

Island populations represent biological scenarios of greatest evolutionary interest due to
their geographic isolation, which accelerates 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 and 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 associated islets) islands,
comprise a large number of islands that originated 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., P. 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 anti-predatory
behavior associated to the “island syndrome” (Cooper and Pérez-Mellado, 2012;
Hawlena et al., 2009; Novosolov et al., 2013, Rotger et al. 2023).

P. lilfordi (Gunther, 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 process 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 introduction 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 (Salvador, A.,
2009; Rotger et al., 2023). Major forces driving this diversification can be ascribed to the
high intrapopulation competition (density-dependent factors) (Grant and Benton, 2000;
Le Galliard et al., 2010; Massot et al., 1992), as well as intense genetic drift resulting 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
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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 polymorphisms
(SNPs) data by Restriction Site Associated DNA Sequencing (RADSeq) (Bassitta et al.,
2021) has expanded on previous knowledge on genetic diversity and phylogeographic
pattern of this species, confirming the existence of two well-discriminated genetic
lineages separating populations from the major archipelagos of Menorca and
Mallorca/Cabrera (Brown et al., 2008; Terrasa et al., 2009. Recently, the P. lilfordigenome
has been sequenced (Gomez-Garrido et al.,, 2023) providing the framework for a

comprehensive 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 sequencing methods, Genotype by Sequencing (GBS) and RADSeq. We
specifically characterized SNPs of eight new populations (100 individuals) by GBS, and
integrated RADSeq data of additional 10 populations (91 individuals from Bassitta et al.
(2021), for a comprehensive analysis of 16 populations (two were common to both
studies), spanning the main range of distribution of this species. Individual GBS and
RADSeq 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. lilfordi; b) reconstruct the species main
phylogeographic scenario of colonization of the Balearic Islands; c) identify potential
signatures of genome diversification and loci underpinning the phenotypic diversity and

insular adaptation of this species.

56



2. Materials 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 archipelagos (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, maximum altitude, vegetation cover and type, presence
of human settlements 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
examination and morphology (Rotger et al., 2016), weighted, 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 llles
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
measured with Qubit 2 fluorometer (Invitrogen, Waltham). About 1 ug of genomic DNA
per sample was sent to Centro Nacional de Analisis Genomico (CNAG, Spain) for
sequencing. DNA integrity and concentration was further measured on a fragment
analyzer (Agilent Bioanalyzer) and high-quality samples with at least 10 ng/ul were

selected for sequencing.
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Figure 1. Geographic map of the 16 localities (15 islets) under study, sampled in the archipelagos of Mallorca, Cabrera,

and Menorca.
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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
samples) with lllumina MiSeq (150 bp), using two common restriction enzymes, Pstl and
Apekl. Pstl provided the best reproducibility and number of variants and was therefore

chosen to generate the final library.

Genomic DNA was digested with the Pstl, fragments were tagged with individual
barcodes, PCR-amplified, multiplexed, and sequenced on dual lanes on an lllumina
HiSeq 2500 platform (2x100 bp). Raw read sequences were demultiplexed and quality
checked using FastQC v0.10.1 (Wingett and Andrews, 2018); available at

https://www.bioinformatics.babraham.ac.uk/proj-ects/fastgc/).

Additionally, raw RADseq genomic data of P. lilfordi generated on a previous study
(Bassitta et al., 2021) were downloaded from the online repository (PRINA645796, 91
samples from 10 populations). The GBS dataset (this study) and the RADseq dataset
(Bassitta et al., 2021) shared the restriction enzyme Pstl, which allowed data integration
for comparative purposes (see below). Two localities of Colom and Aire were sampled
and sequenced in both studies (different individuals) (Table 1 and S1).
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Table 1. Sampling design and environmental variables

No. of Geographic
Individuals variables?
Major Archipelago Type  Official Short name GBS RADSeq® Total X-coord Y-coord Surface Maximum  SDI Lizard
Archipelagos name? (locality) area Altitude Density©
(ha) (msnm) (ind/ha)
Menorca Menorca Islet llla Gran ADGR 10 10 603284,8 4430301,1 7,5 21,7 2,251 1062
d'Addaia
Menorca Menorca Islet llla de I'Aire AIRE 1N 12 23 610443,5 44064554 30,5 16,1 1,9461 4098
Mallorca/Cabrera  Cabrera Inland  Cabrera CABRERA_H 12 12 4944591 4333606,0 1142,0 171,4 3,5241  45059,0
(Harbour)
Mallorca/Cabrera  Cabrera Inland  Cabrera CABRERA_L 8 8 493279,9 4331172,0 1142,0 171,4 3,5241  45059,0
(Lighthouse)
Menorca Menorca Islet llla d'en Colom  COLOM 10 10 20 609129,9 4424151,2 59,3 44,0 2,1169 1616
Mallorca/Cabrera  Mallorca Islet el Colomer COLOMER 4 4 511211,5 4421664,5 2,8 105,4 1,1866 3339
Mallorca/Cabrera  Mallorca Islet sa Dragonera DRAGONERA 4 4 4415899 4381854,5 2727 352,8 2,0490 729
Mallorca/Cabrera  Mallorca Islet lllot d'En Curt EN CURT 23 23 503125,0 4347776,2 0,4 3,1 1,1943 1799
Mallorca/Cabrera  Cabrera Islet Esclatasang ESCLTS 10 10 495084,6 4330730,1 0,6 39,2 1,7303 3118
Mallorca/Cabrera  Cabrera Islet lllot de na FORADADA 10 10 498200,0 4339516,6 0,3 5,7 1,2941 2595
Foradada
Mallorca/Cabrera  Mallorca Islet Na Guardia GUARDIA 15 15 500100,3 4351217,2 2,5 8,6 1,3915 1784
Mallorca/Cabrera  Mallorca Islet Na Moltona MOLTONA 1N 11 500926,8 4350573,0 5,7 7,9 1,3946 2093
Menorca Menorca Islet Porros de PORROS 11 11 597159,9 44326547 0,1 2,2 11277 1676
Fornells
Menorca Menorca Islet Illa des Porros PRCV 10 10 591657,0 4438581,0 8,6 18,4 1,6212 1100
Menorca Menorca Islet llla des Revells RAVL 10 10 597032,1 44333055 0,4 8,0 1,5184 NA
Menorca Menorca Islet llla del Rei REI 10 10 610060,7 4415982,1 4,3 15,2 1,2214 403

2 Vector geographic information was extracted from Base Topografica de les llles Balears (https://ideib.caib.es/geoserveis/rest/services/public/GOIB_BTIB_IB/MapServer/27), publicly

available from Institut Cartografic i Geografic de les llles Balears (ICGIB). Elevations were obtained from the 2-m resolution MDT02 Digital Elevation Model (DEM) publicly available

from the Centro Nacional de Informacién Geogréfica (https://centrodedescargas.cnig.es).

® From Bassitta et al. 2021

‘Based on Pérez-Mellado et al., 2008 and Bassitta et al., 2021
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2.3. SNPs calling and filtering

Raw sequence data from GBS and RADSeq were independently processed as well as
merged (COMBINED dataset). Thereafter, the three generated datasets (GBS, RADSeq
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 GA & O’Connor BD., 2020) to produce gVCF files (minimum-mapping-quality
20). gVCEF 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 and 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 RADSeq 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 RADSeq.

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 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, i.e. the minimum
number of samples per population (minimum number of alleles, min.all=8). Significant
associations between genetic diversity indexes (He, Pi, Ar, Fis) and geographic variables
(islet surface 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.
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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 (Raivo
Kolde, 2019).

Isolation by distance (IBD) was evaluated by correlating the Fst genetic distances with
linear geographic distances among populations, using a Mantel test (Mantel, 1967) with
function mantel.randtest in the ‘ade4’ package in R (Dray and Dufour, 2007) with 1000
permutations. The test was performed for Menorca and Mallorca/Cabrera archipelago

separately to control for distance effect between major archipelagos.

To reconstruct evolutionary relationships among island populations, 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 retained was chosen by a cross-
validation with the function xvalDapc (Jombart & Collins, 2015) with default parameters
(1000 replicates).

Population structure, including contemporary and historic admixture 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 (maximum 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).
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2.6. Phylogeographic pattern

TreeMix v. 1.13 (Pickrell and Pritchard, 2012) was used to infer population splitting and
mixture patterns. The method employs allele frequencies 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 and Pritchard, 2012). The program utilizes a
Gaussian approximation to model genetic drift (drift parameter) along each population
(Flesch et al., 2020; Pickrell and Pritchard, 2012). Using the combined data set 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 (Am) across incremental
values of m with the OptM package in R (Fitak, 2021).

In addition to network analyses and as a complementary result, a Maximum Likelihood
(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 vcfZphylip.py script
(Ortiz, 2019). Consensus sequences for each population were estimated with the function
consensusString 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 10000 pseudo-replicates.

To identify the most ancestral population in our dataset we used IQ-TREE 2 with non-
reversible substitution models (model 12.12) (Naser-Khdour et al., 2022) with 1,000
ultrafast bootstrap replicates, using both the consensus alignment as well as one random
specimen per population (all sites or only variables). The program performs 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.
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The resulting trees were visualized and edited with Figtree v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/).

2.7. |dentification and functional annotation of SNPs outliers

To detect footprint of genomic diversification and potential selection, outlier loci were
identified using two independent approaches: PCAdapt software v 4.3.5 (Luu et al., 2017)
and BayeScan v 2.1 (Foll and Gaggiotti, 2008). The PCAdapt package implemented in R
software detects outlier loci based on PCA by assuming that markers excessively related
to population structure 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 uniform, indicating no relevant LD effect. P-values were corrected for false discovery
rate (FDR) using a cut-off g< 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 and Whitlock, 2014). The sensitivity of the analysis to the PO was evaluated
using alternative values (1:100, 1:10000). The final MCMC chain was run for 20 short pilot
runs with 5000 integrations, 50000 burn-in, thinning interval of 10, and PO set to 100.

Loci were filtered for g-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, RADseq and COMBINED data).

The candidate SNP outliers were annotated by cross-referencing the SNP position
against the GFF file of the rPodLil1.1 genome assembly (Gomez-Garrido et al., 2023) for
Gene ID association. For outliers falling in protein-coding region, a Gene Ontology (GO)
annotation was performed, followed by a functional enrichment analysis with gGOSt in
g:Profiler [https://biit.cs.ut.ee/gprofiler/gost] on individual datasets (GBS and RADSeq).

The Podarcis muralis genome was used as a reference to determine the functional
categories (Biological processes (BP), molecular functions (MF) and cellular components
(CQ)) that were significantly enriched (FDR < 0.05). For the subset of outliers falling within

coding regions (CDS), we annotated the codon position and assessed whether the
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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/environmental variables (Major
Archipelagos, Islet surface, Maximum altitude 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 matrix 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.impute’ 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 non-significant 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<0.01
after adjusting p-values to minimize false discovery rate (FDR). A genotype matrix coded
as 0/1/2 was obtained using function extract.gt in the 'vcfR" R package (Knaus and
Grinwald, 2017, 2016) and used to visualize geographic clustering of individual SNP
outliers by a Principal Components Analysis (PCA).

3. Results

We generated a total of 15 billion paired-end GBS raw reads for 100 specimens from
eight distinct localities/islands (9% passing the filters, Table S2). Newly generated data
and previous RADSeq 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 143272
biallelic SNPs for the GBS dataset (100 individuals, 8 localities), 166943 for the RADseq
dataset (91 individuals, 10 localities) and 5523 for the COMBINED dataset (191
individuals, 16 localities, including only common loci between GBS and RADSeq
datasets) (Table 2). As expected, multiallelic variants represented a minor fraction of the
total polymorphic sites (2.1% for GBS and 2.5% for RADSeq) and were excluded from the
study.
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Table 2. Summary of raw and filtered SNP count per dataset.

SNP count
Dataset Study Nind Npop Raw Filtered* LD pruned®
GBS This study 100 8 1.888.392 143272 34065
RADSeq Bassitta et al. 2021 91 10 4.851.070 166943 58207
COMBINED Both studies 191 16 6.394.354 5523 2876

? Filters: --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)

b After Linkage disequilibrium (LD): --indep-pairwaise 50 ['kb'] 5 0.20
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; chromosome W representation strictly depends on the number of males
in the dataset, see Table S1). Both sequencing methods covered the entire genome
diversity, with chromosome representation being highly congruent among the three
datasets (Figure 2).
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Figure 2. Chromosome distribution of raw and filtered SNP data for each of the three
datasets (COMBINED, GBS and RADSeq).
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3.1. Population/Islet genetic diversity

Genetic diversity based on the COMBINED dataset is summarized in Figure 3. While
diversity statistics for the individual datasets (GBS and RADSeq) was slightly higher in the
absolute estimates per locality (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 3). The observed heterozygosity (Ho) showed comparable
values as Pi, varying between 0.095 and 0.140. Most diverse populations/islets per
archipelago were the two Cabrera localities (Cabrera), Na Guardia and Na Moltona
(Mallorca), and Aire and Colom (Menorca); the least diverse populations were the small
islets of Porros (Menorca), Colomer (Mallorca) and Esclatasang (Cabrera) (Figure 3). 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 RADSeq) 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).

Of the genetic diversity indexes, Ar, Pi and Fis showed positive coefficients with the islet
surface and negative with maximum altitude in multiple regression models (Ar: p<0.001
only for Area, Pi: p=0.001 for Area and p<0.005 for Max altitude, Fis: p<0.05 for Area
and Max altitude), indicating that the smallest islets typically host a more reduced genetic

diversity, although no evident inbreeding depression.
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Figure 3. Genetic diversity estimates per population (Pi: nucleotide diversity, Ho:
Observed heterozygosity, and Fis: inbreeding coefficient) with corresponding error bars,
based on 5523 SNPs (COMBINED dataset).

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<0.01 for all pair-wises) (Figure 4). Global levels of differentiation among
islet 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.
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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 Guardia and Na Moltona (0.064, Mallorca), and the two Cabrera localities
(0.030). In this latter case, Fst value <0.05 supports the existence of a unique panmictic

population within the major Cabrera Island.
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Figure 4. Heatmap of pairwise genetic differentiation (Fst) between the 16 populations

of P. lilfordi (COMBINED dataset, 2876 SNPs). All Fst estimates were significant (p< 0.01

after permutations).
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Within major archipelagos, no significant correlation was found between genetic (Fst) and

geographic distances (p>0.1), excluding a scenario of isolation-by-distance.

Population genetic clustering with DAPC (Figure 5A) was consistent with Fst-based
distances (Figure 4) and the geographic distribution 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 Discriminant 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, ) the group
of Cabrera and Mallorca islands, characterized by a stronger genetic differentiation
among populations, and Ill) the islet of En Curt, forming an independent lineage. DAPC
on the subset of Menorcan populations only (30 PCs retained) slightly increased the
population resolution, highlighting a clear divergence of the islet of Porros (Figure 5A,
top left panel).
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Figure 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 to K=9 (best value) clusters.

ADMIXTURE analyses were used to further explore population structure, as well as shared
ancestry (Figure 5B). Genetic clustering clearly evidenced a major discrimination between
Menorca and Cabrera/Mallorca populations (K=2), followed by progressive
substructuring within Cabrera/Mallorca (from K=3), and ultimately 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
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of En Curt, Porros, Foradada and Esclatasang) up to 40% (the highly admixed population
of Colom). Cabrera island and distant islands from North-West 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 optimal 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 K=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.

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 obtained 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 phylogenetic clades (bootstrap, bs =100%). Within
the Mallorca/Cabrera clade, further substructuring indicated three well differentiated
clades: i) the southern Mallorca islets of En Curt, Na Moltona and Na 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%) (Figure
1 and Figure 6). Within the Menorca clade, substantial 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
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Menorcan populations were poorly resolved, consistently with their lower Fst values

(Figure 4) and higher admixture levels (Figure 5B).

Tree rooting using non-reversible models on |Q-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 robust 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 approximately-unbiased (AU) test for the branch leading to Colomer (p=0.85). All
branches within the Menorca clade showed a p<0.05, significantly 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.
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Figure 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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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 RADSeq dataset (n total =446, g<0.01 and
F.>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
RADSeq,.

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 outliers indicated a
comparable profile for GBS and RADSeq, showing a significant overrepresentation of
binding proteins and catalytic activity (MF category), and metabolic process, growth, and

cellular homeostasis (BP category) (BH, p<0.001, 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).
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Figure 7. Candidate SNP outliers identified for GBS (n= 222), RADSeq (n=190), and
COMBINED (n=18). A) Outliers chromosome distribution (barplot) and proportion per
gene category (coding, CDS and non-coding 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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3.5. Major Archipelagos-segregating SNPs

Finally, we explored environmental and geographic variables driving outlier distribution.
PERMANOVA analyses indicated that Major Archipelago (Menorca and
Mallorca/Cabrera, Table 1) was the only explanatory variable for all three datasets
(p<0.001, 1000 permutations), with all individual outliers, except one, significantly
contributing to geographic between these two major phylogenetic lineages (Figure 6)
(binomial test p<0.01). 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
protein (Table S4).

A high percentage of outliers had allelic variants that perfectly segregated between
major archipelagos, i.e., had null frequency in one archipelago while being present in the
other (n total = 154; 11% for COMBINED, 42% for GBS and 31% for RADSeq) (Table S5).
These fixed allelic differences can be considered as specific markers of the two major

phylogenetic clades (Figure 6).
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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 understand 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 primarily 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
resources (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 and Waller, 2002). Each P. lilfordi island clearly hosted a distinct population (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 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 (Saboli¢ and Stambuk,
2021). Diversity was overall largely comparable among all 16 populations studied and
across their range of distribution (Figure 1 and Figure 3); 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 3), with the
islands of Cabrera, Na Guardia and Na Moltona (South of Mallorca) currently harboring

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 3). While
small populations are expected to show a reduced heterozygosity (Keller and Waller,

2002), Fis values in P. lilfordi indicated a slight trend of positive increase with increasing
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islet surface, with the highest estimate found for the island of Moltona (Fis =0.16). A small
inbreeding coefficient, negatively associated with island size, was also found in a previous
study based on microsatellites from the three neighboring populations of Moltona, Na
Guardia and En Curt (Rotger et al., 2021). A potential explanation is the existence of a
population spatial substructure within larger islands, which would cause a non-random
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 pedigree-studies 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 populations, 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

P. 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 archipelagos of Menorca from Mallorca/Cabrera (Figure 5 and 6).
The tree topology was largely consistent with the ones previously reported 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 relationships 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 representing 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
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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 mountain 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 to be the last
refuge of P. lilfordi (Bailén, 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>0.1). According to admixture,
phylogenetic analyses 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 islets (Esclatasang and Foradada), as
supported by the observed coancestry with Cabrera Island (see Figure 5B). This suggests
a founder effect in these small islands, followed by independent evolution leading to the
nowadays well-differentiated genetic clade of Esclatasang and Foradada (Figure 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 (Figure 5B and 6),
while the geographically closed sister population of Na Guardia has currently lost all
signature of coancestry 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 directionality of gene flow from Cabrera to South

Mallorca (Network lll; Terrasa et al., 2009). Moltona would have then seeded the small
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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 genetic 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 scenario that we presently cannot exclude.

According to bathymetric, geological and genetic data subsequent 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 colonization, with an asymmetric flow from south
to north of the distribution 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 between 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
environmental stochasticity (stronger in smaller islets) and resource availability (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, 2009; Santamaria et al., 2020). Along with stochasticity, this gives rise
to a heterogeneous landscape across islands, which is expected to drive independent

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 representation, 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 present 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;
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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

RADseq (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 function 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 and 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 functions 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 genetic diversity
(Fulgione et al., 2023; Sherpa et al., 2023), a hypothesis that needs to be validated by
whole transcriptome and epigenome data (Chapelle and 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 RADSeq (Figure 7B), which might represent
interesting candidates for further exploration of population genomic diversification in P.
lilfordi. Of these proteins, few represented potassium and calcium channels, which could
hint to an important regulatory role of osmotic pressure in lizards (Dantzler and Bradshaw,
2008). 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
transcription factor c-MYC, a major regulator of gene expression and cell proliferation
(Sweeney et al., 2020). While there are no specific studies on cullin-1 protein in lizards, c-
MYC was linked to the cellular regenerative response after tail amputation (Alibardi,

2017). The gradual loss of tail autotomy ability in insular lizards is a hallmark of their
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reduced antipredator response following insular adaptation (part of the island syndrome)
(Cooper et al., 2004; Pafilis et al., 2009; Perez-Mellado, 1997).

Exploration of the major variables driving outlier genotypes primarily recovered a
signature of past geographic separation between Menorca and Cabrera/Mallorca, with a
large proportion of loci presenting fixed allelic differences between archipelagos (Figure
7C). These SNPs are putatively derived from a past founder effect that occurred during
initial colonization of the Menorca archipelago (Brown et al., 2008; Terrasa et al., 2009)
or the result of unclear selective forces, including potential selective sweeps (Brown et
al., 2023; Campagna et al., 2022; Stephan, 2019). In all cases, they support no recent
secondary contact between Archipelagos, in line with previous mtDNA-based
phylogeographic reconstructions (Terrasa et al., 2009). We note that given the major
confounding effect of archipelago, the significance/impact of other environmental
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 clarify the putative adaptive role of these genomic changes.
Conclusions

The Balearic lizard P. lilfordi has recently entered the genomic era, offering a new
interesting insular system to explore trends in vertebrate genome evolution. Our study
presents a first use of the P. lilfordi genome to reliably mapped extensive SNP data.
Comparative analysis using independent methods and datasets provided robustness 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 additional
populations. Furthermore, integration of population demographic data (ongoing) 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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Data availability

The raw data with the individual sequences are available at the Sequence Read Archive
(SRA) (BioProject ID: PRINA1070579).
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Abstract

The Balearic wall lizard (Podarcis lilfordi), endemic to 46 across the Mallorca, Menorca,
and Cabrera archipelagos, persists in a highly fragmented environment shaped by
paleoclimatic shifts, sea-level changes, and long-standing human impact. With a
restricted and patchy distribution, P. lilfordi serves as a model for understanding how
environmental changes—both ancient and recent—have influenced population
persistence, genetic diversity, and evolutionary trajectories. Reconstructing its
demographic history is therefore essential to reveal the underlying processes shaping its
current genetic structure and to inform effective conservation strategies for island
species. This study aimed to reconstruct the major demographic historical events of P.
lilfordi using genomic data derived from single nucleotide polymorphisms (SNPs). We
tackled three temporal scales: I) the general demographic reconstruction of the species,
Il) the early separation of the species in the two main archipelagos of Mallorca-Cabrera
and Menorca, and lll) the subsequent demographic events within the archipelago of
Mallorca and within specific islets populations. At the islet level, we focused on three
close populations under current demographic study (Na Guardia, Na Moltona, and En
Curt). SNP data were analyzed using stairway plots to infer historical changes in effective

population size (Ne).

Results revealed that the integration of previously described mitochondrial data with the
genomic dataset from this study supported the hypothesis that divergence among the
Mallorca, Menorca, and Cabrera populations began during the First Donau Glaciation
(~2.3-1.8 million years ago), with subsequent cladogenesis events occurring around ~1.2
million years ago. The Riss (~300,000-130,000 years ago), Wirm (~115,000-11,700 years
ago), and the LGM (Last Glacial Maximum) (~33,000-19,000 years ago; the coldest stage
within the last glaciation) led to substantial declines in Ne, likely due to habitat
contraction and harsher environmental conditions. During interglacial periods, rising sea
levels further fragmented habitats, reinforcing genetic differentiation among
populations. However, transmarine dispersal events via rafting may have occasionally
facilitated sporadic contact between islands. The analysis at the islet level of Na Guardia,
Na Moltona and En Curt showed a marked demographic decline associated with the
glacial events described above at the species level, as well as anthropogenic factors. The
arrival of humans to the Balearic archipelago approximately 4,000 years ago intensified

the decline of populations due to habitat alteration, the introduction of non-native
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species and direct human pressure. These impacts ultimately led to the extinction of P.
lilfordi on Mallorca and Menorca around 2,000 years ago, as well as significant
demographic reductions in the three small islets analyzed in the final stages of the
demographic reconstruction. Overall, these findings largely support available geological
data and previous proposed scenarios for the P. lilfordi diversification, highlighting the
intricate interplay between past climatic events and recent human-induced pressures in
shaping the evolutionary trajectory of insular species. They also underscore the urgent
need for conservation strategies that recognize the islets as independent genetic units

to ensure the long-term viability of P. lilford.

Keywords: Podarcis lilfordi, Effective population size (Ne), Balearic Islands, Stairway Plot,

conservation biology, Pleistocene glaciations, Transmarine dispersal.

1. Introduction

The demographic changes of lizard species of the genus Podarcis in the Balearic Islands
represent an interesting field of study to understand how paleoclimatic events have
shaped biogeography and genetic diversity in this island environment. Balearic Island
lizards, P. lilfordi, P. pityuensis, as well as P. sicula, have been subjected to a range of
evolutionary pressures. Among these pressures, outstands the significant changes in sea
level during events such as the MSC 5,33 Mya (Terrasa et al., 2009; Bassita et al., 2021,
Podnar et al., 2005) and several glaciations’ events (i.e. Donau Glaciation (~2.3-1.8
million years ago), which have potentially influenced the distribution, genetic structure,

and persistence of their populations over time (Terrasa et al., 2009; Hewitt, 2004).

The Balearic wall lizard P. lilfordi (Ginther, A., 1874), also known as the Balearic wall
lizard, is currently distributed across 43 islets in the Mallorca, Menorca, and Cabrera
archipelagos (Terrasa et al., 2009). However, it is classified as an endangered species by
the IUCN due to severe fragmentation of its populations and a continuous decline in its
distribution area and habitat quality (Pérez-Mellado, 2004; Salvador, 2015). Several
anthropogenic factors had further exacerbated the vulnerability of these populations,
including the translocation of individuals by visitors between islets, illegal capture for
trade, destruction of vegetation by introduced goats, and currently the introduction of
predators such as the Iberian snakes Hemorrhois hippocrepis and feral cats (Alvarez et

al., 2010; Carretero and Pinya, 2011). These pressures have also contributed to reduced
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population numbers on many islets, highlighting the urgent need for conservation efforts
(Pérez-Mellado, 2004; Mayol, 2004; Pérez-Cembranos et al. 2020).

Analyses of the historical and contemporary demography of P. lilfordi are crucial to
understand its conservation status and the effects of paleoclimatic and contemporary
fluctuations on the species. It is proposed that P. lilfordi populations may have
experienced a demographic history marked by cycles of population expansion and
contraction in response to changes in sea level and habitat availability. During glacial
periods, such as the Riss (ca. 300,000 years ago) and the Wiirm (ca. 115,000 years ago),
the drop in sea level may have facilitated the reconnection of some islands and the
formation of saline corridors. These corridors could have enabled secondary contact
between previously isolated populations, potentially leading to genetic introgression
(Yang et al., 2021). Alternatively, excessive salinity in these areas might have further
promoted lineage diversification (Terrasa et al., 2009). On the other hand, interglacial
periods, characterized by rising sea level, likely caused habitat fragmentation and
reduced connectivity between populations, fostering the formation of population refugia
and genetic bottlenecks that have left a significant mark on the current genetic blueprint
of the species (Hewitt, 2004). In contemporary times, the disappearance of P. lilfordi from
the main islands of Mallorca and Menorca about 2,000 years ago (Alcover, 2000) may
have had a considerable impact on the species’ effective population size, potentially
exacerbating the effects of bottlenecks and affecting the species' genetic dynamics
(Bouzat et al., 2010; Broquet et al., 2010). Altogether these historical events, along with
more recent bottlenecks experienced by present islets (Rotger et al., 2021), could have
influenced the species' ability to adapt to environmental changes and its current

conservation status.

Despite this geological and climatic framework, current knowledge on major
demographic events occurred in the species remain patchy and largely speculative. Here,
we aim to disentangle the demographic changes experienced by P. lilfordi populations
across its entire range, with a focus on small islets characterized by limited area, and
reduced population size. For this purpose, we gathered published genomic data from
191 individuals inhabiting 16 representative islets of the species' current distribution
(Bassita et al., 2021 and Otalora et al., 2024) using neutral markers (SNPs) to identify both
ancient and more recent demographic trends. We have carried out specific demographic

stages for the entire species at three levels: at species (16 populations across the species’
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distribution), archipelago (Mallorca-Cabrera and Menorca) and islets for three close
populations from southern Mallorca —Na Guardia, Na Moltona, and En Curt—that
belong to the same genetic clade (Terrasa et al., 2009) and are considered the same
subspecies (i.e. P. lilfordi jordansi; Salvador 2015). Despite their geographic proximity,
these populations show clear differences in body size, growth, and coloration (Rotger et
al., 2020 and 2021). The islets differ in surface area and vegetation, being Na Moltona
the largest (~5 ha.) and most vegetated islet, and En Curt the smallest (~0.3 ha.) and least
vegetated. Na Guardia (~ 2.5 ha.) shares a similar vegetation assembly with Moltona.
These contrasting patterns highlight a complex interplay of ecological constraints,
demographic dynamics, and historical human disturbance. These three islets are the
focus of an ongoing demographic study based on capture-recapture data (Rotger et al.,
2016; Rotger et al., 2023).

Understanding the demographic history of P. lilfordi can offer valuable insights not only
applicable to the conservation management plans for this species, but also for other
species facing similar challenges in fragmented habitats. These insights are essential to
develop effective conservation strategies that consider both the preservation of genetic
diversity and the maintenance of connectivity between isolated populations, ensuring the

long-term survival of the Balearic lizard in its increasingly threatened insular environment.
2. Methodology
2.1. Sampling and genotyping

We used previously published SNPs from 191 individuals of P. lilfordi collected from 16
localities across its current distribution (Bassita et al., 2021; Otalora et al., 2024) (Figure
1). The procedures for capture, tissue sampling, sequencing, and SNP discovery of all
individuals have been described in Otalora et al. (2024). Three types of data were used
for the demographic analyses in this study: the genotyping-by-sequencing (GBS) dataset
(Otalora et al., 2024), the restriction-site associated DNA (RAD-Seq) dataset (Bassitta et
al., 2021), and the combined dataset (COMBINED, GBS+RAD-Seq, merged) (Otalora et
al., 2024). The calling and filtering process was performed with VCFTools v. 0.1.16 171
(Danecek et al., 2011; De la Cruz and Raska, 2014); using the following parameters: --

max-allels 2, --remove-indels, --min-meanDP 10, --max-meanDP 50, --max-meanDP 50, -
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-max-meanDP 50, --max-meanDP 50, - 173 minQ 30, --maf 0. 05, --max-missing 0.75
(individual datasets) or 0.90 (combined); and linkage disequilibrium (LD) using plink
v2.00a3.3 (Purcell et al., 2007) (--indep-pairwise: 50 ["kb"”] 5 0.20). The outlier loci were
identified using two independent approaches: PCAdapt software v 4.3.5 (Luu et al., 2017)
and BayeScan v 2.1 (18 SNPs) (Foll & Gaggiotti, 2008).
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Figure 1. Geographic map of the 16 localities under study, sampled in the archipelagos of Mallorca, Cabrera, and Menorca.

The three islets under demographic study are highlighted in the red, green, and yellow boxes.
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We generated three stages to evaluate demographic events at different biological and
geographic scales: species, archipelago, and islet levels. Each dataset was designed to
retrieve distinct aspects of the demographic history of P. lilfordi. First, for the species-
level analysis, we constructed a comprehensive dataset including all 16 populations
across the species’ distribution to reconstruct major historical demographic events
affecting the species as a whole (Figure 1, Table 1). Second, to explore archipelago-level
demographic events, we created two subsets: one including individuals from the
Mallorca/Cabrera group, and another comprising individuals from Menorca (Otalora et
al., 2024). Both the species-level and archipelago-level analyses were based on the
COMBINED dataset (GBS + RAD-Seq), comprising 2,867 SNPs. Third, for the islet-level
analysis, we focused on three populations of particular interest located in the south of
Mallorca: En Curt, Na Guardia, and Na Moltona. For each of these populations, we
performed genotyping using the GBS dataset exclusively. SNP filtering was carried out
as previously described (see Methods), but applied independently for each population,
allowing us to recover a larger number of markers per islet. The resulting islet-specific
datasets contained 6,393 SNPs for Na Guardia, 3,522 SNPs for Na Moltona, and 2,936
SNPs for En Curt. This approach allowed us to treat each islet as an independent genetic

unit and to reconstruct their recent demographic history individually (Table 1).
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Table 1. Sampling design and sequencing data available from Otalora et al., 2024.

Islet No. of Individuals Total No.
Archipelago This Bassitta et al of Latitude Longitude SNPs (Raw / Filtered/LD / SNPs (Raw / Filtered / LD/
study 2021 Individuals Outliers) — Species & Outliers) — Islets
Archipelago
Menorca Aire 11 12 23 39°48'3" 4°17'29
Rei N/A 10 10 39°53"11"  4°17'14
Addaya 10 N/A 10 40°1" 4°12'35
Gran
Colom 10 10 20 39°57'34"  4°16'40
Rovells 10 N/A 10 40°2'40" 4°8'15
Porros de N/A 11 11 40°2'19" 4°8'20
Fornell
Porros de 10 N/A 10 40°5'32"  4°4'31 63,943,45/5523/2876/2867 N/A
Cavalleria
Cabrera Foradada N/A 10 10 39°12'25"  2°58'44
Cabrera N/A 20 20 39°8'30" 2°56'30
Esclatasang  N/A 10 10 39°7'32" 2°56'36
Mallorca Colomer N/A 4 4 39° 55! 3°6'45"
52"
Dragonera N/A 4 4 39°58' 5"  2°31'96
Na Guardia 15 N/A 15 39°18'37"  3°0'4 1,888,392/95300/6411/6393/
Na Moltona 11 N/A 11 39°18'17"  3°0'39 1,888,392/52929/3540/3522
En Curt 23 N/A 23 39°16'45"  3°2'10 1,888,392/65089/2954/2936
Total 100 91 191

Filters: --min-allelles 2, --max-alleles 2, ,--min-meanDP10, --max-meanDP50, --minQ30, --maf 0.05, --max-missing 0.75 (combined) or 0.90 (individual

datasets).

LD: After linkage disequilibrium (LD): --indep-pair-wise 50 [“kb"] 5 0.20. Candidate outliers: 18 SNPs.
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2.2. Demographic history models

Each genomic dataset was transformed into the site frequency spectrum (SFS) format

using the easySFS.py script (https://github.com/isaacovercast/easySFS). We included all

SNPs using the (-a) flag and used the (--preview) option to inspect how the number of
segregating sites varied across different projection values (i.e., sample sizes). Based on
this output, we selected the projection that best balanced the retention of individuals
(number of alleles) and the number of segregating sites. This balance point, hereafter
referred to as TRADE (Trade-off between Retained Alleles and Data Efficiency),
corresponds to the inflection point where a noticeable drop in the number of segregating
sites occurs with only minimal gain in retained alleles. TRADE was determined by
calculating the differences in the number of segregating sites between successive
projections and identifying the point of steepest decline, representing the optimal
compromise between missing data and information retention. This procedure was
applied independently for each dataset. Finally, we re-ran easySFS.py using the selected

projection value with the (--proj) flag.

To infer population size changes in P. lilfordi, we used STAIRWAY PLOT v2.1.1 (Liu & Fu,
2020), a model-flexible and nonparametric method that estimates changes in effective
population size (Ne) over time from the SFS using a composite likelihood approach. This
method does not require the specification of a predefined demographic model. The
software can handle folded SFSs, which is especially suitable for non-model organisms,
as it does not require the inference of ancestral allele states. The previously generated
SFS files were used as input. For each analysis, we generated 200 input replicates using
the program’s default SFS subsampling procedure. We excluded singletons, as their
reliability is lower compared to higher-frequency variants, and their inclusion may bias
demographic inference. We used an average mutation rate per site per generation of
1.0x10®%—a midpoint estimate based on the reported range of 0.6 to 1.4x10® (Bergeron
et al., 2023). The generation time for P. lilfordi was defined as four years, reflecting the
estimated median reproductive age of females (Rotger et al., 2023). The results were
visualized using ggplot2 in R (TRADE), and major geological events were overlaid to
contextualize the inferred demographic changes. Confidence intervals were represented
as shaded ribbons, with the darker purple band indicating the 75% confidence interval
(Ne 12.5%—-Ne 87.5%) and the lighter purple band representing the 95% confidence
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interval (Ne 2.5%-Ne 97.5%), both derived from 200 replicates. This allowed us to
reconstruct past demographic events in P. lilfordi through time. STAIRWAY PLOT
assumes neutral evolution and independence among SNPs, as expected in SFS-based
demographic models. These assumptions are standard and generally reasonable given

our SNP filtering and dataset characteristics.

Ne estimates obtained with STAIRWAY PLOT 2 do not represent the real or census
population size (N). Instead, they provide a genetic estimate of major changes or
fluctuations in past effective population size, defined as the number of individuals that
effectively contribute genes to the next generation (Wright, 1931; Crow & Kimura, 1970).
These values are derived under standard coalescent assumptions, including panmixia,
neutrality, absence of population structure, non-overlapping generations, and constant
Ne within each modeled time interval (Fedorca et al., 2024). As explained by Liu & Fu
(2020), "0« = 4Ny, where N, is the effective size of the population during time block k,
and p is the mutation rate per bp per generation,” indicating that both mutation rate and

generation time directly influence the absolute scale of Ne estimates.

3. Results
Species and archipelago-level events

Demographic analyses identified key fluctuations in the Ne of P. lilfordi over time.
Furthermore, the evolutionary history of P. lilfordi appears to be strongly influenced by
large-scale climatic events, such as the MSC (~5.3 Mya), which may have shaped the
initial configuration of the insular ecosystems, and the species' formation ~4.9 Mya,
marking the beginning of its diversification (Figure 1). Over time, the interplay between
geographical isolation, climatic fluctuations, and changes in habitat availability has
shaped the population structure of P. lilfordi, with recurrent episodes of demographic
expansion and contraction. Notably, the Riss and Wirm Glaciations appear to have been
critical events in reducing effective population size. The demographic reconstruction of
major events using the whole dataset, i.e. at species-level (Figure 2), shows an important
initial bottleneck associated with the Wiirm glaciation occurring ~115,000 years ago (ya),
after which a period of stability in Ne is reflected (flat line in the plot, indicating no change
in effective size), from 74,000 to 21,500 ya. However, this was followed by a second

population decline coinciding with the onset of the LGM, occurring from ~19,000 to
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~33,000 ya. Finally, a third and drastic reduction of Ne is observed, beginning around
4,500 ya and becoming evident by approximately 4,000 ya, coinciding with the initial
arrival of humans to the Balearic archipelago (Figure 2). This early anthropogenic impact
predates the later historical colonization events, namely the Phoenician settlement
around the 7th century BCE (Before Common Era, equivalent to a. C.) and the
subsequent Roman conquest of the Balearic Islands in 123 BCE (~2,000 years before
present; Vogiatzakis et al., 2008). Finally, the arrival of humans to the islands represented
an additional pressure factor, possibly contributing to the extinction of some populations

and the fragmentation of others.
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Figure 2. Demographic history of P. lilfordi trade inferred from COMBINED data using
StairwayPlot2. The bold dashed vertical line marks major events, which coincide with the

onset of a significant decline in effective population size.
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Demographic reconstruction of the Mallorca-Cabrera Archipelago (Figure 3) shows a
marked reduction in effective population size around 1.2 million years ago (Mya) (First
Cladogenesis event Mallorca-Cabrera DNAmt). Nevertheless, the 75% confidence
interval indicates that this event could have progressively occurred starting from First
Donau Glaciation (~2.3 Mya-1.8 Mya). After the decline in Ne, there is a plateau spanning
from ~1Mya to 500,000 ya, after which there is a recovery of the Ne.
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Figure 3. Demographic history of P. lilfordi Trade Archipelago Mallorca-Cabrera inferred
from COMBINED data using StairwayPlot2. The bold dashed vertical line marks the major

events, coinciding with the onset of a significant bottleneck in effective population size.

Similarly, the demographic reconstruction of Menorca (Figure 4) shows an initial period
of stability, followed by a significant reduction around ~2.1 Mya within the 75%

confidence interval. This decline approximately coincides with the First Donau Glaciation
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(~2.3 Mya) and may also be temporally close to the cladogenesis event proposed for
Menorca (~2.6 Mya DNAmt) (Terrasa et al., 2009; Brown et al., 2008). Following this
reduction in effective population size, the results suggest a prolonged period of
demographic stability, followed by a recovery of Ne around ~700,000 years ago, which

closely resembles the trajectory inferred for the Mallorca/Cabrera archipelago.
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Figure 4. Demographic history of P. lilfordi Trade Archipelago Menorca inferred from
COMBINED data using StairwayPlot2. The bold dashed vertical line marks the major

events, coinciding with the onset of a significant bottleneck in effective population size.

Population-level demography

Regarding the islet approach, the demographic reconstruction of En Curt Islet (Figure 5)

reveals an initial reduction in effective population size coinciding with the Riss Glaciation
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around (~300,000-130,000 years ago), followed by a prolonged period of stability.
Nevertheless, climatic changes associated with the Wiirm Glaciation triggered a sharp
decline in population size, marking the second reduction in Ne. Subsequently, a third
population decline is evidenced that could be a consequence of the LGM, suggesting
that these glacial events played a decisive role in shaping the demographic structure of
this population. A final and pronounced demographic collapse is observed around 4,500

years ago, coinciding with the arrival of humans to the archipelago.
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Figure 5. Demographic history of P. lilfordi from Islet En Curt inferred from GBS data
using StairwayPlot2. The bold dashed vertical line marks major events that coincide with
the onset of a significant decline in effective population size. A red inset shows a zoom

from O to 15 000 years ago, providing higher resolution of the more recent islet history.
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On the other hand, the demographic reconstruction of Na Guardia Islet (Figure 6) shows
a similar pattern to that of En Curt Islet, indicating that both populations, due to their
geographic proximity, share a comparable demographic history. In both cases, the Riss
Glaciation initiates a first Ne decline, followed by stability, and then successive declines
associated with the Wirm Glaciation and the LGM. However, while Na Guardia and also
Na Moltona (Figure 7) show signs of a final bottleneck coinciding with human arrival, their
demographic trajectories differ notably from En Curt. Rather than a rapid and abrupt
decline, both Na Guardia and Na Moltona exhibit a more gradual decrease in Ne, marked
by intermittent plateaus over a period of approximately 2,800 years, suggesting a
prolonged and possibly buffered demographic contraction. These differences highlight
varying degrees of demographic resilience or exposure among these closely situated

islet populations.
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Figure 6. Demographic history of P. lilfordi trade Islet Na Guardia inferred from GBS data

using StairwayPlot2. The bold dashed vertical line marks major events that coincide with
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the onset of a significant decline in effective population size. A green inset shows a zoom

from O to 15 000 years ago, providing higher resolution of the more recent islet history.
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Figure 7. Demographic history of P. lilfordi trade Islet Na Moltona inferred from GBS
data using StairwayPlot2. The bold dashed vertical line marks major events that coincide
with the onset of a significant decline in effective population size. An orange inset shows

a zoom from 0 to 15 000 years ago, providing higher resolution of the more recent islet.
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4. Discussion

4.1. Historical and demographic events in the species and main archipelagos

The evolutionary history of P. lilfordi is linked to climatic and geological events that have
shaped the structure of island populations and their genetic diversification (Perez-
Cembranos et al., 2020; Otalora et al., 2024; Bassita et al., 2021; Terrassa et al., 2009;
Bisconti et al., 2011). A pivotal episode was the MSC (MSC; ~5.96-5.33 Ma), which likely
facilitated the formation and diversification of P. lilfordi after the desiccation of the
Mediterranean. This event led to the extinction of aquatic fauna but allowed the
adaptation and diversification of species resistant to extreme conditions, such as reptiles
(Brown et al., 2008; Terrassa et al., 2009; Agiadi et al., 2024). During the MSC, climatic
and sea-level fluctuations generated temporary land bridges across the western
Mediterranean (Brown et al., 2008), enabling population contact, range expansion, and
colonization of novel ecological niches. Following this phase, the Zanclean flood (~5.33
Ma) refilled the basin, submerging these corridors and isolating emerging island
populations (Garcia-Castellanos et al., 2020). These alternating periods of connection
and isolation were instrumental in driving the adaptation of P. lilfordi to the developing

archipelago environments.

At the whole-species scale (Figure 1), Ne fluctuations align with major climatic events
such as the Wirm glaciation and the LGM, when sea-level and temperature changes
fragmented habitats, creating refugia and driving periods of decline and isolation
(Terrasa et al., 2009). This pattern is consistent with findings in other Balearic taxa, such
as the small red scorpionfish Scorpaena notata, whose demographic reconstructions also
point to Late Pleistocene expansions likely driven by interglacial sea-level changes and
climatic oscillations (Riera et al.,, 2025). Comparable palaeoenvironmental shifts
influenced the demography of the Balearic (Puffinus mauretanicus) and Yelkouan
(Puffinus yelkouan) shearwaters, with phylogenies and demographic models indicating a
split associated with Pleistocene glacial cycles, followed by secondary contact during
interglacial periods and high interspecific gene flow that buffered inbreeding and
preserved genome-wide diversity (lzquierdo-Aranega et al., 2024). Together, these
examples highlight that Late Pleistocene sea-level dynamics not only drove demographic
contractions and expansions but also created repeated opportunities for secondary

contact and genetic exchange among insular populations.
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Building on these demographic patterns, geological and oceanographic conditions
during interglacial periods likely shaped the colonization routes and historical
connectivity among islands. These conditions may have promoted episodes of
transmarine dispersal or island colonization via temporary land bridges, followed by
vicariance as sea levels rose in P. lilfordi. Since the mid-late Pliocene, sea levels have
generally remained higher than at present and have not fallen enough to expose the 70
m channel between Mallorca and Menorca (Emig and Geistdoerfer, 2004), suggesting
transmarine dispersal. This is consistent with patterns observed in other Mediterranean
reptiles, where colonization often occurred without land bridges, implying, potentially,
rafting as the dispersal mechanism (Carranza et al., 2006). In previous genomic studies
(Otalora et al., 2024; Bassita et al., 2021), no evidence of recent translocation or
admixture was detected among insular populations of P. lilfordi, although TreeMix
analyses indicated potential historical migration events between some populations of this
specie (Otalora et al., 2024), suggesting that gene flow may have occurred in the past,
albeit requiring further evidence to confirm its extent.

On the other hand, the geographic isolation between the Mallorca/Cabrera and Menorca
populations, dated in our analyses to approximately 2.6 Mya, constitutes a new estimate
based on genomic data. This finding is consistent with mitochondrial-based evidence
(Brown et al., 2008; Terrasa et al., 2009) suggesting an early Pleistocene divergence,
coinciding with the Donau glaciation (~2.3-1.8 Mya). This period was characterized by
significant global cooling and the expansion of large ice sheets in the Northern
Hemisphere (Webb and Bartlein, 1992). Around 1.2 Mya—at the transition from the
Donau glacial to the Donau-Giinz interglacial—a cladogenesis event separated the
Mallorca and Cabrera populations, likely via temporary land bridges or rafting-mediated
dispersal (Carranza et al., 2006). This isolation led to a reduction in Ne and a bottleneck
(Figure 3), followed by a recovery around 500,000 years ago, possibly related to shifts in

climate and insular connectivity.

Regarding Menorca, the demographic reconstruction also shows a similar trend, with an
initial population stabilization followed by a significant reduction in Ne around 2.1 Mya,
coinciding with the end of the Donau glaciation (1.8 Mya) and the onset of the interglacial
period. This event appears to have affected the viability of the Menorca population,
possibly due to extreme climatic conditions. The decrease in Ne in Menorca coincides

with the first cladogenesis event that separated the populations between Menorca and
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Mallorca/Cabrera (~2.6 Mya), leaving persistent genetic traces in current populations
(Terrasa et al., 2009; Gracia and Vicens, 1998) (Figure 3). Later, a recovery of Ne was
identified around 700,000 years ago, largely coinciding with the recovery observed in the

Mallorca/Cabrera populations.

Moreover, ecological conditions may also have contributed to the observed
demographic patterns in P. lilfordi. The population growth of P. lilfordi in these islands
was probably facilitated by the availability of new ecological niches (both space and
dietary resources), and by the lack of predators and competitors (Hutchinson, 1957). The
subsequent introduction of alien species, such as cats, martens, stoats and rodents since
the archipielago was settled, about 4.300-4.200 years ago (Bover and Alcover, 2008;
Traveset et al., 2009) has had a negative impact on P. lilfordi populations, especially on
the main islands of Mallorca and Menorca, where the species went locally extinct
approximately 2,000 years ago (Alcover, 2000). The absence of natural predators on
smaller islands has led to high population densities, but also a decrease in anti-predator
behaviors, increasing the vulnerability of these populations (Blumstein et al., 2005;
Cooper & Pérez-Mellado, 2011; Pérez-Cembranos et al., 2013).

4.2. Historical and demographic events on the three islets (En Curt, Na Moltona and
Na Guardia)

The populations of En Curt, Na Moltona, and Na Guardia show demographic patterns
influenced by the Riss and Wirm glaciations and the LGM. During the Riss glaciation
(~300,000 years ago), the populations experienced a decline in Ne, which was followed
by a temporary stabilization. The Wirm glaciation (~115,000-11,700 years ago) and the
LGM (~20,000 years ago) caused further reductions, with limited recovery due to small
population sizes and isolation. These conditions amplified the effects of genetic drift,
reducing genetic variability and increasing extinction risk, aligns with the “extinction
vortex” theory (Nordstrom et al., 2023).

Human arrival (~4,300-4,500 years ago) (Fernandes et al., 2020) exacerbated this
process. Anthropogenic pressures and the introduction of non-native species contributed
to a further reduction in genetic diversity and increased the vulnerability of these
populations. According to the evolutionary rescue models, small populations face
greater difficulties in adapting to abrupt environmental changes due to the loss of

genetic diversity (Nordstrom et al., 2023). Human intervention would have aggravated
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this genetic loss, intensifying the likelihood of extinction and hindering adaptation.
Furthermore, Rotger et al. (2021) indicated that in Na Guardia, the bottleneck associated
with human arrival was an additional factor, while in En Curt, another bottleneck was

caused by human activities, such as quarrying.

Given this historical context, our demographic reconstructions based on SNPs offer
valuable insights into long-term demographic changes, and it is essential to interpret
these results within the appropriate geological and evolutionary framework. The
coalescent-based approach implemented in Stairway Plot reflects deep genealogical
histories and may capture demographic signals that predate the physical emergence of
the current islets (En Curt, Na Moltona, and Na Guardia). The precise geological
formation dates of the southern islets of Mallorca remain uncertain. It has been proposed
that these landforms emerged due to Holocene sea-level rise and erosive processes
following the separation of the main islands of Mallorca-Cabrera and Menorca. According
to Van den Berg (2015), estimated dates of isolation due to sea-level rise are
approximately <2,000 years BP for all three islets, suggesting that they may have been
connected to Mallorca until relatively recently. Nerveless, phylogeographic analyses
based on mitochondrial DNA offer an additional perspective: Terrasa et al. (2009) and
Brown et al. (2008) identified a cladogenesis event in the western islets of Mallorca—such
as Dragonera, Malgrats, and Toro—dated to ~2.3 Mya, indicating that mitochondrial
divergence in these insular populations may have been linked to early geological
separation from the main island. This raises the possibility that a comparable process may
have occurred in the southern islets of Mallorca, including En Curt, Na Moltona, and Na
Guardia, where mitochondrial lineage divergence might also correspond to older
geological episodes. Thus, the demographic signals detected in these populations may
reflect deep evolutionary histories shaped not only by Holocene sea-level changes, but
also by earlier geological or ecological barriers that promoted isolation and divergence

over longer timescales.

5. Conclusions

The demographic reconstruction of P. lilfordi, based on SNPs across all 16 populations,
reveals a complex history shaped by major paleoclimatic events, geographical isolation,
and anthropogenic pressures. At the species level, three marked declines in Ne were
detected: during the Wirm glaciation (~115 kya), at the onset of the LGM (~19-33 kya),
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and a drastic collapse ~4 kya coinciding with human arrival. In the Mallorca/Cabrera
archipelago, SNPs data indicate a divergence from Menorca ~2.6 Mya, consistent with
mitochondrial evidence, with a major bottleneck around 1.2 Mya and later recovery (~500
kya). Menorca shows a similar trajectory, with a reduction in Ne around 2.1 Mya (Donau
glaciation) and recovery ~700 kya. The islets of En Curt, Na Moltona, and Na Guardia
exhibit demographic contractions linked to the Riss, Wirm, and LGM glaciations,
followed by final declines associated with human impact; however, Na Guardia and Na
Moltona show a more gradual contraction than En Curt. The absence of exposure of the
70 m channel between Mallorca and Menorca since the mid-late Pliocene suggests that
historical gene flow likely involved transmarine dispersal, potentially via rafting (Carranza
et al., 2006). While the geological formation dates of the southern islets remain uncertain
(<2,000 years BP; Van den Berg, 2015), phylogeographic signals indicate possible deeper
divergences (~2.3 Mya; Terrasa et al., 2009; Brown et al., 2008). These findings support
that large-scale climatic events—including the MSC, the Riss and Wirm glaciations, LGM
and anthropogenic pressures—have been important in shaping the genetic structure and
demographic trajectories of P. lilfordi, and that integrating SNPs reconstructions with
geological context provides a valuable approximation of the evolutionary history of this
insular reptile. Importantly, these demographic insights provide the first evidence-based
framework to elucidate the species’ demographic history, laying the groundwork for
more robust evolutionary studies and guiding evidence-based conservation strategies
that integrate long-term historical processes into the conservation of P. lilfordi. Taken
together, our results show that climatic oscillations and human activity have been decisive
in shaping P. lilfordi demography and provide a species-wide demographic baseline from
genome-scale SNP data. A key limitation is the reliance on SNP data alone; integrating
ecological and functional genomic evidence will be essential. Future research should
combine demographic reconstructions with adaptive variation and habitat modeling to

better evaluate resilience under ongoing climate change.
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Abstract

Background: Reptiles exhibit remarkable resistance to infections, making them a critical
model for studying the molecular basis of innate immunity. Key components of their
innate immune response are the antimicrobial peptides (AMPs), small, rapidly evolving
molecules with a broad spectrum of antimicrobial activity. Despite their importance,
AMPs in reptiles remain largely understudied, with no current studies available on one of
the most successful reptilian lineages, lizards from the Lacertidae family. In this study, we
performed an extensive mining of published Lacertidae genomes and present the first
comprehensive characterization of their major AMP families —beta-defensins (BDs), ovo-
defensins (OVODs), and cathelicidins (CATHs) — with the aim of understanding their

genomic diversity and evolution.

Results: We first identified a nearly complete catalogue of antimicrobial proteins from P.
lilfordi, an endemic lizard of the Balearic Islands (Spain): this included 63 BDs, eight
OVODs, three of which are proline-rich proteins (OVOD-PrAMPs), and four CATHs. These
AMPs are arranged in chromosome clusters of mostly contiguous peptides, flanked by
highly conserved marker proteins. Using this fine-scale annotation, we mined
corresponding orthologues and closed paralogues from P. muralis, P. raffonei and
Zootoca vivipara, identifying a total of 58 AMPs. All AMPs consistently locate on
chromosome 3 (BDs and OVODs) and chromosome 12 (CATHs), supporting a
monophyletic origin for the reptilian antimicrobial defense. All Lacertidae AMPs show a
multiple exon structure (two to four exons) and a characteristic cysteine motif (six
cysteines in BDs, eight in OVODs, and four in CATHs), consistently with previous findings
for vertebrates. Comparative sequence analyses indicate pervasive duplication events in
tandem of both BDs and OVODs, with clear evidence of recent gene expansion. In
contrast, OVOD-PrAMPs and CATHs mostly present a one-to-one ortholog across
species. Despite this high level of intra-genomic diversity, we also identified multiple
instances in which different species from distantly related Squamata families (Lacertidae,
Varanidae and Dactyloidae) share identical or nearly identical peptides, suggesting

convergent evolution.

Conclusions: Overall, our findings support a remarkable diversity of AMPs in lizards,
driven by an ongoing process of gene expansion, primarily via duplication in tandem,
and rapid diversification. The observed instances of peptide identity or similarity, along

with the putative maintenance of specific polymorphisms across species, provide a basis
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for investigating the potential functional equivalence of these peptides among lizards

and underscore the need for population-level studies of allele intraspecific diversity.

1. Introduction

AMPs are a large class of small peptides (15-150 amino acids) that are found abundantly
in nature and play a crucial role in the innate immune systems of all organisms, from
bacteria to vertebrates (Lazzaro et al., 2020; Huan et al., 2020; Chakraborty et al., 2022,
Erdem Blytkkiraz & Kesmen, 2022). They exhibit an ample spectrum of antimicrobial
effects, primarily targeting bacteria, viruses, fungi and parasites, as well as potent
immunomodaulatory activity (Huan et al., 2020; Chakraborty et al., 2022). In addition to
serving as a primary defense against pathogens, AMPs act as key modulators of host—

microbe interactions (Cardoso et al., 2022).

AMPs are typically derived from post-translational modifications involving the proteolytic
cleavage of large precursor proteins (Zhang & Gallo, 2016). Most active peptides present
a net positive charge and an amphipathic nature, enabling direct membrane binding and
disruption in target microbes (Chakraborty et al., 2022; Erdem Blytikkiraz & Kesmen,
2022; Zhang & Gallo, 2016). Anionic peptides have been also reported; however, their

mechanisms of action remain mostly unclear (Harris et al., 2009).

Coevolution of AMPs and pathogen resistance has led to a highly functionally and
structurally diverse repertoire of AMPs (Huan et al., 2020; Erdem Bliytikkiraz & Kesmen,
2022), resulting from extensive gene duplication, pseudogenization, deletion as well as
strong positive selection (Lazzaro et al., 2020; Semple et al., 2005). Nonetheless,
evidence of polymorphism maintenance by balancing selection and convergent
evolution has also been documented (Lazzaro et al., 2020; Chakraborty et al., 2022),
indicating an overall complex pattern of molecular evolution. Hence, despite their ample
spectrum of microbial targets, recent studies have shown that AMPs response can be
remarkably specific, with single polymorphisms significantly influencing resistance to
infections (Lazzaro et al., 2020; Hanson, 2024).

Among the plethora of AMP-producing proteins found in vertebrates, the main classes
are represented by defensins and cathelicidins (with the notable exception of caecilian
amphibians that appear to lack defensins) (Huan et al., 2020; Benitez-Prian et al., 2024).
Both are characterized by the presence of cysteine residues (ranging from four to eight)

arranged in conserved motifs and forming disulfide bonds that contribute to their
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structural stability. The number of cysteine residues and spacing of cysteine-pair
alignment currently define the known subclasses (Semple et al., 2006; Semple & Dorin,
2012). Beta-defensins are the most abundant and diverse subclass found in all
vertebrates, known for their immunomodulatory and toxic activities, as well as their
involvement in developmental processes, fertility, wound healing and cancer, among
others (Semple & Dorin, 2012). They produce small active peptides (20-50 residues) with
a characteristic six-cysteine motif (Semple & Dorin, 2012), and are typically arranged in
large, discrete clusters within a chromosome (Zhu & Gao, 2013; Tu et al., 2015). In the
same syntenic block of the beta-defensins are the ovo-defensins, a small subclass of
AMP-producing proteins structurally similar to beta-defensins (containing a six- to eight-
cysteine motif). Ovo-defensins have been described so far only in avian and reptile
species, and are named for their expression in the oviduct and putative role in egg
protection (Whenham et al., 2015; Gong et al., 2010).

Cathelicidins are a small class of largely studied, vertebrate-specific proteins with
multifunctional activities marked by potent antimicrobial and immunomodulatory
properties (Kosciuczuk et al., 2012; Bals & Wilson, 2003). They contain a typical four-
cysteine motif and are synthesized as large precursor protein comprising a conserved
cathelin-like domain (CLD) and a functional, highly variable antimicrobial domain
(Kosciuczuk et al., 2012; Tomasinsig & Zanetti, 2005).

While AMPs have been extensively studied in humans, other mammals and amphibians
(particularly frogs), a comprehensive genomic characterization of AMP diversity is still
lacking in most other vertebrate groups (Wang et al., 2016). Reptiles are an increasingly
attractive model for antimicrobial defense studies, as they represent one of the earliest
branches to evolve an innate immune response among extant vertebrates, and are known
for their remarkable resistance to infections (Field et al., 2022; Buchmann, 2014). Yet,
AMP studies in reptiles are still at their beginnings (Santana et al., 2021; Siddiqui et al.,
2022).

Over the past two decades, research has identified genes associated with major classes
of AMPs in a limited number of representative species across the four major reptilian
orders (i.e. Squamata, Testudines, Rhynchocephalia and Crocodylia) (Santana et al.,
2021). Within Squamata (snakes and lizards), AMP diversity has been documented in
species such as the Komodo dragon (Varanus komodoensis) (van Hoek et al., 2019), the

green anole lizard (Anolis carolinensis) (Dalla Valle et al., 2012), and few snake species,
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including the king cobra (Ophiophagus hannah) (Zhao et al., 2008) and the Burmese
python (Python bivittatus) (Kim et al., 2017). No formal AMP characterization is yet
available for any members of the most successful lineage of the Squamata order: the

family Lacertidae.

Lacertids are a highly species-diverse group of true lizards, primarily encompassing wall
lizards that are widely distributed throughout the Mediterranean region. Few Lacertidae
genomes have been recently published, including the common wall lizard, Podarcis
muralis (Andrade et al., 2019), the Aeolian wall lizard, P. raffonei (Gabrielli et al., 2023),
and the viviparous lizard, Zootoca vivipara (Yurchenko et al., 2020), thus providing the
genomic resources for a first comprehensive overview of the AMP diversity within this
reptilian family. In addition, our research group has recently produced a high-quality
chromosome-level genome assembly and annotation for Lilford’s wall lizard P. lilfordi
(Gomez-Garrido et al., 2023), an endemic species of the Balearic Islands where it inhabits
multiple islets surrounding the islands of Menorca, Mallorca and Cabrera. Due to the
insularity of this species and the long-term monitoring of several of these populations
(Rotger et al., 2016), P. lilfordi is a growing natural model system for integrative studies
of host and associated microbial symbionts (Otalora et al., 2024; Baldo et al., 2018; Baldo
et al., 2023), as well as pathogen resistance (unpublished) in a context of a rapidly

changing environment.

Here we present the first and comprehensive identification of major classes of AMPs
(defensins and cathelicidins) in the P. lilfordi genome by means of extensive genomic
search. To further understand AMP diversity and evolution, we additionally mined AMPs
from all currently published Lacertidae genomes (P. muralis, P. raffonei and Z. vivipara).
Comparative analyses of these newly identified AMPs, along with previously published
data from the Komodo dragon (family Varanidae) (van Hoek et al., 2019) and the green
anole lizard (family Dactyloidae) (Dalla Valle et al., 2012), provided a first overview of the
antimicrobial defense repertoire for this reptilian family, while also shedding light on

major patterns of AMP evolution within Squamata.
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2. Methods
2.1. Identification of candidate defensin and cathelicidin genes in P. lilfordi

We employed a multiple genomic approach to identify candidate defensin and
cathelicidin genes within the P. lilfordi genome, including genome-wide TBLASTN
screening of reference AMPs, filtering by characteristic cysteine motifs, genomic cluster
delineation via conserved flanking markers, Open Reading Frame (ORF) identification,
transcriptomic data validation, and physical properties and structural homology

prediction. Each step was manually curated to ensure accurate and robust annotation.

Specifically, we first used the protein definitions file (PODLIA.protein_definitions.txt)
available at https://denovo.cnag.cat/podarcis to retrieve annotated AMPs from the
recently published genome assembly (Gomez-Garrido et al., 2023). This dataset included

four putative beta-defensins, one cathelicidin, and no ovo-defensins.

Second, we queried all available AMPs from the closest reptile species, the V.
komodoensis (Komodo dragon) (van Hoek et al., 2019), and the A. carolinensis (the green
anole) (Dalla Valle et al., 2012), in a TBLASTN search (Altschul et al., 1990) against the P.
lilfordi genome. The Komodo dragon includes 65 described beta-defensin peptides, six
ovo-defensins (only mature peptides), and three cathelicidins (complete genes) (van Hoek
et al., 2019); the green anole lizard includes 32 beta-defensins (complete mMRNA), three
cathelicidins (complete genes) and no ovo-defensins (Dalla Valle et al., 2012). For each
protein family, we applied relaxed TBLASTN search parameters (e-value = 1, gap
open/extension = 8/2) to maximize output retrieval. The BLAST outputs were then
filtered according to the presence of conserved cysteine (C) motifs for each AMP family:
six cysteines for beta-defensins, with a relaxed cysteine spacing from van Hoek et al.
(2019); a terminal "CC" motif and between six to eight total cysteine residues for ovo-
defensins (van Hoek et al., 2019; Dalla Valle et al., 2012); at least four cysteine residues
for cathelicidins (Tomasinsig & Zanetti, 2005).

Third, we identified the chromosome and boundaries of defensin and cathelicidin
clusters, by searching for conserved flanking marker genes previously documented in
literature (van Hoek et al., 2019; Dalla Valle et al., 2012; Cheng et al., 2015; van Hoek,
2014). For beta and ovo-defensins we targeted the exportin-1 protein (XPO1), the
cathepsin B protein (CTSB), the XK, Kell blood group complex subunit-related family
member 6 (XKR6) and myotubularin phosphatase domain-containing protein 9 (MTMR9)
(van Hoek et al., 2019; Zhang et al., 2019). For cathelicidins we targeted the fas-activated
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serine/threonine kinase (FASTK) and kelch-like family member 18 (KLHL18) (van Hoek et
al., 2019; Cheng et al., 2015).

Throughout this systematic approach, we verified and corrected the orientation of all
sequences, prioritizing non-overlapping sequences with the highest bit score. All

analyses were performed with custom scripts in R software (2023).
2.2. Gene annotation

To obtain the complete ORFs for the candidate AMPs that passed the above filters, we
queried all available full mRNA and proteins from A. carolinensis (32 beta-defensins
mRNA and four cathelicidin complete proteins) and V. komodoensis (only three
cathelicidins proteins) using the program exonerate v2.4.0 (Slater & Birney, 2005) in
protein2genome mode against chr-3 (defensins) and chr-12 (for cathelicidins) of the P.
lilfordi genome. For ovo-defensins, as no complete proteins were available, partial ovo-
defensin proteins newly identified from P. lilfordi were searched against the NCBI
nucleotide (nt) database: best RNA hits were translated to proteins and searched back

against the P. lilfordi genome.

For each identified AMP gene, we used P. lilfordi Illumina and PacBio RNA-seq data from
multiple individuals and tissues (Bioproject PRINA897120) to accurately determine exon-
intron structures, using this transcriptional evidence to guide the annotation process. This
approach enabled us to validate most of the genes previously identified using partial

sequences as well as to annotate novel genes.

Finally, we further validated all candidate peptides/proteins by their physical properties
using EMBOSS tool pepstats
[https://www.ebi.ac.uk/jdispatcher/segstats/emboss_pepstats], and structural homology
searches by protein prediction of secondary and tertiary structure in Phyre2 (Kelley et al.,
2015).

We named newly identified proteins and peptides in P. lilfordi using a standard
nomenclature applied in other species consisting of the genus and species initials as a
prefix, followed by a protein code and a number indicating their genomic order (van
Hoek et al., 2019; Dalla Valle et al., 2012). Newly identified candidate proteins from
Lacertidae were similarly named and numbered according to the P. lilfordi closest

sequence, when available.
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AMP chromosome location was visualized with the R function GC_chart in geneviewer R
library. For the UPGMA (unweighted pair group method with arithmetic mean)
dendrogram, a protein distance matrix was estimated with the R function dist.alignment

(matrix = "identity", gap = T) in seqinr library, and a dendrogram generated accordingly.

2.3. Comparative AMP analysis across reptile species

To explore patterns of diversity and evolution of AMPs in Lacertidae, we queried all P.
lilfordi AMP proteins in a BlastP and TBLASTN search against all published Lacertidae
genomes to retrieve corresponding orthologs and paralogs. Available Lacertidae
genomes included the Aeolian wall lizard, P. raffonei (Gabrielli et al., 2023), the common
wall lizard, P. muralis (Andrade et al., 2019), and the viviparous lizard, Z. vivipara
(Yurchenko et al., 2020). Additionally, we used available genome annotation and
transcriptome data to guide our search. For comparative purposes, we also integrated
available sequences from the Komodo dragon and the green lizard. Amino acid
sequences were aligned using MUSCLE vs. 5.0 (Edgar, 2004), visualized and manually
curated in Jalview vs. 2.11.3.3 (Waterhouse et al., 2009). Due to the high rate of amino
acid substitutions and extensive gene duplications, homology inference within the same
protein family is limited. Therefore, alignment curation was performed according to the
following guidelines: a) we first aligned C-residues within the conserved motif, b) we
maximized homology among highly similar sequences, c) we optimized similarity within
the conserved regions among all sequences, and d) for highly variable regions (i.e.

functional peptide), we minimized indels among divergent sequences.

To identify clusters of similar peptides, as well as potential orthologs and paralogs within
and across species, a Neighbor Joining (NJ) tree (Saitou & Nei, 1987) was built with
MEGA 4.0 (Tamura et al., 2007) with 1000 bootstrap values. The resulting trees were
visualized using the ggtree R package (Nava et al., 2009). The use of distance-based
methods (NJ and UPGMA), rather than model-based phylogenetic inference approaches
such as Maximum Likelihood (ML), was guided by the complex nature of the AMP
dataset. This complexity includes extensive gene paralogy, low sequence homology
beyond the conserved cysteine residues, and incomplete gene recovery across the
studied species. Distance-based methods represent a conservative and widely used
approach in AMP research (Tu et al., 2015), as they minimize the risk of false inferences

related to substitution model selection and do not assume true aminoacidic homology.
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While this approach limits formal phylogenetic interpretation, it allows for the
identification of clusters of similar peptides and broad patterns of sequence similarity
without overinterpreting evolutionary relationships.

3. Results
3.1. AMP genomic clusters in P. lilfordi

Genome-wide screening of P. lilfordi enabled the identification of two major AMP gene
clusters, located on chromosomes 3 and 12 (Figure 1).
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Figure 1. P. lilfordi genome localization of beta-defensins (chr-3), ovo-defensins (chr-3)
and cathelicidins (chr-12). Beta-defensins include both partial and complete ORFs
(marked with an asterisk). Marker genes for major clusters are also shown. Long intergenic

regions are shortened and marked by a double //.

Chr-3 cluster (112164644-117711852 bp, about 5.5 Mb) includes 71 putative defensins:
63 beta-defensins (BDs) and eight ovo-defensins (OVODs). The defensin block is flanked
by the exportin-1 protein (XPO1) and the retrovirus-related Pol polyprotein from
transposon TNT 1-94 (POL), with the cathepsin B protein (CTSB) falling within the block.

Ovo-defensins are found within the beta-defensin block, flanked by the myotubularin
phosphatase domain-containing protein 9 (MTMR?) and the XK, Kell blood group

complex subunit-related family, member 6 protein (XKR6).

Chr-12 cluster (54832594-58419520 bp, about 3.5 Mb) includes four cathelicidins
(CATHSs) arranged in a single block, flanked by the kelch-like family member 18 protein
(KLHL18) and the fas-activated serine/threonine kinase protein (FASTK) (Figure 1).

3.2. Characterization of P. lilfordi beta-defensins

All 63 BDs are arranged into two distinct clusters within chr-3, separated by ovo-
defensins: one encompassing PIBD1-PIBD55 and the other PIBD56-63, separated by
more than 2,000,000 bases (Figure 1 and Supplemental Table S1). All BDs identified
present a six-cysteine motif (29 and 35 amino acid (AA)) with the following conserved
spacing: C-X(6-7)-C-X(3-5)-C-X(8-14)-C-X(5-7)-CC (Figure 2). In addition, most sequences
show two highly conserved glycine (G) residues at positions 7 and 28, and an isoleucine
() at position 27 of the alignment (Figure 2). Both PIBD12 and PIBD22 carry a double

cysteine motif in tandem at the C-terminal, summing a total of 65 AMPs.
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' 0 ' 0 ' 1 '
PIBD32 CKKI- HGHCHKS- KCKFFHY----- SR1CAENVL--CC

d_' PIBD12b*CKWR- GGACTKN- KCPPDSS- - - - - SLHECTKRVF--CC
4o [— PIBD51 CYKR-GSTCKSN-KCPKGMI----- QDGMCNMKKI--CC

Vv b———— PIBD5S2 CYKR-GSTCKSN-KCPKEMI-- - - - QDGMCNMKKI--CC

PIBD39* CDSL- HHNCRVG- YCSEDEIP---- SGGFCFEPVI- ICC

PIBD6* CEAK-GGRCADT-RCPEGSV----- EIKVCYYLSP--CC

PIBD7* CIKE- GGHCAGE- FCPSGHT-- - - - ELKLCYDNVP--CC

PIBD28 CTAF- GGHCALL-RCPDGFE----- AIDICSERWV--CC

PIBD12* CLKK- GGRCLGRTSCEEQFV- - - - - FYGHCQNGSRGICC

PIBD34* CESA- GGKCFFA- FCPRGSM- - - - - RIT CGRFRR--CC

PIBD35* CWRS- GGRCFLA- LCPRGTT----- RIT CTFSYL--CC

PIBD33 CRRK-GGRCHFL-KCPSGTW----- SFGSCNIIHR--CC

PIBD47 CRGN- GGFCRFR-RCHPPYI----- QFGEMCGWLRR--CC

PIBD48 CRAS-GGVCRFR-KCRSPNI----- QFGHMCGWLRR--CC

PIBD54* CYAA- NGACKLI-KCPSPML----- QI CGILRK--CC

PIBD49 CKAE-GGKCVLV-TCL-HLT----- EIGSCEGKMK- - CC

_I PIBDSO CKAK-GGRCLLV-TCY-PKT----- RIGMCGRWSSLRCC
PIBD8 CREA- HGKCVRR- RCPGDYK- - - - - RIGNCARKIA--CC

_|_| PIBD9 CKKA- HGKCRHA-MCLHDPWQ- - - -R/I CDFKRF--CC
PIBD21* CEAA- EGWCQEG-PCSIGPM- - - - - EIL CDTWIF--CC

PIBD38* CLRR-GGICRYD-DCSEGEE---- - QIGTCYHHTM- ICC

PIBD40* CFVR-GGKCETD- ICKENEE-- - - - QIGNCSRTEK-LCC

1 PIBD37 CRRR-AGKCRGN-RCFYNEI----- EISTCYHTKI-KCC
PIBD57* CQNN- GGSCRKT- - CNKGEK- - - - - ETL CSGDRR--CC

PIBD58* CQNN- GGSCRKT- - CNKGEK- - - - - EIL CSGDRR--CC

PIBD60* CQNN- GGSCRKT- - CNKGEK- - - - - EIL CSGDRR--CC

¢ PIBD61* CQNN- GGSCRKT- - CNKGEK- - - - - EI CSGDRR--CC

lPIBDSZ* CQNN- GGSCRKT- - CNKGEK- - - - - ET CSGDRR--CC

PIBDS6 CRLA-GGSCHYF- RCWKGKT- - - - - EIABMCSGSKV--CC

-~ | PIBDS9 CVRR-GGRCKYF- SCGIKER----- EIGWCSRDKL--CC

v 1 PIBD63 CVRR- GGRCKYF- SCGIKER----- EIGWCSRDKL--CC

PIBD2 CVLN-GGHCNY S- YCRRPMR- - - - - QIGICKNGSR--CC

PIBD41 CHYN- HGHCRRL--CFYNER----- PIGTCTNGRQ- RCC

PIBD3 CHTN- GGVCFYA- ECPSNAK- - - - - KIGTCSDSSN- LCC

PIBD22b*CK IN- GAHCLVW- HCLDNYK- - - - - KIGVCSRGSP--CC

PIBD46 CLNAKGGDCYPM- FCPDTHK- - - - - KIGECFPSYP--CC

PIBD45 CHKA-KGSCFPK-HCPDTHE----- k1clcLssML--cc

PIBD43 CDKA-NGICFPL-VCPNNSK----- KIGRCIHNYF--CC

PIBD42* CFKT-NGICFPL- GCPNNSK- - - - - KIGRCIHNY S--CC

PIBD44 CLSV-NGTCFPI-RCANNYK----- RIGTCIPNYP--CC

PIBD11* CMVA- RGICRHL-PCQPYGK----- KIGHCLLNTY--CC

PIBD26 CRLF- SGMCIYF-MCPPPRF----- KIGECRRYYN--CC

PIBD13* CMRA- RGRCFPF- ICPWPLGY----YIGECFWPIR-RCC

PIBD4 CDKA- KGKCMP E- RCMTAWK- - - - - RVIGEMICLPDKV--CC

PIBDS CDKA- KGKCMLE- ICYSGWK- - - - - KIIGRCPPHRK- - CC

PIBD10 CEYF--GKCLLF-QCEENWR----- KVdCAADVY--CC

PIBD1* CQQQ-KGLCFPG-RCSRPWR-- - - - SIGTCNVVLH-HCC

I_| PIBD27 CQFL- SGICFRV- ICPSSRF----- NVGVCGPNMV- - CC
PIBD30 CNRI-QGRCFRK-RCPPVFA----- IVGRCSESAL--CC

PIBD29 CRQI-NGVCAFI-KCPATFN----- pliclicsTFwe- - cc

_|—| PIBD31* CRAKGQSYCIFG-PCPTTFSV----S-GDCHGGMN--CC
PIBDS3 CRAA-RAECLHS- FCPKKMF----- KIIGVCKKRMT- - CC

PIBD23 CGFG- KGFCSMW- YCPLKHF---- - QFGICGRGSP--CC

PIBD36 CHED- KGTCHPT- LCPAQKI----- EKGSCYDGIQ- LCC

PIBD22* CLY IKNTDCQK- - HCPLYAL--- - - NLGSCSEGKM--CC

PIBD16 CSLQ-GGSCTQD-PCTSEGQ----- ILGTCSAGMY--CC

il PIBD24* CGRG- GGGCQVG- ACRPGFQ---- - NVIGTCKGGTM- sCC
PIBD14 CMNA- EGFCTDEPKCNTPQP----- DLGTCGNGTL--CC

PIBD15 CSGI-KGFCTNEPECNTPYP----- VQGTCGEGTL--CC

PIBD55* CILW-DGYCRS--KCNETTWAIPELDLGTCANGKQ-RCC

PIBD25* CRLA- RGFCKYG-QCPPRTEH----TGGTCQDGRL-LCC

PIBD20 CFKH- SGACRKH- SCNATFK- - - - - pLclcePGLY--cC

PIBD19 CSEH- SGFCRKH-PCNATFK---- - DLGNCGPELY--CC

PIBD18 CSQR- SGVCRKA-PCPLKER----- DIG.CGLHLY--CC

PIBD17 CWDR-MGSCY SN-PCSGKLK----- ENGSCGPGFY--CC

* * * * *%*

Figure 2. Alignment and UPGMA dendrogram of P. lilfordi putative beta-defensin
peptides (N=65) showing the six-cysteine domain (C-X(6-7)-C-X(3-5)-C-X(8-14)-C-X(5-7)-
CC). Alignment colors show residues above 30% identity threshold. Shared cysteine

residues are marked with an asterisk. Dendrogram height corresponds to the square root

of sequence identity distances. Branch squares highlight closely related peptides (cutoff

at 0.5 height, corresponding to <25% of dissimilarity). An asterisk in sequence IDs

correspond to peptides with complete ORFs. PIBD12 and PIBD22 carried a double motif,

and the second motif was labelled with “b".
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Most peptides present a cationic charge, with isoelectric points ranging between 6.8 to
10.7, with only 13 out of the 65 peptides showing a negative or no charge (Supplemental
Table S1). According to protein homology searches, all peptides (at least 30 AA) have
their best hits to an antimicrobial protein/beta-defensin, with confidence >80% and
sequence coverage >70%, except for PIBD39 (Supplemental Table S2). Prediction of
secondary structure indicates that most cysteine domains contain two to three beta-

sheets.

The UPGMA (unweighted pair group method with arithmetic mean) dendrogram
identified six clusters of similar sequences (<25% dissimilarity based on an arbitrary
cutoff), typically grouping contiguous or spatially proximal peptides within the
chromosome (e.g., PIBD51-52, PIBD47-48, PIBD19-20, see also Figure 1). Two of these
clusters encompass multiple BDs with identical motifs (PIBD57-58,60-62 and PIBD59,63),

suggesting recent duplications in tandem.

Of the 65 beta-defensin motifs identified, we were able to detect the complete open
reading frame (ORF) for 24 of them (Figure 3). According to published P. lilfordi
transcriptomic data from multiple individuals and tissues (Bioproject: PRINA897120, but
also see genome browser
https://denovo.cnag.cat/genomes/podarcis/browse/rPodLil1.2_annot/), fourteen of

these BDs were transcribed, guiding our gene annotation (Supplemental Table S1).
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Figure 3. Alignment of P. lilfordi complete beta-defensin proteins (N=24). Proteins
encompass two to four exons (see Supplemental Table S1 for intron breaks). The six-
cysteine residues are marked with an asterisk. Alignment colors show residues above 30%
identity threshold. PIBD12 and 22 carry a double cysteine motif (the second motif was
not aligned).
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Complete protein size ranges from 53 to 118 AA arranged from two to four exons, with
the majority presenting two-three exons, with large exon size variation (exon-1: 6-55 AA,
exon-2: 21-69 AA, exon-3: 0-49 AA, exon-4: 0-45 AA) (see Supplemental Table S1 for
intron position). They contain a N-terminal with a putative signal peptide (first exon and
part of the second exon), followed by the cysteine motif at the C-terminal encoding for
the AMP. Structural homology searches based on complete proteins confirm strong
similarity to previously identified beta-defensins, with confidence >90%, although with
generally low sequence identity (35-65%) (Supplemental Table S2). Again, only PIBD39

shows poor confidence (<80%).

Notably, the BD cluster encompassing identical peptides (PIBD58-62, Figure 2) also
displays near AA identity at full protein length (Figure 3), supporting recent whole-gene

duplication.

3.3. Comparative analysis of beta-defensins across reptiles

To investigate patterns of beta-defensin diversity and evolution within the Lacertidae, we
performed extensive BLAST searches against the genomes of closely related species to
P. lilfordi (hereafter named Pl), including P. raffonei (hereafter Pr), P. muralis (Pm) and Z.
vivipara (Zv). This analysis yielded several complete beta-defensin proteins: 11 from Pr
(eight newly identified), seven from Pm (six new) and nine from Zv (six new). Notably,
many of these newly characterized beta-defensins were previously annotated as
uncharacterized non-coding RNAs or mRNAs. Detailed AccNos for these sequences are

provided in Supplemental Table S3.

BD peptides from all reptile species share the following six-cysteine motif: C-X(6-7)-C-
X(3-7)-C-X(8-14)-C-X(4-7)-CC (see Supplemental Figure S1 for alignment).

The Neighbor-Joining (NJ) tree (Figure 4A) identified fourteen multispecies clades
(bootstrap support >70) and only one clade of P. lilfordi-specific sequences (clade 34).
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Figure 4. Beta-defensin comparative analysis across multiple related reptile species.
A) NJ tree based on complete proteins (N=47). Major clusters (bootstrap support>70)
are highlighted and named according to the PIBD reference within the clade.
B) NJ tree based on the shared cysteine domain from all five species (C-X(6-7)-C-X(3-7)-
C-X(8-14)-C-X(4-7)-CC) (N=190 sequences), highlighting major clusters (bootstrap
support>80). Proteins were named according to their public annotation; if
uncharacterized, they were numbered according to their closest P. lilfordi sequence and
marked with “new” (see Supplemental Table S3 for species AccNos). PI: P. lilfordi; Pm:
P. muralis; Pr: P. raffonei; Zv: Z. viviparus; Vk: V. komodoensis; Ac: A. carolinensis.

Clades 54, 56 and 57 reflect species relative distances consistent with their taxonomic
grouping: all Podarcis spp. cluster together, with Zv positioned at a basal node,
supporting gene orthology. Most other clades do not provide species or genus
resolution: these include clade-38 and 40 (grouping Podarcis spp. and Zv), clade-1 (Pm-
Pl), clade-2 (Pm-Zv) and clade-7 and 11 (PI-Pr) (Figure 4A). Interestingly, clade-7 shows
full identity of BD7 between Pr and PI, suggesting putative convergent evolution (but see

Discussion).
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Due to a potential incomplete sampling of the full repertoire of beta-defensin full proteins
from Podarcis spp. and Zv, we further explored pattern of BD evolution in reptiles based
on cysteine motifs only, using a larger dataset that encompassed also the Komodo
dragon and the green anole (N=190 sequences: PI=65, Pm = 7, Pr= 12, Zv = 9, A.
carolinensis (Ac) = 32, and V. komodoensis (Vk)= 65) (Supplemental Table S3). The NJ
tree (Figure 4B) highlights three main aspects: within species recent duplications,
species-specific lineages, and across species peptide convergence. Aside from instances
of duplication in Pl, no other recent intraspecific duplication was observed for the any
other species, except for the previously reported duplication in Vk (i.e. VkBD80a and b).
Moreover, most Ac and Vk lineages appear to be species-specific. Nonetheless, both
patterns could also result from pervasive gene loss and/or incomplete sampling of beta-
defensin diversity in all six species under study, unclear at present. Notably, we identified
eight clusters showing motif identity across distinct species (Figure 4B). Such instances
of motif identity are found for all species pairwise, although more frequently within the
Podarcis genus (PI-Pr: five clades; Pm-PI: two clades; Ac-Vk: two clades, PI-Pr-Zv-Ac-Vk:
one clade). Remarkably, the clade encompassing AcBD29, PIBD38, VkBD4, ZvBD11 and
PrBD11 (corresponding to clade-38 in Figure 4A) shows motif identity among all species
but Pm, thus encompassing all three reptilian families under study (Lacertidae, Varanidae

and Dactyloidae).

3.4. Characterization of P. lilfordi ovo-defensins

We detected a total of eight complete ovo-defensin proteins in chr-3 of P. lilfordi, tightly
clustered within or near the region flanked by MTMR? and XKRé proteins (Figure 1 and
Supplemental Table S4). Protein size ranges from 64 to 239 AA arranged in two exons:
the first exon putatively encodes for the signal peptide (about 21 AA), whereas the
second exon includes the putative AMP (Figure 5).
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Figure 5. Alignment of P. lilfordi complete ovo-defensin proteins (N=8). All proteins share
a two-exons structure with a common intron position and the eight-cysteine motif C-X(3-
5)-C-X(3-6)-C-X(3-6)-C-X(8-9)-C-X1-C-X(4-6)-CC, with a positive net charge. Blue lines
mark the start of long stretches of prolines (>10) at OVOD7 and OVOD8. Shared cysteine

residues are highlighted with an asterisk.

Intron size is relatively small, ranging from 1.3 kb and 2.3 kb, except for OVOD1, which
has substantially larger intron (3.5 kb). All OVODs show an eight-cysteine motif with a
highly conserved spacing: C-X(3-5)-C-X(3-6)-C-X3-C-X(8-9)-C-X1-C-X(4-6)-CC. PIOVOD7
contains two additional CC in the signal peptide. All peptides show a conserved Tyrosine
(Y) and a Glycine (G) at position 37 and 38, respectively (Figure 5). PIOVODé-8 are
proline-rich proteins (PrAMPs), with PIOVOD7-8 displaying long stretches of up to 31
consecutive prolines (see Figure 5 for position of proline repeats and Supplemental Table
S4 for complete sequences). In PIOVOD7- 8, proline repeats are interspersed with
repetitive lysine-tryptophan-histidine (KWH) and lysine-tyrosine-histidine (KYH) motifs.
Transcriptome data indicate that two of the OVODs (PIOVOD1 and PIOVODA4) are
expressed (see Supplemental Table S4).

All OVODs exhibit a highly cationic charge (3.5 to 20) at exon 2 (i.e. the putative AMP),
with isoelectric points ranging from 8.1 and 10.5 (Supplemental Table S4). Protein
homology search revealed low-confidence assignment (<71%) and coverage (<58%) for
most peptides (Supplemental Table S2). The best hit was given for PIOVODS5 to a
hydrolase/hydrolase inhibitor (carboxypeptidase inhibitor) (96.8% of confidence and 57%
of coverage), and for PIOVOD1 which matched an antimicrobial peptide (82% and 52%)
(Supplemental Table S2). The remaining proteins did show any significant matches (>75%
of confidence), likely due to the limited classification currently available for this group of

defensins and their intrinsically disordered structures.

PIOVOD2-4 share large similarity (?0-97% of AA identity), with PIOVOD2 and PIOVOD3
differing by a single AA (Figure 5) likely due to a recent duplication event. OVODs that

are located proximally on the chromosome tend to share higher protein similarity (Figure

144



1), consistent with a duplication in tandem, as previously observed for BDs. PIOVOD1-5
show little homology with PIOVODé6-8 (i.e., OVOD-PrAMPs), with only 7-24% of AA
identity between them. Apart from a conserved eight-cysteine residue motif, a two-exon
structure, and a closed proximity on chr-3 (Figure 1), these two groups of OVODs may

represent distinct protein families or subfamilies.

3.5. Comparative analysis of ovo-defensins across reptiles

Through extensive BLAST searches and genome mining, we successfully retrieved several
complete PIOVOD orthologs/paralogs from closely related species, none of which has
been previously identified: five from Zv, four from Pm, and eight from Pr (Supplemental
Table S3). Additionally, we included three previously described partial OVODs from Vk
that met the minimum requirement of eight cysteine residues (i.e., VkOVOD3, 4 and 6).
Due to the high fragmentation of current genome draft for Varanus, we were unable to

retrieve the full protein sequences for this species.

The eight-cysteine motif was highly conserved across all reptile species, with a consistent
spacing between the third and fourth cysteine, and between the fifth and the sixth
cysteine: C-X(3-6)-C-X(3-6)-C-X3-C-X(8-12)-C-X1-C-X(4-6)-CC (Supplemental Figure S2).
Notably, OVODé6-8 are proline-rich proteins in all Lacertidae, with OVOD7-8 showing
long stretches of prolines interspaced by the conserved motif repeats KW(H) and KYH in
all species (for Pm, only in OVODS8) (Supplemental Table S3 and Figure S2).

Based on the NJ tree constructed from complete proteins, we identified five main clades
(A-D, bootstrap support>80) (Figure 6).
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Figure 6. NJ tree based on complete ovo-defensin proteins (partial only for Vk) from
multiple related reptile species (N=17). All species shared the following cysteine motif:
C-X(3-6)-C-X(3-6)-C-X3-C-X(8-12)-C-X1-C-X(4-6)-CC. Major clades (bootstrap
support>80) are labelled as A-E. Recent gene duplications are framed. New proteins
were marked with “new” and numbered according to their closest Pl sequence for Zv or
to their sequential order in the chromosome for Pr and Pm (see Supplemental Table S3).

PI: P. lilfordi; Pm: P. muralis; Pr: P. raffonei; Zv: Z. viviparus; Vk: V. komodoensis.

146



Within Clade A, we observe several instances of recent intraspecific duplication within all
Podarcis spp., including Pl (OVOD2-3, with one AA difference, and OVOD1-4), Pr
(OVOD2-3, OVOD1-4, each pair sharing identical cysteine motifs) and Pm (OVOD2-3
with full protein identity). Clade A and B group together with high support, suggesting a
common origin from a past lineage duplication. The remaining three clades (C-E) include
the proline-rich proteins OVOD6-8, all of which have a one-to-one ortholog in all
Lacertidae, with no recent duplications. OVOD8 shows cysteine motif identity (though
not full gene identity) across Pl, Pr, Pm and Zv, and OVODé shows identity between Pl
and Pr (Supplemental Figure S2).

3.6. Characterization of P. lilfordi cathelicidins

We identified four complete cathelicidin proteins on chr-12 of P. lilfordi (PICHAT1-4),
flanked by KLHL18 and FASTK proteins (Figure 1 and Supplemental Table S5). PICATH2
was labelled as PICATH2-OH following the annotation of a closed related protein in Zv,
named as ZvCATH2-OH to maintain the previous annotation from the king cobra
(Ophiophagus hannah), where this protein was first described [27]. PICATH1 and
PICATH2-OH are separated by only 266 bp, although located on opposite strands
(Supplemental Table S5).

Protein size of the four CATHs range from 161 to 171 AA and are all organized into four
exons (Figure 7). All four CATHs were expressed according to transcriptome data. They
exhibit a conserved four-cysteines domain with a highly conserved spacing: C-X10-C-
X10-C-X(16-19)-C.

Signal peptide Cathelin domain AMP putative

Mo « » « » »

y ‘ T
exon-1 exon-2 exon-3 exon-4

Figure 7. Alignment of P. lilfordi complete cathelicidin proteins (inactive precursor) (N=4).
All proteins share a four-exons structure and the four-cysteine motif C-X10-C-X10-C-X(6-
19)-C. Main domain structure (signal peptide, cathelin domain and putative AMP) was
predicted by homology searches. Shared cysteine residues are highlighted with an
asterisk.
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Homology searches returned best matches to the porcine CATHs, with 99.9% of
confidence and coverage above 50% for all four proteins (Supplemental Table S2).
Folding predictions indicate that all four PICATHs represent inactive precursors,
structured into three domains: 1) a variable N-terminal domain with a signal peptide of
slightly varying length (first 23-27 AA), 2) a conserved "cathelin-like domain" (CLD)
containing the cysteine motif (100-101 AA long), with one alpha helix and four beta-
sheets, and 3) a highly variable C-terminal domain containing the putative functional AMP

(36-42 AA), with proteolytic cleavage predicted at position 130 (Figure 7).

Except for PICATH1, all other AMP domains present a highly cationic charge (11.5-15)
due to multiple Lys (K) and Arg (R) residues, with isoelectric points ranging between 12
to 13 (Supplemental Table S5). The AMP domain from PICHAT1 largely differs in AA
content from all other CATHs, lacking K and G residues and showing a net negative

charge (-2).

Overall protein similarity among the four CATHs is low (<40%), indicating no recent

duplications.

3.7. Comparative analysis of cathelicidins across reptiles

For comparative purposes, we retrieved all available CATHs from the Lacertidae under
study and additionally identified six novel ones: five from Pm (one newly identified), four
from Pr (three new), and four from Zv (two new). We also included the three previously
described CATHSs from Vk and Ac. Most of the novel CATHs were previously annotated

as uncharacterized mRNA (see Supplemental Table S3 for AccNos).

During sequence alignment, we found that a single CATH-coding mRNA sequence from
Pm, Pr and Zv contained two consecutive cathelicidin proteins: the first protein showed
high similarity to PICATH4, followed by a second protein with high similarity to PICATH3.
Coexpression of CATH4-CATH3 was not observed in Pl, where the two proteins are
separated by 5901 bp (Figure 1 and Supplemental Table S5). For alignment purposes,
we manually split the mRNA to recover the individual proteins and aligned them along

with the other sequences.

The multispecies alignment indicates that all reptiles under study share a highly
conserved four-cysteine motif: C-X(9-10)-C-X10-C-X(17-21)-C (Supplemental Figure S3).
The Valine-130 (following the last cysteine residue), predicted to be the site of proteolytic
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cleavage for the active peptide in Pl, is also conserved across all reptiles in CATH2-4, but
not in CATH1 (Supplemental Figure S3).

The NJ tree based on full proteins (Figure 8) clearly depicts four highly supported clusters

of one-to-one orthologous proteins (Clade 1-4), largely reflecting the main phylogenetic

position of the two Lacertidae genera: all Podarcis species together (with no further

resolution at species level), while Zv locates at a basal node.
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Figure 8. NJ tree based on complete cathelicidin proteins from multiple related reptile
species (N=23). All reptiles shared the four-cysteine motif C-X(9-10)-C-X10-C-X(17-21)-
C. Major clades (bootstrap support>70) are labelled based on the P. lilfordi reference

protein.
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Moreover, the species Ac and Vk are basal to both clade 1 and 3, with Vk presenting two
closely related paralogs in CATH3. Both species lack orthologues to clade 2-OH or clade
4. However, given the incomplete genome assembly of V. komodoensis, this absence
may also be attributed to a failure in sequence identification for this species. A recent

CATH duplication is observed only in Pm, with two proteins falling within clade 2-OH.
4. Discussion

The innate immune system of lizards remains a largely understudied area of research
(Field et al., 2022; van Hoek, 2014). In this study we provided the first comprehensive
genomic characterization of major AMP classes in P. lilfordi and closely related species
within the family Lacertidae, with a comparative analysis extended to members of other

Squamata families, the Komodo dragon and the green anole.

For all Squamata species under study, AMPs consistently clustered in two chromosomes:
chr-3 for beta- and ovo-defensins, and chr-12 for cathelicidins, making these regions
important repositories for the reptile antimicrobial defense. This genomic organization
has been previously reported in crocodiles and birds, but not in mammals (Santana et al.,
2021), supporting an avian and reptilian monophyletic origin. Within these regions, P.
lilfordi flanking proteins of AMP clusters (i.e., XPO1 and CTSB for beta-defensins, XKRé
and MTMR® for ovo-defensins, and FASTK and KHLL18 for cathelicidins) were consistent
with those previously described in other reptiles, but also mammals (Santana et al., 2021;
Dalla Valle et al., 2012; van Hoek, 2014), underscoring their importance as critical

reference markers for AMP cluster identification in vertebrates.
4.1. Beta-defensins diversity and evolution in reptiles

Beta-defensins represent the most expanded and diverse AMP family in vertebrates (Tu
et al., 2015). Currently, no studies are available for Lacertidae, with Komodo dragon and
the green anole being the closest species with a comprehensive characterization of beta-
defensins (van Hoek et al., 2019; Dalla Valle et al., 2012).

In P. lilfordi, the diversity of beta-defensins (65 peptides, 24 with complete ORFs) largely
aligned with that previously described in the green anole (N = 32) (Dalla Valle et al., 2012)
and the Komodo dragon (N = 65) (van Hoek et al., 2019). All proteins presented
substantial diversity in amino acid sequence, length, molecular weight, and isoelectric
points. However, they all shared the canonical six-cysteine motif and a predominantly
cationic charge, as reported for all vertebrates (Semple & Dorin, 2012; Tu et al., 2015;
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Nava et al., 2009). Moreover, complete beta-defensins exhibited broad structural
variation, with two to four exons (two being the most recurrent), consistent with
observations in the green anole (Dalla Valle et al., 2012) and the Komodo dragon (van
Hoek et al., 2019).

In P. lilfordi, we observed that sequence similarity was typically higher among
chromosomally adjacent peptides or full proteins, suggesting a process of paralogous
expansion via duplication in tandem. Instances of identity or near identity among pairs
of contiguous peptides further indicate that this process is still ongoing. These
observations align with previous research highlighting a major role of gene duplication
in the increasing diversity of this gene family (Lazzaro et al., 2020; Semple & Dorin, 2012;
Tu et al., 2015). Notably, we also identified instances of beta-defensins (PIBD12 and
PIBD22) carrying two consecutive cysteine motifs at the C-terminal, a structural
organization that was previously observed in other reptiles, but not in mammals (Guyot
et al., 2022), and that suggests the concomitant expression of multiple AMPs. Given the
low sequence similarity between the two consecutive domains, these double motifs are
unlikely to result from intra-protein duplication in tandem; rather they most likely arose
from sequence translocation or other chromosomal rearrangements that remain to be

clarified.

In line with this complex pattern of intra-genomic diversification, comparative beta-
defensin analyses across reptiles recovered a generally low phylogenetic signal due to
pervasive gene duplication, as well as putative gene loss and rapid diversification at the
active peptide (Tennessen, 2005). While the extensive AMP genome screening of P.
lilfordi provided a nearly complete catalogue of beta-defensins for this species, the
present AMP characterization in the other Lacertidae genomes may be incomplete,
limiting our ability to infer the relative role of gene loss and species-specific gene
duplication in the observed diversity. Nonetheless, we identified several clades of
putative true orthologs across all Lacertidae (Figure 4A), supporting a substantial level of
evolutionary conservation for some beta-defensins, as previously observed in mammals
(Lazzaro et al., 2020; Nava et al., 2009). These clades showed variable branch lengths,
suggesting heterogeneous rates of protein changes along species-specific lineages,
likely driven by protein niche functional specialization in host-pathogen interactions
(Chakraborty et al., 2022; Semple et al., 2006). However, identification of true

orthologues is needed to properly address rates of evolution and selection.
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Interestingly, we observed several instances of cysteine motif identity or high similarity
between members of the genus Podarcis, particularly between the two closely related
species P. lilfordi and P. raffonei (Yang et al., 2022). Instances of identical peptides were
also observed among members of distantly related genera and families, for example, a
beta-defensin peptide from clade-38 was shared across all three studied families:
Lacertidae, Dactyloidae, and Varanidae (Figure 4B). In the green anole, this anionic
peptide (i.e. AcBD29) is expressed in all tissues, although its function remains unknown
(Dalla Valle et al., 2012). Similarly, the beta-defensin peptide AcBD27, which presents
high similarity to clade-1 peptides from P. lilfordi (PIBD1) and P. muralis (PmBD1), is
known to be highly expressed in wounded lizards, particularly following tail loss, where
it plays a role in preventing infection in the absence of inflammation, a key factor in
successful regeneration (Lai et al., 2019; Nguyen et al., 2011). These findings underscore
the need for species-specific studies to clarify whether identical or highly similar beta-
defensin peptides or specific polymorphisms arise in parallel and serve functionally

equivalent roles across different species.

Convergent evolution of AMPs has been previously reported in both vertebrates and
invertebrates, with multiple studies documenting convergence of critical residues under
similar antimicrobial pressures across diverse taxa (Lazzaro et al., 2020; Unckless &
Lazzaro, 2016). In anurans, for instance, equivalent signal motifs are thought to have
arisen independently in three distinct evolutionary lineages (Konig & Bininda-Emonds,
2011). While the instances of identical peptides observed across our studied reptiles may
suggest convergent evolution, establishing a framework of true one-to-one orthologs is
essential to rule out alternative explanations such as ancestral polymorphism. Population-
level studies are also needed to assess allele diversity and investigate the potential role
of balancing selection in polymorphism maintenance (Lazzaro et al., 2020). Finally,
phenotypic analyses targeting specific residues or motifs will be critical to clarify selective

pressures and the molecular mechanisms underlying AMP evolution.
4.2. Ovo-defensins and PrAMPs diversity and evolution in Lacertidae

Unlike beta-defensins, ovo-defensins represent a smaller subfamily of still largely
understudied defensins, currently described only in birds and a few reptiles (but none in
Lacertidae), where they appear to be specifically expressed in the oviduct and contribute
to egg immune defense (Whenham et al., 2015; van Hoek et al., 2019; Zhang et al., 2019).
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The eight OVODs identified in P. lilfordi were all located within the same chr-3 cluster
region, flanked by conserved marker genes, MTMR? and XKRé, although PIOVOD1 was
located immediately outside the gene cluster. This chromosomal arrangement was
previously described in other vertebrates (Zhang et al., 2019), supporting a monophyletic
origin for this subfamily. We confirmed the two-exon structure and the higher divergence
at exon-2, as previously reported for avian and reptilian ovo-defensins (Whenham et al.,
2015). In contrast to beta-defensins, OVODs present two extra cysteines (eight in total),
which contrasts with previous reports of a six-cysteine motif for OVODs in reptiles
(Whenham et al., 2015). Notably, this eight-cys motif and two-exon structure was
observed in all reptiles under study (both Lacertidae species and the Komodo dragon),
strongly suggesting that these features represent specific structural characteristics of this
protein subfamily. Differences in the number and arrangement of cysteines between
beta- and ovo-defensins may underscore fundamental functional differences that are

currently unclear (Erdem Blyukkiraz & Kesmen, 2022).

Despite structural commonalities and a similar chromosomal arrangement, the eight
PIOVODs encompassed a remarkable amino acid diversity, suggesting the potential for
further categorization into distinct defensin subfamilies. While ovo-defensins from clade
A appear to have undergone an extensive process of gene expansion through
duplication in tandem in all Podarcis species (Figure 6), the remaining clades (B-E) show
a single ortholog for each species, indicating relative evolutionary stability. We note that
presence of OVODs in the viviparous species Z. vivipara suggests that protein expression

may not be restricted to eggs.

Interestingly, these clades encompass PrAMPs (Lai et al., 2019), containing either
multiple non-adjacent prolines (P) (OVOD¥) or proline repeats at the C-terminal, typically
interspersed with motifs rich in lysine (K), tryptophan (W), histidine (H), arginine (R) and
tyrosine (Y) (OVOD7 and OVODS8) (Figure 5). Their structure and lack of any significant
protein folding suggest they may represent “extended AMPs,” a class of AMPs known
for containing high proportions of proline (P) or tryptophan (W) residues and lacking
regular secondary structure elements (Nguyen et al., 2011). Notably, both P- and W-rich
peptides are known for their potent antimicrobial activity due to their ability to permeate
the outer membrane and additionally target intracellular pathways (Lai et al., 2019;
Mishra et al., 2018; Hernandez-Gordillo et al., 2013). For instance, recent studies have

shown that the polyproline host defense peptide bactenecin 7 (Bac7) can bind to the wall
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polysaccharide biofilm of hypermucoviscous bacteria, such as Klebsiella pneumoniae,
actively disrupting the bacterial cell wall (De Los Santos et al., 2024; Fleeman & Davies,
2022). Additionally, KW repeats (observed here in OVODS8) have been shown to enhance
AMP bactericidal activity (Gopal et al., 2013), while KY residues (seen in OVOD?7)
cooperate with H to facilitate DNA cleavage in DNase proteins (Korn et al., 2002).

Interestingly, we found several instances of cys-motif identity in OVOD-PrAMPs across
species, with OVODS carrying the same motif in all Lacertidae species. As observed for
beta-defensins, this suggests a putative role of convergent evolution in shaping PrAMPs

diversity, although alternative scenarios remain to be explored.
4.3. Cathelicidins diversity and evolution in Lacertidae

Cathelicidins are a small and ancient family of potent AMPs, known for their functional
plasticity and broad spectrum of activity against a wide range of microorganisms (Wang,
2014; van Harten et al., 2018; Whang et al., 2022). To date, they have been described in
several reptile species within the order Squamata (Whang et al., 2022), including the
Komodo dragon (van Hoek et al., 2019), but no formal description exists for any
Lacertidae species, apart from gene annotation of few representative cathelicidin

proteins in public genomes.

In P. lilfordi, we identified four cathelicidin proteins (CATH1-4), all of which are tightly
clustered on chr-12, flanked by the conserved genes FASTK and KLHL18, previously
reported in birds and reptiles (van Hoek et al., 2019; Whang et al., 2022; Zhang et al.,
2019). These proteins all exhibit the classical four-exon precursor structure common to
vertebrates, characterized by a variable signal peptide, a conserved four-cysteine motif,
and a highly divergent C-terminal that carries the active peptide (Chang et al., 2006; Xiao
et al., 2006; Tomasinsig & Zanetti, 2005). Of the four cathelicidins, three present mature
peptides with a highly cationic net charge (>10), in line with the average positive charge
found for reptiles, including the Komodo dragon (van Harten et al., 2018). Interestingly,
CATH1 is the only protein presenting an anionic AMP across all reptiles studied, with a
net charge of -1 to -2 and a significantly distinct AA composition, suggesting it may have
a rather different mechanism of action compared to the other cathelicidins. To date, a
single anionic cathelicidin has been formally described and functionally characterized in
salamanders, where it is produced by the skin and exhibits potent anti-inflammatory and
wound-healing activities, although not direct antimicrobial effects (Zhao et al., 2009).

Functional studies are required to assess whether this cathelicidin plays a similar role in
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lizard wound healing following injuries or tail autotomy, a conserved anti-predatory

strategy observed in all lizard species (Bateman & Fleming, 2009).

All Lacertidae species studied presented four cathelicidins, except for P. muralis (with five
in total), all located on chr-12, with a one-to-one ortholog in all species, supporting a
monophyletic origin and phylogenetic conservation within this taxonomic group. Three
of these orthologous clades (CATH2-4) clustered into a major, well-supported clade,
including also representatives of the Komodo dragon and the green anole, and pointing
to a common origin by a past duplication within Squamata. A fifth CATH was identified
in P. muralis, resulting from a recent duplication in Clade-2-OH. This event indicates that
the process of gene duplication in cathelicidins is still ongoing, although it is less
pervasive than in defensins (Whang et al., 2022). Interestingly, we found that CATH3 and
CATH4 were coexpressed as a single large RNA in all Lacertidae, except in P. lilfordi,
suggesting a further post-translational process to concomitantly generate the two distinct
active peptides. We found no previous reports in literature describing such an RNA
arrangement for cathelicidins. However, we observed similar instances of a multidomain
structure in beta-defensins (see above), suggesting it might provide some functional gain,
unclear at present (Mookherjee et al., 2020). In line with this, recent AMP coexpression
models in experimental systems have shown enhanced antimicrobial activity and
immunity (Li et al., 2023; He et al., 2021), pointing to potential cooperative interactions

among naturally coexpressed AMPs, which warrants further investigation.
5. Conclusions

Our findings substantially expand current knowledge on the diversity of AMPs in reptiles
and their mechanisms of evolution, characterized by gene duplications and rapid

evolution.

For the Lilford's wall lizard, the identification of key players in innate immunity sets the
basis for exploring the role of AMPs in their eco-immunology and the potential responses
of these insular populations to rising infection threats associated with increasing
anthropogenic impacts on these islands. Healthy P. lilfordi populations play significant
roles in their ecosystems and a fine understanding of their genetic potential in immune
response can offer new insights into resilience mechanisms, guiding species-specific

conservation efforts for these isolated populations.

The comprehensive characterization of major AMP classes in P. lilfordi will also offer a

valuable resource for fine-scale annotation of these peptides in other reptile species,
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facilitating comparative studies across Squamata and guiding a comprehensive
understanding of lineage-specific patterns of gene duplication/loss. Particularly, the
identified AMP cysteine motif identity and whole-protein similarity across species lay the
groundwork for exploring conserved mechanisms of antimicrobial action in reptiles and

assessing their value as candidates for novel therapeutic applications.

Nonetheless, we also emphasize that relying on a single reference genome per studied
species currently limits our ability to fully capture intraspecific AMP diversity. This
limitation constrains our conclusions regarding the extent of gene duplications and
losses, the impact of convergent evolution and the role of balancing-selection in
maintaining polymorphisms. Population-level studies will be critical to address these
aspects. In this context, future integrative analyses combining population genomics and
expression data from multiple island populations of Lilford's wall lizard offer an exciting
opportunity to uncover key evolutionary trajectories and functional roles of AMPs in

lizards.
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6. GENERAL DISCUSSION

6.1. Introduction to the discussion

This thesis examines how island environments act as natural laboratories for evolutionary
processes by exploring the complex interplay between population genomics, historical
demography, and antimicrobial resistance in P. lilfordi. Unlike approaches that analyze
these factors in isolation, a holistic perspective reveals their interdependence and
reciprocal influence on the species' evolutionary trajectory. Geographic fragmentation,
drift and selective pressures acting on these islands, imposed by specific ecological
niches and historical demographic events have synergistically interacted, shaping the

species genetic diversity and adaptation within this insular system.

The present discussion is structured around three main axes, which seek to integrate
genetic, demographic, and immunological approaches to the evolutionary study of P.
lilfordi. Each axis addresses key questions aimed at deepening our understanding of how
adaptations are shaped in insular contexts, how immune defense mechanisms diversify
in response to local selective pressures, and the broader implications of these findings

for the conservation of the species:

AXIS 1. Evolution in insular environments

How does the integration of population genetics and historical demographic patterns
provide a deeper understanding of the evolutionary adaptation of P. lilfordi within the
insular ecosystems of the Balearic Islands, compared to approaches that examine these
factors in isolation? What roles do these components play in shaping specific adaptive
traits, and how do they interact to contribute to the evolutionary distinctiveness of the

species in this insular context?

AXIS 2. Adaptive immune response in island populations: relationship between
genetic diversity and AMP diversification as a defense against local pathogens
How is the genetic diversity of P. lilfordi populations linked to AMP diversification under
the ecological and pathogenic pressures of the Balearic Islands, and which factors may
have driven the evolution of these peptides as specific defense mechanisms in

comparison with other Squamata species in insular contexts?
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AXIS 3. Conservation of P. lilfordi: the need for integrative studies to assess the
species  adaptive potential in the  face of  future  threats
How can population genomics, phylogeography, demographic analyses, and an
immunogenomic perspective inform our understanding of the species’ adaptive capacity
in response to future threats, such as climate change or emerging diseases? Furthermore,

how essential is this comparative framework for designing effective and sustainable
conservation strategies?
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6.2. Evolution in insular environments

The evolution of P. lilfordi within the insular ecosystems of the Balearic Islands serves as
an exemplary case of how evolutionary mechanisms interact in non-linear ways to
produce unique trajectories of local specialization. Beyond the well-documented genetic
differentiation among islands, it is essential to focus on the finer-scale processes that
explain how this divergence occurs, particularly under extreme isolation, ecological
specificity, and severe demographic constraints. In this scenario, it becomes crucial to
first obtain a clear understanding of the species phylogeographic history and genetic

structure, and to evaluate the potential for adaptation at loci under selection.

A key contribution of the first chapter of this thesis was the genetic structure analysis of
P. lilfordi (Chapter I), which revealed strong differentiation among island populations (FST
= 0.247 = 0.09), underscoring the impact of geographic isolation on evolutionary
divergence (Otalora et al., 2024, Terrasa et al., 2009). Two clearly differentiated genetic
lineages (Menorca and Mallorca/Cabrera) were identified (Otalora et al., 2024) which
supports evidence from previous studies (Bassitta et al., 2021; Terrasa et al., 2009), and
multiple lines of evidence —including root phylogenetic analyses— point to Mallorca as
the species’ origin, ruling out Menorca (Otalora et al., 2024). Despite the small size of
some populations, genetic diversity remained relatively high (m = 0.144 = 0.021),
suggesting that selection, mutation, and historical demography have counteracted
expected genetic erosion (Otalora et al., 2024). Geographic fragmentation and islet area
(Ar: p<.001) have driven marked differentiation among small islands such as Porros and
En Curt, where unique mutations and alleles have accumulated under local selective
pressures and absence of gene flow (Hurston et al., 2009; Sendell-Price et al., 2021;
Warren et al., 2015; Whittaker et al., 2017).

Unlike many insular species that experience reduced genetic diversity from founder
effects or drift, P. lilfordi retains high heterozygosity (Ho > 0.09) (Otalora et al., 2024),
exceeding values in other Podarcis species, both insular and continental (Saboli¢ &
Stambuk, 2021). This may reflect balanced selection that maintains allelic diversity, along
with gene flow between islands potentially facilitated in the past by sea level fluctuations.
(Bassitta et al., 2021; Fisher, 1930; Funk et al., 2016; Grant, 1998; Kahilainen et al., 2014;
Wright, 1931, 1951; Brown et al., 2008; Terrasa et al., 2009). Island evolution is not solely

defined by genetic loss but can also foster adaptive divergence under specific
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evolutionary forces—particularly genetic drift and natural selection—where drift
accelerates allele fixation in small, isolated populations, enhancing differentiation even
without strong selective pressures (Funk et al., 2016; Bassitta et al., 2021). This resilience
contrasts with other insular reptiles that, due to founder effects or drift, show reduced
variability and greater vulnerability to environmental change and invasive species
(Buckland et al., 2014; Templeton et al., 2001). Nonetheless, it highlights the need to
protect these genetic and evolutionary units, which are vital for the species’ biodiversity

and ecological stability.

The analysis of outlier SNPs revealed genomic regions with high differentiation in P.
lilfordi, concentrated on chromosomes Z, 2, and 15—potential “islands of differentiation”
that may reflect the action of selection, mutational hotspots, or other genomic processes
(Foll & Gaggiotti, 2008; Gautier et al., 2010; Lavretsky et al., 2019; Luu et al., 2017).
Nearly 60% of outliers occurred in coding genes, many linked to protein binding and
catalytic functions essential to metabolism and growth, indicating functional adaptation
to distinct island environments (Van Nostrand et al., 2020). The resulting genetic
configuration, shaped by factors beyond drift or isolation, reflects historical divergence
between Menorca and Cabrera/Mallorca, with numerous fixed allelic differences (Otalora
et al., 2024), supported by phylogeographic evidence of long-term isolation (Terrasa et
al., 2009). Beyond geography, ecological barriers and habitat heterogeneity have
contributed to differentiation, with small islands acting as independent evolutionary units
(ESUs) shaped by local adaptation (Otalora et al., 2024; Terrasa et al., 2009).

The demographic history of P. lilfordi (Chapter Il) reflects how successive environmental
pressures—glaciations, interglacial fragmentation, and human arrival— have shaped its
genetic architecture through the interaction of various evolutionary forces (mutation,
genetic drift, natural selection, and gene flow). Three major demographic declines were
detected: during the Wirm glaciation, the LGM, and following human colonization
~4,000 years ago (Fernandes et al., 2020). These events reduced Ne, decreased habitat
connectivity and dispersal, eroded standing variation while enabling drift-mediated allele
fixation and selection on locally advantageous variants, and increased extinction risk,
especially on smaller islands. The introduction of exotic predators and habitat alteration
further exacerbated these trends during the Holocene (Orueta, 2003; Salvador, 2009).
The current genetic structuring is consistent with these contractions, long-term isolation

and restricted gene flow (Otalora et al., 2024). The disappearance of the species from
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Mallorca and Menorca (~2,000 years ago) and its persistence on surrounding islets
illustrate vulnerability to combined climatic and anthropogenic forces (Alcover et al.,
1999).

Far from simply eroding genetic variation, these demographic contractions contributed
to the shaping of the species’ adaptive architecture. At regional and local scales,
reconstructions link island geography to lineage divergence and evolutionary processes.
In the Mallorca—Cabrera system, a contraction ~1.2 Ma aligns with a divergence event
(DNAmt), plausibly associated with interglacial sea-level rise and reduced connectivity
enhancing drift and limiting gene flow (Brown et al., 2008; Terrasa et al., 2009). Menorca
shows an earlier decline (~2.1 Ma), coincident with climatic instability during the Donau
glaciation (Lladé & Xamena, 1998). On En Curt, Na Moltona and Na Guardia, Pleistocene
events (Riss, Wiirm) progressively reduced Ne, and a Holocene collapse—coincident with
early human presence—signals localized anthropogenic pressure (Fernandes et al., 2020;
Rotger et al., 2021). Additional disturbance between the 17th-19th centuries (e.g.,
limestone quarrying) likely intensified demographic instability (Salva Matas, 2013), with
greater impact in Na Guardia due to a sustained human footprint—harbor proximity,
lighthouse, ruderal flora, sporadic rats, and archaeological evidence of long-term
settlement (Guerrero, 2000; Rotger et al., 2021). Overall, the demographic record of P.
lilfordi reflects how historical climatic fluctuations and human disturbance have shaped
its genetic structure, promoting population divergence and local adaptation under the

influence of evolutionary forces in dynamic island environments.

In small and geographically isolated populations, demographic constraints strongly
influence the dynamics of genetic variation. Beneficial mutations can more readily reach
fixation, promoting specialized traits, as observed in islets such as En Curt and Porros,
where pronounced divergence is reflected in the high number of private alleles—even
within areas smaller than one hectare (Otalora et al., 2024). Reduced effective population
sizes increase the role of genetic drift, which may lead to the accumulation of deleterious
mutations; nevertheless, beneficial variants are more likely to become fixed due to the
limited genetic variability (Garcia-Dorado, 2012; Whitlock, 2000). Thus, demographic
bottlenecks not only purge deleterious alleles but also facilitate the emergence of
adaptive traits. Importantly, historical demography functions not merely as a backdrop
but as a selective filter, narrowing the range of viable adaptive solutions and shaping the

direction and pace of evolutionary responses (Balick et al., 2015; Grossen et al., 2020).
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Understanding such processes requires multidisciplinary perspectives, since genetic
differentiation among island populations emerges from the interplay of geographic
isolation and evolutionary forces (Cerca et al., 2023; Gillespie, 2016; Stankowski et al.,
2024; Templeton, 2006; Wolf et al., 2010).

Although direct evidence of population-level convergence within P. lilfordi is currently
lacking, it is plausible that similar selective pressures—such as low population density,
resource stress, competitive pressures, or microbial exposure—may lead to functionally
analogous responses between geographically isolated populations (Barthe et al., 2022).
These hypotheses warrant further investigation using population-level functional
genomic and transcriptomic analyses. This type of convergence, in the absence of gene
flow, illustrates the repeated action of natural selection and genetic drift on conserved
functional pathways across ecologically analogous environments. Integrating genomic
and demographic data is crucial to understand how functional diversity is generated and
maintained. The case of P. lilfordi shows how isolation, bottlenecks, and local adaptation
interact to drive evolutionary innovation. As an insular model, this species highlights the
value of small populations as evolutionary laboratories, sustaining adaptive potential

through finely tuned immune responses.
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6.3. Adaptive immune response in island populations:
relationship between genetic diversity and AMP

diversification as a defense against local pathogens

The extraordinary genetic diversity observed in P. lilfordi populations offers a compelling
framework to investigate how insular environments may shape immune defense
mechanisms. Within this context, it is plausible to consider a coevolutionary scenario in
which islands, functioning as ecologically closed systems, tend to harbor persistent and
specialized pathogen assemblages. The reduced influx of external microbial strains can
stabilize these pathogen communities over time, thereby imposing strong, continuous,
and host-specific selective pressures that may drive accelerated diversification of AMPs
in their immune systems (Barrat-Charlaix & Neher, 2024; Lazzaro et al., 2020;
Rahnamaeian, 2011). These host-pathogen interactions could be central not only to
immunogenomic adaptation but also to the generation and maintenance of intraspecific
diversity within isolated populations (Djahoui et al., 2025; Hulse et al., 2023). This
possible pattern is supported by the remarkable expansion of genes encoding beta-
defensins (n=65), ovo-defensins (n=8) —including three PrAMPs— and cathelicidins (n=4)
in P. lilfordi (Otalora et al., 2025), these exhibit typical vertebrate AMP features, including
multi-exon structures, conserved cysteine motifs, and many of them the product of recent
tandem duplications, organized in conserved chromosomal blocks and flanked by highly
stable marker proteins (Otalora et al., 2025; Semple & Dorin, 2012).

Based on the available evidence, the diversification of AMPs in P. lilfordi might not merely
be a byproduct of relaxed selection, but rather the outcome of potential selective
processes driven by a mosaic of pathogen-specific (e.g. Pantoea spp., Citrobacter spp.,
Morganella spp., Pseudomonas, Enterobacter spp., Staphylococcus spp. and Escherichia
coli; and parasites, e.g. Haemogregarines, Ophionyssus natricis, coccidia, Dicrocoelidae)
pressures on each islet (Armstrong ,2018; Gilroy et al., 2016; Dipineto et al., 2018;
Garrido & Mellado et al., 2013). While only a single genome is currently available for P.
lilfordi, it is conceivable that distinct populations might exhibit differentiated AMP
profiles as a consequence of variability in the composition, abundance, and virulence of
local microbial communities (Macke et al., 2017). In the RNA data obtained by pooling
the five individuals sampled in Aire for the genome assembly, we observed that

expression among AMPs was heterogeneous, with some peptides being expressed and
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others not. Nerveless, because data were pooled, we do not have expression patterns at
the individual or population level. This could be consistent with the diversity in differential
expression patterns of certain AMPs in specific tissues and the presence of peptide
variants with structural and functional divergence, such as PrAMPs, like PIOVOD7 and
PIOVODS, which show specialization in disrupting bacterial biofilms (Otalora et al., 2025;
Lai et al., 2019). Currently, since we lack population-level data, we cannot clearly
understand the diversity and functional profiles of the AMPs present in each islet. This
comparative approach will allow us to assess whether populations have diverged
immunologically in response to specific pathogenic pressures and will validate the

existence of patterns of adaptive differentiation in the innate immune system of P. lilfordi.

Regarding the evolutionary forces underlying this pattern, it is crucial to consider how
insular conditions shape the functioning of the immune system. In ecosystems
characterized by low diversity of exogenous pathogens, minimal predation pressure, and
relative ecological stability (Losos & Ricklefs, 2009), selective pressures on generalist
immune responses may be relaxed, and demographic effects and evolutionary forces—
such as genetic drift—tend to amplify the erosion of immune effectiveness observed in
many insular taxa (Barthe et al., 2022). Additionally, it has been proposed that the
decrease in exposure to diverse pathogens constitutes a hallmark of the so-called island
syndrome, directly linked to the low parasitic pressure characteristic of these
environments (Lobato et al., 2017; Matson & & Beadell, 2010; Wikelski et al., 2004).

In this context, the immune responses of island vertebrates are often conditioned by the
characteristics of the system itself and its environmental limitations, which favor rapid and
specific defense mechanisms over more complex and multiphase immune responses (van
Hoek, 2014). Innate immunity, which serves as the first line of defense, allows a rapid and
broad response and includes phagocytes, macrophages, and dendritic cells, responsible
for the nonspecific recognition of pathogens (Akira & Takeda, 2004; Alberts et al., 2002).
In this system, Toll-like receptors (TLRs)—essential transmembrane proteins—activate
signaling cascades that culminate in the production of various effector molecules,
including beta-defensins (BDs) (Velova et al., 2018). Due to their central and highly
conserved function, both TLRs and BDs evolve under purifying selection, a regime that
eliminates harmful mutations to preserve the structural and functional integrity of these
molecules (Barthe et al., 2022; Grueber et al., 2014; van Dijk et al., 2008). However, in

island populations with reduced effective sizes, an increase in nonsynonymous variation
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in these genes has been documented (Barthe et al., 2022; Gonzalez-Quevedo et al.,
2014, 2015). While these gene-level patterns highlight the dynamics of innate immune
genes within insular populations, their broader evolutionary meaning becomes clearer

when integrated into a macroevolutionary perspective.

From this broader perspective, distance-based reconstructions of the main AMP families
in Squamata of this thesis, indicate distinct evolutionary trajectories: B-defensins form
well-supported multispecies clades, some of which align with established taxonomic
relationships; ovo-defensins display highly conserved cysteine motifs and one-to-one
orthology across Lacertidae, with limited evidence of recent duplication; and
cathelicidins, despite overall low sequence similarity among variants, show no signs of
recent intraspecific duplication. Nevertheless, despite their effectiveness, these innate
mechanisms are not exempt from stochastic exposures to emerging pathogens,
introduced, for example, by migratory birds or vectors associated with human activity.
This suggests that latent genetic diversity could act as a functional reservoir, activated in
the face of new infectious threats. From a macroevolutionary perspective, this
evolutionary tension between functional constraint and adaptability is exemplified by the
presence of structurally conserved AMPs in phylogenetically distant reptilian lineages,
including species from the families Lacertidae, Varanidae, and Dactyloidae (P. lilfordi, P.
muralis, P. raffonei, Zootoca vivipara, Anolis carolinensis, Varanus komodoensis). This
molecular homoplasy provides potential evidence of convergent evolution, likely driven
by similar selective pressures in ecologically analogous habitats that demand
immunological solutions functionally equivalent, despite phylogenetic divergence
(Otalora et al., 2025).

Under this framework, the evolutionary trajectories of AMPs in P. lilfordi align with
foundational concepts of island evolutionary theory, including founder effects, genetic
drift, intensified local selection, the island syndrome, and phylogenetic constraint (Barthe
etal., 2022; Otalora et al., 2025). Beyond their canonical role in host defense, AMPs have
also been implicated in regulating host-microbiota interactions (Cardoso et al., 2022).
Increasing evidence suggests that these molecules contribute to the maintenance of
microbial homeostasis by modulating both pathogen clearance and symbiont tolerance
(Muniz et al., 2012). This functional versatility may be particularly relevant in insular

systems, where microbial communities and host immune responses are shaped by
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prolonged coevolution under spatial and ecological constraints (Otalora et al., 2025;
Baldo et al., 2023).

The integration of these findings highlights the utility of P. lilfordi as a model system for
investigating the molecular architecture of immune diversification in isolated vertebrate
lineages. The comprehensive annotation of its AMP repertoire provides a robust
framework for evaluating immunogenetic resilience in the face of pathogen emergence,
anthropogenic disturbance, and climate-driven environmental change. Future research
incorporating environmental transcriptomics, comparative immunogenomics, and
ecological modeling will be instrumental in assessing the adaptive potential of these
relict island populations and elucidating broader principles governing immune system

evolution under ecological and spatial isolation.
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6.4. Conservation of P. lilfordi : the need for integrative
studies to assess the species adaptive potential in the

face of future threats

Developing effective and sustainable conservation strategies for vulnerable insular
species like P. lilfordi has become imperative within a global context characterized by
accelerated climate change and the emergence of novel pathogens. Projections indicate
that the sustained increase in average temperatures across the Mediterranean basin will
exacerbate thermal stress on isolated populations, adversely affecting their physiology,
immune competence, and long-term viability (IPCC, 2021). Such environmental
perturbations are also predicted to modulate the composition and functional stability of
host-associated microbiota potentially enhancing the prevalence and transmission of
infectious diseases, thus compounding the extinction risk for species with restricted
ranges and low interpopulation connectivity (Alemany et al., 2022; Baldo et al., 2023;
Uwishema et al., 2023).

In this context, integrating genomic, phylogeographic, demographic, and eco-
immunological approaches becomes essential to anticipate adaptive responses and
design evidence-based conservation plans (Sutherland et al., 2004). A recent genomic
study has provided high-quality chromosome-level assembly for P. lilfordi, facilitating the
assessment of genetic diversity and adaptive potential across its fragmented populations
(Gomez-Garrido et al., 2023). Phylogeographic analyses have revealed significant genetic
differentiation among isolated populations, underscoring the importance of preserving
intraspecific diversity (Otalora et al., 2024; Terrasa et al., 2009; Bassita et al., 2021).
Moreover, investigations into gut microbiota have demonstrated its role in host ecology
and evolution, highlighting the need to consider microbial communities in conservation
strategies (Alemany et al., 2022; Baldo et al., 2023).

P. lilfordi, is highly susceptible to extinction (Pérez-Mellado & Martinez-Solano., 2009b).
The species’ small and isolated populations face an elevated risk of genetic diversity loss,
leading to inbreeding and the fixation of deleterious alleles. Over the long term, these
processes can severely compromise the species' adaptive capacity in the face of
environmental change, potentially initiating a trajectory toward the “extinction
vortex”(Blomquist et al., 2010; Fagan & Holmes, 2006; Gilpin & Soule, 1986; Godwin et
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al.,, 2020). Consequently, identifying appropriate management units—such as
(Evolutionarily Significant Unit) ESUs—is essential to ensure a conservation framework

that maintains both the species' viability and its evolutionary potential.

ESUs serve as valuable tools to ensure the conservation of species and populations that
possess unique genetic and ecological characteristics (Funk et al., 2012; Hoelzel, 2023;
Reilly et al., 2012). Approaches used to identify ESUs are often based on reciprocal
monophyly and significant divergence of allele frequencies (Fraser & Bernatchez, 2001;
Moritz, 1994). These analytical methods allow us to evaluate genetic differences
between populations and make species conservation decisions (Rodriguez et al., 2013).
In the case of P. lilfordi, population genomic analyses presented in the first chapter of
this thesis revealed an exceptionally high pattern of genetic differentiation; indicative of
an extremely fragmented population structure. Some populations, such as En Curt and
Foradada, exhibit divergence levels exceeding 0.4, along with the presence of thousands

of private alleles (Otalora et al., 2024).

Demographic reconstructions based on SFS inferences indicate that P. lilfordi
populations have undergone recurrent bottlenecks associated with paleoclimatic events
and more recent anthropogenic pressures (Otalora et al., 2024). Despite these
fluctuations, several extant populations maintain relatively high nucleotide diversity and
low inbreeding coefficients, suggesting the influence of historical demographic rescue or
sporadic inter-island dispersal events, such as rafting. This genetic resilience is further
supported by a correlational analysis, which reveals a strong and statistically significant
positive relationship between allelic richness (Ar) and island area (log-transformed; p <
.001), consistent with predictions from island biogeography theory and the equilibrium
model (Costanzi & Steifetten, 2019; MacArthur & Wilson, 1967). These findings highlight
the need to consider each islet (both large and small) as an ESU in conservation planning,
lending support to proposals such as that of Pérez-Cembranos et al. (2021). This breaks
away from the traditional view that small populations are necessarily genetically
depauperate, instead promoting a more dynamic framework that also values the

potential adaptive capacity and evolutionary resilience of these units.

Within this framework, a robust evaluation of resilience demands the integration of
population genomics, historical demography, local ecology, and the functional

characterization of immune responses. The capacity of certain populations to retain
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functional immune diversity despite historical Ne collapses highlights a latent form of
resilience that may prove critical in the face of future stressors such as emerging infectious
diseases or novel climatic regimes. This integrative perspective—one that prioritizes
evolutionary functionality within its historical context—must become the cornerstone of

any effective conservation strategy for P. lilfordi.

From a conservation standpoint, this reality necessitates a paradigm shift. P. lilfordi
should not be managed simply as a fragmented species, but rather as a collection of
distinct evolutionary and functional units (Bassitta et al., 2021; Pérez-Cembranos et al.,
2021; Terrasa et al., 2009). Immunological profiles, genomic configurations, and
demographic histories differ across populations—each representing a unique reservoir
of adaptive potential (Otalora et al., 2024). Neglecting this specificity risks eroding critical
components of the species’ long-term adaptive potential and compromising its

evolutionary trajectory.

Ultimately, the case of P. lilfordi reinforces an insular conservation model in which
evolutionary  history, demographic dynamics, genomic architecture, and
immunogenomic diversity are viewed as interdependent dimensions of population
viability. Effective conservation must move beyond the protection of organisms or
habitats to encompass the preservation of populations as independent evolutionary
genetic units. Each ESU embodies an irreplaceable expression of the species’ adaptive
potential. In the face of accelerating environmental change and the rise of emerging
biological threats, conservation strategies must anticipate threats—rather than merely

react to loss.
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6.5. Limitations and future directions

While this thesis has significantly advanced the study of the Balearic lizard, additional
research directions could complement these findings and enrich our understanding of

the evolutionary and adaptive processes that have shaped this insular species.
6.5.1. Genomic resolution: moving towards high-density genomics

SNP-based approaches, particularly those utilizing GBS and RAD-seq technologies, have
provided robust insights into population-level patterns. Nevertheless, the inherently
partial genomic coverage of these methods constrains the resolution of fine-scale genetic
structure, local adaptation, and evolutionary dynamics. Overcoming these limitations will
require comprehensive whole-genome resequencing (WGR) of multiple individuals
across populations, enabling the detection of a broader spectrum of genomic variation,
including structural variants and regulatory elements often overlooked by reduced-

representation methods.
6.5.2. Identification of adaptive loci: integrating GWAS and outlier analyses

The systematic application of genome-wide association studies (GWAS) and outlier
detection analyses remains largely unexplored in P. lilfordi. Implementing these
approaches is critical for identifying loci under positive selection, particularly those
involved in responses to extreme environmental pressures and emerging pathogens. To
maximize the power of GWAS in this context, it will be essential to prioritize the collection
of high-quality phenotypic data that can be directly linked to genomic variation. Given
the species' small effective population sizes and the profound effects of isolation, it is
essential to employ multivariate analytical frameworks capable of disentangling authentic

signals of selection from stochastic patterns generated by intense genetic drift.
6.5.3.Demographic inference: challenges in sampling and model complexity

Recent reconstructions using Stairway Plot analyses have revealed major demographic
events associated with climatic oscillations and human-mediated impacts. Nevertheless,
the resolution of historical demographic trajectories remains limited by the relatively
small number of loci and individuals sampled per population. Achieving a finer resolution

will necessitate denser genomic datasets and increased sample size combined with more
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sophisticated coalescent-based modeling approaches, incorporating ancestral
migration, secondary colonization events, and population size fluctuations at

microgeographic scales.

6.5.4.  Antimicrobial peptides (AMPs) characterization: intraspecific

diversity underexplored

The pioneering identification of AMPs in P. lilfordi of this thesis uncovered a diversified
set of B-defensins, ovo-defensins, and cathelicidins. However, this effort was largely
based on a single reference genome, limiting the exploration of intraspecific variability
within these critical immune effectors. Considering the evidence for recent gene
duplications, balancing selection, and convergent evolution, expanding functional and
population-level investigations across different islands is imperative to elucidate the

adaptive significance of AMP polymorphisms.

6.5.5.  Functional data integration: towards an integral evolutionary

genomics framework

Although the AMP repertoire has been structurally characterized, a functional validation
is required. Addressing this gap demands the development of antimicrobial assays
targeting pathogenic species relevant to insular ecosystems, (e.g. Pantoea spp.,
Citrobacter spp., Morganella spp., Pseudomonas, Enterobacter spp., Staphylococcus
spp. and Escherichia coli; and parasites, e.g. Haemogregarines, Ophionyssus natricis,
coccidia, Dicrocoelidae) coupled with expression studies under controlled
environmental conditions. Furthermore, a multi-omics approach is essential to unravel
the complex regulatory and evolutionary mechanisms underlying AMP diversification. In
particular, epigenetic profiling, particularly DNA methylation analyses, together with
microbiome characterization, will offer unprecedented insights into host-microbiota

interactions and their role in shaping immune resilience under biotic and abiotic stressors.
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7. CONCLUSIONS

This thesis provides an integrated perspective on the phylogeography, historical

demography, and immune genomic diversity of P. lilfordi, offering crucial insights into

the evolutionary processes that shape insular populations and informing future

conservation strategies. The key findings from each chapter are summarised as follows:

1.

Genome-wide analyses revealed two major phylogeographic lineages in P. lilfordi,
separating Mallorca—Cabrera from Menorca populations, and identified Mallorca
as the ancestral origin of the species, thereby challenging previous colonization
hypotheses. The pronounced genetic differentiation among all islet populations
indicates long-term isolation and underscores the distinctiveness of each,
justifying their designation as separate Evolutionarily Significant Units (ESUs),
reinforcing the need for fine-scale conservation strategies tailored to individual

islet populations.

Despite their small sizes and fragmentation, most populations retained
considerable genetic diversity and low inbreeding levels, suggesting the action of
buffering forces such as balancing selection. This hypothesis warrants further
investigation through integrative approaches combining population genomics,
functional assays, and environmental association analyses. Comprehensive whole-
genome resequencing across multiple populations will be essential to capture the
full spectrum of genomic variation, including structural variants (SVs) often

overlooked by reduced-representation methods.

Outlier analyses identified highly differentiated loci between major lineages,
particularly on the Z chromosome, supporting hypotheses of "genomic islands of
divergence". Candidate loci were enriched in binding and catalytic functions,
suggesting roles in local adaptation during insular diversification. Functional
studies are required to validate these findings and to explore their ecological
significance, and the systematic application of GWAS and outlier detection
analyses to identify loci under positive selection while distinguishing adaptive

signals.
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4. Demographic analyses demonstrate that P. lilfordi has undergone recurrent
bottlenecks since the Quaternary, driven by glaciations, sea-level rise, and
anthropogenic pressures. Potential rafting dispersal events, together with the
marked demographic variation observed in microinsular populations (e.g., Na
Moltona, Na Guardia, En Curt), underscore the complex interplay between
isolation, and occasional connectivity. These findings provide genomic evidence
linking past climatic events with recent human impacts. Future research should
integrate genomic and demographic approaches to evaluate connectivity and
resilience under environmental change, and apply species distribution models

(SDMs) to anticipate range shifts and guide conservation strategies for P. lilford.

5. Genomic analyses identified a diverse AMP repertoire (65-beta-defensins, 8 ovo-
defensins, 4 cathelicidins) with distinct architectures and evolutionary dynamics.
Tandem duplications in beta/ovo-defensins contrast with conserved cathelicidins,
underscoring heterogeneous selective trajectories. Comparative analyses across
squamates revealed conserved AMP motifs and novel OVOD PrAMPs in P. lilfordi,
suggesting convergent evolution and functional innovation under pathogen
pressures Functional assays across different islets will be critical to establish the
link between AMP genomic diversity and effective immune performance, clarifying
how such diversity contributes to pathogen defense in fragmented insular

populations.

6. The integration of genomic variation and immune resilience is fundamental to
anticipate species responses to climatic and ecological change. Future research
should integrate genomic surveys, demographic reconstructions, and
experimental assays to map both variation and adaptive responses to
environmental change. This knowledge will be essential for identifying critical
evolutionary units and guiding conservation strategies that ensure the long-term
viability of P. lilfordi and other insular systems.
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9. ANNEX

Population genetics and phylogeographic history of the insular lizard Podarcis lilfordi

(Glinther, 1874) from the Balearic Islands based on genome-wide polymorphic data
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Figure S1: The ML-graph inferred by TreeMix with 16 migration events based on the
COMBINED dataset. The arrow indicates the two significant migration events with the

highest migration weight. Drift parameter is shown on the x-axis.
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Antimicrobial peptides (AMPs) of lizards: a first comprehensive characterization of

beta-defensins, ovo-defensins and cathelicidins from Podarcis lilfordi and closely

related Lacertidae species
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Lacertidae species under study and the Komodo dragon (Pm, Pr, Pl, Zv and Vk).
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Abstract

The Mediterranean lizard Podarcis lilfordi is an emblematic species of the Balearic Islands. The extensive phenotypic diversity among extant
isolated populations makes the species a great insular model system for eco-evolutionary studies, as well as a challenging target for conser
vation management plans. Here we report the first high-quality chromosome-level assembly and annotation of the P lilfordi genome, along
with its mitogenome, based on a mixed sequencing strategy (10X Genomics linked reads, Oxford Nanopore Technologies long reads and Hi-C
scaffolding) coupled with extensive transcriptomic data (lllumina and PacBio). The genome assembly (1.5 Gb) is highly contiguous (N50 = 90
Mb) and complete, with 99% of the sequence assigned to candidate chromosomal sequences and >97% gene completeness. We annotated
a total of 25,663 protein-coding genes translating into 38,615 proteins. Comparison to the genome of the related species Podarcis muralis
revealed substantial similarity in genome size, annotation metrics, repeat content, and a strong collinearity, despite their evolutionary distance
(~18-20 MYA). This genome expands the repertoire of available reptilian genomes and will facilitate the exploration of the molecular and evolu-
tionary processes underlying the extraordinary phenotypic diversity of this insular species, while providing a critical resource for conservation
genomics.

Key words: Hi-C, Oxford Nanopore Technologies (ONT), RNAseq, mitochondrial genome, reptile

1. Introduction

Podarcis lilfordi (Gunther, 1874), also known as Lilford’s wall
lizard, is an endemic lizard of the Balearic Islands (Spain), cur-
rently confined to the Cabrera archipelago and several islets
surrounding Menorca and Mallorca.! Due to a patchy distri-
bution (~43 isolated populations) and threats from habitat
loss, the species is currently listed as endangered by the
IUCN (https://www.iucnredlist.org/species/17795/7481971).
An extensive morphological diversity has resulted in the de-
scription of a large number (currently 23) of subspecies or
morphotypes, but current understanding considers each
population/islet as a distinct evolutionary unit.! The spe-
cies exhibits several insular characteristics that likely reflect
the lack of natural predators, including high population
densities,” high survival and low fecundity> compared to
their continental relatives. The insularity and large pheno-
typic diversity of P. lilfordi have made it a popular model for

studies of ecological adaptation and demographic dynamics
of terrestrial vertebrates, as well as for testing predictions of
how evolution proceeds on islands. During the past decades,
substantial efforts have been directed toward understanding
the species’ morphological diversity,'*¢ trophic ecology,” life
history traits and demographic resilience,’* genetics™’ and as-
sociated gut microbes.'*!? Despite this extensive knowledge
and the endemic character of P. lilfordi, genomic information
on the species has been limited.”

Here we present the complete genome sequence of P.
lilfordi (both nuclear and mitochondrial) from a single fe-
male specimen (the heterogametic sex, ZW) collected from
Aire Island (Menorca), where the species was first described
(Gunther, 1874). We used a sequencing strategy combining
long and short reads, coupled with RNAseq data from mul-
tiple tissues and specimens, to achieve a highly robust as-
sembly and annotation. The P. lilfordi genome, along with
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that of its continental relative Podarcis muralis,” will extend
current genomic resources within this highly diverse lizard
genus'*"” and provide a genetic framework to begin under-
standing the processes behind the remarkable diversification
of the Lilford’s wall lizard. In addition, the genome will pro-
vide a critical tool for the development of a conservation plan
based on population-level genomics (accounting for levels
of genetic diversity, drift, and accumulation of deleterious
mutations) for an accurate assessment of the species adap-
tive potential and resilience in face of current challenges by
global change and increasing human pressure in the Balearic
Islands.

2. Materials and methods

2.1. Sample collection and processing

Five adult specimens of P. lilfordi (subspecies lilfordi) were
collected in April 2021 on Aire Island, to the southeast of
Menorca Island (Spain). The island is one of the largest
and most densely populated (surface area 34 ha, 4,098.60
lizards/ha).* Specimens were caught using pitfall traps con-
taining fruit juices placed along paths and vegetation edges.
All specimens were sexed according to visual examination
of femoral pores and morphology,'s weighed and body size
measured as snout to vent length (see Supplementary Table
S$1 for metadata). Individuals were sacrificed by cervical dis-
location, immediately stored on dry ice, and kept at -80°C
until processing. Under a sterile hood, each frozen specimen
was rapidly dissected to extract all major organs, including
heart, liver, lungs, kidneys, brain, testicles/ovaries, intestine
and muscle tissue from the tail. All tissues were immediately
stored at -80°C.

A single female adult specimen (the heterogametic sex, ZW)
was chosen for genome sequencing. Tissues were sent to the
Centre Nacional d’Analisi Genomica (CNAG-CRG) for DNA
extraction and sequencing. Samples from the remaining spe-
cimens were shipped to Lund University (Sweden) for RNA
extraction. RNA sequencing was performed at the SNP&SEQ
Technology Platform (for short reads), and at the Uppsala
Genome Center (for long reads) (SciLifeLabs, Sweden).

Specimen sampling was granted by the Species Protection
Service (Department of Agriculture, Environment and
Territory, Government of the Balearic Islands), under permit
CAP03/2021 (to LB). The specimen remains were deposited
at the Museum of Natural History of Barcelona (Spain),
under voucher name MZB 2022-5701.

2.2. Genomic DNA extractions

High-molecular-weight (HMW) gDNA was extracted from
frozen liver using the Nanobind tissue kit (Circulomics) fol-
lowing the manufacturer’s protocol. Briefly, two cryopre-
served liver aliquots of 38 mg and 24 mg were homogenized
under cryogenic conditions on dry ice, using a mortar and
pestle. The pulverized tissue was collected into 1.5 ml tubes
with lysis buffer (Circulomics). Nanobind disk (Circulomics)
was used on fresh supernatant for the gDNA binding. The
HMW gDNA eluate was quantified by Qubit DNA BR Assay
kit (Thermo Fisher Scientific) and the DNA purity was evalu-
ated using Nanodrop 2000 (Thermo Fisher Scientific) UV/
Vis measurements. The gDNA integrity was evaluated with
pulsed-field gel electrophoresis SeaKem® GOLD Agarose 1%
(Lonza), using the Pippin Pulse (Sage Science). The gDNA
samples were stored at 4°C.

J. Gomez-Garrido et al.

2.3. Genome sequencing

The complete genome sequence was achieved employing a
mixed sequencing strategy, combining the use of 10X linked
short reads (Illumina NovaSeq 6000, 2 x 150 bp) for base
accuracy, long reads (Oxford Nanopore Technologies, ONT)
for high contiguity and repeat resolution, and Hi-C (Illumina
NovaSeq 6000, 2 x 150 bp) for chromosome-level scaffolding
(Fig. 1).

The linked reads library was prepared using the Chromium
Controller instrument (10X Genomics) and Genome Reagent
Kits v2 (10X Genomics) following the manufacturer’s
protocol. Briefly, 10 ng of HMW gDNA was portioned in
GEM reactions including a unique barcode (Gemcode) after
loading onto a chromium controller chip. The droplets were
then recovered, isothermally incubated, fractured and the
intermediate DNA library was then purified and size-selected
using Silane and Solid Phase reverse immobilisation (SPRI)
beads. Illumina-compatible paired-end sequencing libraries
were prepared following 10X Genomics recommendations
and validated on an Agilent 2100 BioAnalyzer with the DNA
7500 assay (Agilent). The library was sequenced on NovaSeq
6000 (Illumina, 2 x 151 bp) following the manufacturer’s
protocol for dual indexing. Image analysis, base calling
and quality scoring of the run were processed using the
manufacturer’s software Real Time Analysis (RTA v3.4.4)
and followed by the generation of FASTQ files.

The ONT libraries were prepared using the 1D Sequencing
kit SQK-LSK110. Briefly, 1.0 pg of the HMW gDNA was
DNA-repaired and DNA-end-repaired using NEBNext FFPE
DNA Repair Mix and the NEBNext Ultrall End Repair/
dA-Tailing Module (New England Biolabs, NEB), followed
by ligation of sequencing adaptors. The library was purified
with 0.4 X AMPure XP Beads and eluted in Elution Buffer.
Four sequencing runs were performed on Grid[ON Mk1
(ONT) using an R9.4.1 flow cell (FLO-MIN106D, ONT) on
the MinKNOW platform version 4.2.5 for real-time moni-
toring. Data were collected for 110 h and base called with
Guppy version 4.3.4 in high accuracy mode using the dna_
r9.4.1_450bps_modbases_dam-dem-cpg_hac.cfg model.

The Hi-C libraries were prepared using the Omni-C kit
(Dovetail Genomics), following the manufacturer’s protocol.
Briefly, frozen muscle tissue (heart) was pulverized using
a mortar and pestle immersed in a liquid nitrogen bath.
Chromatin was fixed in place with formaldehyde (Sigma
Aldrich), digested with DNase I and DNA extracted. DNA
ends were repaired, and a biotinylated bridge adapter was
ligated followed by proximity ligation of adapter-containing
ends. After reverse crosslinking, the DNA was purified
and followed by the preparation of Illumina-compatible
paired-end sequencing libraries (omitting the fragmentation
step). Biotinylated chimeric molecules were isolated using
streptavidin beads before PCR enrichment of the library. The
library was sequenced on NovaSeq 6000 (Illumina, 2 x 151
bp) following the manufacturer’s protocol for dual indexing.

2.4. Transcriptome sequencing

RNA was extracted from five different tissues (heart, kidney,
liver, lungs and tail) of five specimens using the RNeasy Mini
Kits (Qiagen) and including an on-column DNA digestion
step. RNA concentration was measured using the Qubit
RNA High Sensitivity assay and RNA quality was assessed
using the Eukaryote Total RNA Nano assay on the Agilent
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OmniC
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Figure 1. Assembly workflow. Summary of the main steps followed to obtain the curated chromosome-level assembly. See the Snakemake pipeline

for detailed information (https://github.com/cnag-aat/assembly_pipeline).

2100 Bioanalyzer system. For short-read RNA sequencing,
we pooled samples of two to four individuals per tissue in
equimolar amounts (Supplementary Table S2). These five
tissue-specific samples were subjected to Illumina’s TruSeq
Stranded mRNA library preparation kit and sequenced on
NovaSeq 6000 (Illumina, 2 x 150 bp). For long-read RNA
sequencing, we pooled five individual tissue samples in
equimolar amounts (Supplementary Table S2) and subjected
this single, mixed sample to PacBio Iso-Seq sequencing.

2.5. Nuclear genome assembly

The nuclear genome was assembled following the workflow
summarized in Fig. 1. To increase reproducibility, the main
steps have been included into a snakemake!” pipeline (https:/
github.com/cnag-aat/assembly_pipeline). A few modifications
were added for this project which are detailed below, along
with a summary of major steps. All intermediate and final
assemblies produced during the process were evaluated as

indicated in the pipeline description, using BUSCO'®"* v 4.0.6
with vertebrata_odb10, fasta-stats.py (https:/github.com/
galaxyproject/tools-iuc), Nseries.pl and Merqury® v1.1. Note
that our final assembly statistics was further evaluated with
updated versions of Merqury v1.3 and BUSCO version 5.0.4
with vertebrata_odb10.

Before assembly, the 10X Illumina reads were preprocessed
using LongRanger Basic v2.2.2 and the nanopore reads were
filtered using FiltLong v0.2.0 with options *--min_length 1000
--min_mean_q 80’. The resulting set of filtered nanopore
reads accounted for 50.8 Gb (about 34x coverage) with a
mean Phred-scale read quality of 9.8 and a read length N50
of 31.4 Kb (Supplementary Table S3).

First, we assembled the filtered nanopore reads using Flye
v2.8.3 with options “--nano-raw -i 2’ (the latest performs two
final rounds of polishing in the output assembly) obtaining a
base assembly that comprised a total of 1.54 Gb, with an N50
of 1.36 Mb and a consensus quality (QV) of 27.19 (Fig. 1 and
Supplementary Table S4).
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Second, to maximize the QV of the Flye assembly, we
tested several polishing tools and strategies (Supplementary
Table S4). The best results were obtained using a combined
strategy that exclusively used 10X Illumina reads to im-
prove the QV. We used MaSuRCA?"** version 4.0.4 using
createSuperReadsForDirectory.perl to obtain high-quality
SuperReads with a read N50 of 539 bp. The SuperReads
were then aligned to the genome with Minimap2?* v2.17 and
the Illumina reads were aligned with BWA-MEM?* v(0.7.15.
Finally, we ran NextPolish*® v1.3.1 with these SuperReads,
treating them as long reads, and the debarcoded 10X linked
reads as paired-end Illumina for polishing the Flye assembly.
In total, four polishing iterations were performed with
NextPolish: two with the SuperReads and another two with
the Illumina reads.

Third, to obtain a haploid reference (removing alter-
nate haplotigs and other artificial duplications), we purged
the assembly using purge_dups®® v1.2.5 with cutoffs -| 5 -m
24 -u 78. This step removed 4,289 scaffolds accounting for
94,919,135 bp.

Fourth, the purged assembly was corrected and scaf-
folded with 10X Linked-Reads using the Faircloth’s
Lab  pipeline  (http://protocols.faircloth-lab.org/en/latest/
protocols-computer/assembly/assembly-scaffolding-with-
arks-and-links.html#). This pipeline includes Tigmint*”
v1.1.2, ARKS* v1.0.3 and LINKS® v1.8.5. Tigmint was used
to identify and correct mis-assemblies using the linked reads
in the purged assembly. The corrected assembly was then scaf-
folded using ARKS and LINKS, resulting in 2,783 scaffolds
accounting for 1,460,390,273 bp with an N50 = 13.51 Mb
(Supplementary Table S4).

Finally, the Omni-C reads were then mapped to the as-
sembly using BWA-MEM and pre-processed using the
Dovetail pipeline (https://omni-c.readthedocs.io/en/latest/
fastq_to_bam.html). The filtering of the alignments was done
with the default minimum mapping quality of 40. After the
removal of PCR duplicates (46.34%, see Supplementary
Table S5), 130,208,672 read pairs remained and were used as
input to YaHS* v1.1 scaffolder with default parameters. We
performed two rounds of assembly error correction and made
15 breaks, followed by ten rounds of scaffolding from higher
to lower resolution (10 Mb down to 10 Kb), which produced
an assembly with a span of 1,460,440,873 bp with an N50 of
89.54 Mb. The high contiguity achieved is also reflected in the
scaffold L90 of 17, a value close to the number of chromo-
somes (1 = 19) (Fig. 1 and Supplementary Table S4).

2.6. Manual curation

To guide manual curation of the assembly, we computed the
mean Illumina coverage for all scaffolds (using BWA-MEM
v0.7.15, SAMtools’' v1.9 and BlobTools’? v1.1) and the
whole-genome alignments (WGAs) against the genome assem-
blies of two species belonging to family Lacertidae: a ZZ male
of P. muralis (PodMur1.0) and a ZW female of Lacerta agilis
(rLacAgil.pri). The WGAs were produced with nucmer4*
and visualized with Dot (https:/github.com/MariaNattestad/
dot). This approach allowed us to ‘scaffotype’ (i.e. assign to
a chromosome) the largest 20 superscaffolds (Supplementary
Tables S6 and S7). Finally, the location of gaps (fasta-stats.py)
and telomeres (https://github.com/tolkit/telomeric-identifier),
together with the Illumina coverage, were added to the con-
tact map using PretextGraph (https://github.com/wtsi-hpag/
PretextGraph). Manual curation was then performed using
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PretextView (https://github.com/wtsi-hpag/PretextView).
Given the high quality and contiguity of the YaHS assembly,
the curation involved only 17 edits.

The Blobtoolkit* pipeline was then run on the curated as-
sembly (Supplementary Fig. S1), using the NCBI nt database
(updated on September 2022) and several BUSCO odb10
databases (sauropsida, vertebrata, metazoa, eukaryota,
chlorophyta, fungi and bacteria). Removal of six contam-
inated scaffolds (based on GC cutoff of 0.3-0.65) (see
Supplementary Table S8) resulted in the final assembly
rPodLil1.2.

Finally, by comparing Illumina and ONT coverage es-
timates, we calculated the ratio of coverage for each sex
chromosome with respect to the autosomal mean coverage
(Supplementary Table S9). Whole genome alignments of the
P. lilfordi (rPodLill1.2) against P. muralis (PodMur1.0) were
performed with Minimap2 using the “-x asm$’ option and
visualized with the pafr R package.

2.7. Nuclear genome annotation

Gene annotation is very sensitive to both the tools and
evidence-based data used. To produce an accurate gene an-
notation here we (i) sequenced and aligned transcriptome
data to the P. lilfordi assembly, (ii) inferred protein content
from comparative analyses against closely related annotated
genomes and (iii) performed ab initio gene predictions (see
flowchart in Supplementary Fig. S2).

As a first step, we masked all the repeat regions as they
can include Open-Reading Frames (ORFs) and share cer-
tain domain homology with coding genes. For this purpose,
we searched for repeats with RepeatMasker v4-1-2 (http://
www.repeatmasker.org) using the custom RepBase repeat
library available for Podarcis, along with a specific repeat
library generated with RepeatModeler v1.0.11 for our as-
sembly. After excluding those repeats that were part of re-
petitive protein families (performing a BLAST search against
Uniprot; last accessed March 2022), a final repeat annotation
was produced using RepeatMasker. As this repeat annota-
tion was produced mainly to aid in the genome annotation,
low-complexity repeats were not annotated. The P. muralis
genome was similarly processed for repeat annotation and
comparative analysis.

Second, to obtain a comprehensive catalogue of the
gene isoforms, we generated transcriptomic data from sev-
eral tissues and multiple individuals using both regular
Illumina RNA-seq and long-read PacBio Isoseq technolo-
gies (Supplementary Table S2). While regular Illumina pro-
vides an ample coverage of the full transcriptome potential,
long-reads can cover an entire isoform with a single read,
limiting the production of chimeric variants during transcript
assembling. Short and long RNA reads were mapped to the
genome assembly using STAR* v-2.7.2a and Minimap2
v2.14 (with ‘-x splice:hq -uf’ options), respectively. To infer
gene models from the mappings, StringTie’” v2.1.4 was run
on each BAM file, setting the option ‘--conservative’ only
for the long-read libraries in order to disable the process
of combining reads for transcript assembling, therefore re-
taining the full-length transcript sequences. Finally, all the
models produced by Stringtie were combined using TACO*
v0.6.3 and the resulting ‘gtf’ file was input into the Program
to Assemble Spliced Alignments (PASA* v2.4.1) to produce
PASA assemblies for annotation. High-quality junctions used
during the annotation process were obtained with Portcullis*
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v1.2.0 after STAR and Minimap2 mapping. Additionally, the
TransDecoder program (embedded in the PASA package)
was run on the PASA assemblies to detect coding regions in
the transcripts.

Third, we used proteomes from closely related species as a
guide for predicting gene content. For this purpose, we down-
loaded the complete proteomes of P. muralis, Pogona vitticeps
and Pantherophis guttatus from Uniprot in April 2022 and
aligned them to the P. lilfordi repeat-masked assembly using
Spaln* v2.4.03.

Fourth, we performed ab initio gene predictions on the
final assembly using three different programs: GenelD*
v1.4, Augustus® v3.3.4 and Genemark-ES* v2.3e, with and
without incorporating junction evidence from the RNAseq
data. The gene predictors were run with trained parameters
on humans, except for Genemark, which runs in a self-trained
mode.

Final genome annotation was achieved by com-
bining all the data into consensus CDS models using
EvidenceModeler-1.1.1%° (EVM). Additionally, untranslated
regions (UTRs) and alternative splicing forms were annotated
via two rounds of PASA annotation updates (Supplementary
Fig. S2).

Functional annotation was performed on the annotated
proteins with Blast2GO.* First, a DIAMOND Blastp* search
was made against the NCBI nr database (last accessed May
2022). Furthermore, InterProScan*” was run to detect protein
domains on the annotated proteins. All these data were com-
bined by Blast2GO, which produced the final functional
annotation.

General statistics on the genome and individual chromo-
somes were computed with in-house PERL scripts. The sex
chromosome W presented 14 transposon-derived, short, only
ab-initio single-copy genes. Due to the high repetitiveness of
the chromosome, these genes were considered as artefacts and
removed from the final annotation.

The annotation of non-coding RNAs (ncRNAs) was
obtained as follows. First, the program CMsearch* v1.1 from
the Infernal*” package was run against the RFAM database of
RNA families v12.0. Additionally, transfer RNA genes were
identified by tRNAscan-SE* v2.08. Long non-coding RNAs
(IncRNAs) were identified as those expressed transcripts (as-
sembled by PASA) longer than 200 bp that were not included
in the protein-coding annotation and not covered by a small
ncRNA in more than 80% of their length. The resulting tran-
scripts were clustered into genes (i.e. same gene assignment)
using shared splice sites or significant sequence overlap.

2.8. Mitogenome assembly and annotation
To obtain the mitochondrial sequences, all ONT reads, pre-
viously filtered for whole-genome assembly with FiltLong
v.0.2.0 to be at least 1 Kb long and have a mean quality of 7,
were mapped with Minimap2 against the P. muralis complete
mitochondrial genome (NC_011607.1; 17,311 bp) with op-
tions: ‘-t $THREADS -ax map-ont $DATABASE $READS’.
We retained all reads with mapping quality = 12 (relatively
unique) and at least 800 exact matches to the mitochondrial
genome reference; these included 8,093 reads and a total of
51,692,448 bp (estimated mitochondrial coverage 2,986x).
All filtered ONT reads were assembled with Flye®' v2.9
using the options: ‘flye --meta --scaffold -t 12 -i 2 -g 25k
--nano-raw’. The ‘--meta’ option is the most appropriate for
uneven coverage samples and two polishing iterations were

run with the ONT reads on the final assembly with *i 2.
Finally, the output assembly was screened for circular contigs,
resulting in eight linear contigs and a single circular contig
17,112 bp long (contig_1).

As the reference mitogenome (P. muralis) is relatively dis-
tant (18-20 MYA), the identification of Illumina reads map-
ping outside the most conserved regions of the organelle is
not straightforward. To overcome this issue, we mapped all
the Illumina data (previously de-barcoded PE 2 x 150 bp
reads 10x linked-reads) to our complete Flye long-read as-
sembly with gem-mapper, with <2% mismatches. Finally, a
total of 326,105 read pairs were collected for further pol-
ishing (estimated coverage of the mitochondrial genome is
5,255.81x).

To further improve the sequence accuracy of the assembled
mitochondrial genome, we performed two additional rounds
of polishing on contig 1 with the selected Illumina reads
using NextPolish v1.1.0 with Illumina PE 2 x 150 bp with
options: ‘-paired -max_depth 5000°. The polished assembly
was evaluated with Merqury v1.1 using ‘k = 21° on the mito-
chondrial Illumina reads, dnadiff from MUMmer® package
4.0.0beta2 and fasta-stats.py. The resulting circular chromo-
some was rotated and oriented according to the P. muralis
reference, after detecting the appropriate Origin coordinates
with the dnadiff.

The annotation of the mitogenome was performed using
the MITOS*?> Web Server (http://mitos.bioinf.uni-leipzig.
de/). Manual curation was performed by checking the pre-
dicted sequences and comparing the annotation to that of the
P. muralis mitogenome. As a result, one partial tRNA-Asp
was removed from the annotation due to its absence in the
P. murallis mitogenome annotation and to the high e-value
reported by MITOS (e-value = 0.04071).

3. Results and discussion

3.1. Genome assembly

Genome sequencing yielded a total of 95 Gb of Illumina data
(2x 150 bp), 156.2 Gb of Omni-C data (2 x 150 bp) and 60 Gb
of ONT data (Fig. 1). Assembly of the ONT data, followed by
polishing, scaffolding, and manual curation resulted in a highly
contiguous and complete assembly (rPodLill.2) of 2,148
scaffolds accounting for 1.46 Gb, in line with the C-value and
assembly span of P. muralis (1.51 Gb for PodMur1.0)" (Fig.
2). It has a contig N50 of 1.48 Mb, scaffold N50 of 89.64 Mb
(210 Mb) and QV of 40 (Supplementary Table S4), meeting
the minimum quality requirement of 6.C.Q40 (megabase
contig N50 and chromosomal-scale scaffold N50, with less
than 1/10,000 error rate) established by the Earth Biogenome
Project (EBP) for eukaryotic species with sufficient DNA and
tissue.” Although the obtained contig N50 is shorter than
most values found for other published chromosome-level
Lacertidae assemblies (Supplementary Table S10), the high
contig quality obtained and the use of Hi-C data allowed
us to confidently assign most of the sequences (98.70%) to
candidate chromosomes. In fact, the resulting assembly is
consistent with the karyotype (21 = 38),** including 18 auto-
somes and two sex chromosomes (Fig. 2). Moreover, the as-
sembly is highly complete, with 96.7% single copy complete
genes, 87% k-mer completeness, and a low false duplication
rate of 0.68% (Fig. 2).

Assignment to chromosomes was done via whole-genome
alignments to the available genome assemblies of P. muralis (a
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Figure 2. Visual summary of the rPodLil1.2 assembly. (A) Hi-C contact map of the genome assembly visualized in PretextView. The map shows

20 superscaffolds, ordered from longest to shortest, corresponding to the 18 autosomes and the two sex chromosomes (Z and W); the latter can

be better visualized in Supplementary Fig. S5. Additionally, there are a total of 44 short unlocalized scaffolds within the main chromosomes, and

2,084 short unplaced scaffolds (not visible at the resolution shown). (B) Snailplot summarising assembly metrics, including scaffold statistics,

BUSCO completeness, total size and base composition. The main plot is divided into 1,000 size-ordered bins around the circumference with each bin
representing 0.1% of the 1.460.085.851 bp assembly. The distribution of record lengths is shown in dark grey with the plot radius scaled to the longest
record present in the assembly (137 Mb, shown in red). Orange and pale-orange arcs show the N50 and N90 record lengths (90 Mb and 45 Mb),
respectively. The pale grey spiral shows the cumulative record count on a log scale with white scale lines showing successive orders of magnitude.
The blue and pale-blue area around the outside of the plot shows the distribution of GC, AT and N percentages in the same bins as the inner plot. A
summary of complete, fragmented, duplicated and missing BUSCO genes in the vertebrata_odb10 set is shown in the top right.

male) and L. agilis (rLacAgil.pri, a female). The alignments
revealed a high level of collinearity to both assemblies for the
autosomes as well as the Z chromosome (shown for P. muralis
in Supplementary Fig. $4). A total of 21 inversions greater
than 1 Mbp in length were observed with respect to the P.
muralis assembly, only two of which were larger than 5§ Mbp.
There was no evidence of translocations or large deletions.
Sex chromosome assignment was additionally supported by
manual curation, showing the expected drop in sequencing
coverage (Supplementary Table S9) and the typical pattern of
Hi-C contacts (Supplementary Fig. S5A). Sex chromosomes
in lacertids (ZZ and ZW) are known to differ in gene copy
numbers, with males (ZZ) showing twice as many genes as
females (ZW) due to W degeneration.”> Moreover, the W is
mostly heterochromatic and shows a typical high content in
repetitive sequences,”-¢ reducing the number of informative
Hi-C read pairs for scaffolding in this chromosome. As ex-
pected, the Z chromosome of P. lilfordi was assembled into
one superscaffold of 50.7 Mb in length that aligns well to
both the Z chromosome of P. muralis and to that of L. agilis
(Supplementary Fig. S5B), while the W chromosome was par-
tially assembled into a 12.3 Mb superscaffold that aligns best
to the superscaffold W of L. agilis, albeit with low identity
(Supplementary Fig. S5C).

3.2. Genome annotation

While many genome assemblies have been recently released,
their capability to answer certain biologically relevant ques-
tions is frequently limited by the lack of genome annotation.

Here, we provide a robust annotation for P. lilfordi by com-
bining different approaches including newly generated tran-
scriptome data, comparative proteomics, and ab initio gene
prediction.

Overall, we annotated a total of 25,663 protein-coding
genes that produce 43,578 transcripts (1.7 transcripts per
gene) encoding 38,615 unique protein products (Table 1).
We were able to assign functional labels to 72% (29,273)
of the annotated proteins. The annotated transcripts contain
11 exons on average, with 91% of them being multi-exonic.
In addition, we annotated 47,052 non-coding transcripts,
including 12,785 IncRNAs and 34,267 sncRNAs (Table 1).

Running BUSCO on both the annotated protein-coding
transcripts and protein sets showed a gene completeness of
97.9% and 97.1%, respectively, using the vertebrata_odb10
database. These results are in line with the genome BUSCO
completeness of 98.3% and demonstrate the high accuracy
of the genome annotation pipeline. Minor differences in the
results obtained using the three sources of evidence are likely
due to the algorithm that BUSCO uses, and the threshold es-
tablished to consider a gene absent, fragmented or complete.

Comparison of P. lilfordi and P. muralis genome annota-
tion statistics reveals only few differences (Table 1). Gene
content is comparable, although we annotated ~3,000 extra
protein-coding genes for P. lilfordi. Aligning these genes back
to the PodMur1.0 genome assembly indicates that only 600
are unique to P. lilfordi (i.e. do not align to the P. muralis
assembly). Most of the P. lilfordi proteins (96.5%) have a
complete ORF (versus 83.7% in P. muralis) supporting our
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high-quality assembly and annotation (Table 1). Moreover,
the median UTR length is four times longer in P. lilfordi than
in P. muralis, which is likely due to the usage of long-read
transcript sequencing technologies (PacBio) for our anno-
tation. Although most of the observed differences can be
ascribed to the use of different evidence sources and annota-
tion pipelines, additional genome resequencing data will be
critical for validation.

3.3. Repetitive elements

Around 39% of the assembled genome was repetitive: 6%
was annotated as repeats using the ‘podarcis’ Repbase li-
brary and an additional 33% was classified as repeats using
the repeat library obtained after running Repeat Modeler
(https://www.repeatmasker.org/RepeatModeler/)  against
the assembly (Table 2). These repeats were represented by
transposable elements, including short, interspersed elem-
ents (SINEs), long interspersed nuclear elements (LINEs),
long terminal repeat retrotransposons (LTRs) and DNA
transposons. The repeat content landscape of P. lilfordi
was highly comparable to that of P. muralis (38-39%), in
line with their similar genome size’”: most of the repeats
were classified as LINEs (~12%), followed by DNA trans-
posons (~7%) and SINEs (4-5%) (Table 2). Percentage of
LTR was slightly higher in P. lilfordi than P. muralis (2.37%
against 1.36%). At present, we cannot confidently assess

whether these minor differences between species are real
or a methodological bias (methods can particularly affect
repeat-resolution).

3.4. Mitogenome

The resulting mitogenome assembly is a single circular
contig 17,251 bp long with a QV of 44.12. Its GC con-
tent is 38.73%, very similar to the 38.55% observed in
the P. muralis mitogenome. As expected, the average iden-
tity between both mitogenomes is 88.74%. The origin of
replication was identified and used to linearize the circular
chromosome by comparison to the P. muralis mitogenome.
After annotation, it was confirmed that this was the origin
of the tRNA-Phe (MT-TF) that is used as a standard origin
in vertebrate mitogenomes.® The final annotation of the
mitochondrial chromosome contained 13 protein-coding
genes, 2 rRNAs and 22 tRNAs, in line with expectations for
vertebrates.

4. Conclusions

Here we announce and publicly release the Podarcis lilfordi
reference nuclear and mitochondrial genome assembly and
annotation. This is the first chromosome-level reference for an
endemic reptile species released within the framework of the
Catalan Initiative for the Earth Biogenome Project (CBP). The
P. lilfordi genome is the second complete genome within the

Table 1. Final genome annotation statistics for the P lilfordi assembly (rPodLil1.2) and comparison to P muralis (PodMur1.0)

rPodLill.2 PodMur1.0

Genome size (bp) 1,460,085,851 1,511,002,858
Number of protein-coding genes 25,663 22,062
Median gene length (bp) 13,456 11,808
Number of transcripts 43,578 37,240
Number of proteins 38,615 36,445
Proteins with complete ORFs 37,249 30,503
Functionally annotated proteins 29,273 25,768
Number of coding exons 232,494 219,498
Median UTR length (bp) 2,138 505
Median intron length (bp) 1,297 1,245
Exons/transcript 10.90 12.12
Transcripts/gene 1.70 1.69
Multi-exonic transcripts (proportion) 0.91 0.92
Gene density (gene/Mb) 17.58 14.60
Table 2. Repeat content of the P lilfordiassembly and comparison with P muralis

rPodLil1.2 (bp) PodMur1.0 (bp)
SINEs 58,508,447 (4.0%) 71,879,703 (4.7%)
LINEs 186,782,953 (12.8%) 182,775,149 (12.1%)

LTR elements

DNA transposons
Unclassified

Total interspersed repeats

34,584,027 (2.4%)
105,432,906 (7.2%)

180,164,025 (12.3%)
565,472,358 (38.7%)

20,566,821 (1.4%)
110,903,635 (7.3%)
181,606,330 (12.0%)
567,731,638 (37.6%)

Percentages are estimated with respect to the total genome size
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highly diverse genus Podarcis, along with that of P. muralis.
Despite their evolutionary divergence (18-20 MYA™), the
two species exhibit substantial conservation in genome or-
ganisation and overall annotation. Given its high quality,
contiguity and annotation, the P. lilfordi genome sequence
will represent a valuable resource for evolutionary and con-
servation genomics studies. The resource will facilitate com-
parative genomics of Lacertidae and reptiles in general, and
aid in the understanding of the genetic bases of vertebrate in-
sular adaptation (i.e. the island syndrome) and demographic
resilience. Additionally, the genome will represent a critical
reference to explore the genetic diversity of this endemic spe-
cies, its adaptive potential and evidence for local adaptation,
along with its ability to respond to current threats by human
pressure in the Balearic Islands. Finally, we expect that future
genome analyses will have a critical impact on conservation
management and policy decisions on this endangered species.
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Chromosome-scale genome assembly of Podarcis lilfordi

Figure S5. Sex chromosome assignment. (A) Hi-C contact
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somes. Illumina coverage is plotted in pink. (B) Alignment of
the scaffold assigned to the Z chromosome in L. agilis against
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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 (F5T=0.247¢O.09), with no recent immigration/
translocation events. Contrary to expectations, most populations harbor a considerable
genetic diversity (mean nucleotide diversity, P,=0.144 +0.02 1), characterized by overall
low inbreeding values (F,s <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 | INTRODUCTION

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 (lbiza
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 (Glnther, 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 (5.33Mya) (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 2000years, 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
etal., 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
etal., 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 | MATERIALS 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 llles 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 1ug
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FIGURE 1 Geographic map of the 16 localities (15 islands) under study, sampled in the archipelagos of Mallorca, Cabrera, and Menorca.

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 10ng/uL 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 lllumina MiSeq (150bp), using two common restriction
enzymes, Pstl and Apekl. Pstl provided the best reproducibility and
number of variants and was therefore chosen to generate the final
library.

Genomic DNA was digested with the Pstl, fragments were
tagged with individual barcodes, PCR-amplified, multiplexed,
and sequenced on dual lanes on an lllumina HiSeq 2500 platform
(2x100bp). Raw read sequences were demultiplexed and quality
checked using FastQC v0.10.1 (Wingett & Andrews, 2018; available
at https://www.bioinformatics.babraham.ac.uk/proj-ects/fastqc/).

Additionally, raw RAD-Seq genomic data of P.lilfordi generated
on aprevious study (Bassitta et al., 2021) were downloaded from the
online repository (PRINA645796, 91 samples from 10 populations).
The GBS dataset (this study) and the RAD-Seq dataset (Bassitta
et al., 2021) shared the restriction enzyme Pstl, 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
(rPodLill.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 datafiltering, SNPand 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 inSTACKSv.2.61 (Catchen etal.,2013)
to calculate diversity statistics per population, including the observed
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heterozygosity (H,), expected heterozygosity (H,), 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 (H,, P;, Ar, and F,)) 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
etal., 2007) (--indep-pairwise: 50 [‘kb"] 50.20) (Table 2). Pairwise F;
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 F¢; were created using pheatmap in R (Kolde, 2019).

Isolation by distance (IBD) was evaluated by correlating the Fq;
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),

TABLE 2 Summary of raw and filtered

. 5of 19
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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 O
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 (Am) 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 (F;;=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.

SNP count per dataset. EIPEl
LD
Dataset Study Nind N pop Raw Filtered® pru ned®
GBS This study 100 8 18,88,392 143,272 34,065
RAD-Seq Bassitta 91 10 48,51,070 166,943 58,207
etal.(2021)
COMBINED Both studies 191 16 63,94,354 5523 2876

*Filters: --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.
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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/software/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 g<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 g-value <0.01.

PCAdat and BayeScan results were finally intersected, retaining
outliers with F;; > 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/gprofiler/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 inthe “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 & Griinwald, 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 15billion 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
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FIGURE 2 Chromosome distribution of raw and filtered SNP data for each of the three datasets (COMBINED, GBS, and RAD-Seq).

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 perlocal-
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 (P) 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 (H_) showed comparable

values as P,, 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). F,¢ 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 F¢ values and
major trend among populations (Table S3). The Allelic richness (Ar)
was also comparable across localities, rangingbetween 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< 1.50ha), with the small islet of en
Curt presenting the largest number (n=5316) (Table S3).
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(a) FIGURE 3 (a)Genetic diversity
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Genetic Diversity diversity, H_: observed heterozygosity,
and F,;: inbreeding coefficient) with
corresponding error bars. (b) Scatter
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0151 and surface area (on log scale). The solid
line shows the ordinary linear regression
(Ar=1.34+0.014 log(area), R*=.64,
2 s p=.0002), while the ribbon shows the
% 0101 M 95% confidence interval around mean
3 B e expected values. All estimates are based
= M7 505523 SNPs (COMBINED dataset).
0.054
0.004
w w < > o o = < o X —J‘ o < < < =
2%z E8%3Eyszzz25E g
<] © § 3z € &z £ g 3 32 &
s o 2 2 5 9 = ©
g s © 3
w
Menorca Cabrera-Mallorca
(b)
1.454
DRAGONERA
L
GUARDIA BRERA _H
MC:LTONA CABRERA L®
1.40
g
2
2
=
S
; 1.354
°
<
1.30
1.254 PORROS
.
01 10 100 100.0 1,000.0
Area (ha)
Of the genetic diversity indexes, Ar, P, and F,s showed posi- 3.2 | Population genetic

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, P; p=.001 for area and p <.005 for max alti-
tude, F;: 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.

differentiation and structure

Pairwise F¢ 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
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FIGURE 4 Heatmap of pairwise genetic differentiation (Fs;) between the 16 populations of Podarcis lilfordi (COMBINED dataset, 2876

SNPs). All F¢; estimates were significant (p <.01 after permutations).

populations were generally high, with a mean F,=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 Fq; of 0.338 with respect to all other
islands (minimum value with Moltona, F.;=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, Fg; 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 (F ;) and geographic distances (p>.1), excluding a
scenario of isolation-by-distance.

Population genetic clustering with DAPC (Figure 5a) was con-
sistent with Fi-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, (Il) the group
of Cabrera and Mallorca islands, characterized by a stronger ge-
netic differentiation among populations, and (l11) 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 clustersis 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.
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FIGURE 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.

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, Fq, 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 F ; values (Figure 4) and
higher admixture levels (Figure 5b).

Tree rooting using nonreversible models on |Q-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 atotal 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 F;>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.
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FIGURE 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.

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
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FIGURE 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.

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 | Geneticdiversity 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 etal., 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 F¢; 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, F>0.2 for all pairs, see Figure 4), indicating either
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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 (H,>0.09 and P;>0.1 for all populations),
even higher than other continental and insular species of Podarcis
(Saboli¢ & Stambuk, 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 (F,;<0.08), even for
tiny islets such as Esclatasang, Foradada, Porros, Revells, and en
Curt (all with area <0.7ha, F;<0.5, Table 1 and Figure 3a). While
small populations are expected to show a reduced heterozygosity
(Keller & Waller, 2002), F,s 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 (F ;=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 F g 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
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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, F;
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 1Q-tree
(Figure S2) and root testing all strongly suggest that the origin of the
species occurred in the mainisland 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 (Bailon, 2004) before its extinction in the
main Mallorca Island, as testified by fossil records dating around
2000years 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 inthese smallislands, 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 Ill;
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 (0.44ha) 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
1500ind/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
etal., 2008; Terrasa etal., 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; Santamaria
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-
tionin controlling gene expression in eukaryotes (Kumarietal., 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
etal., 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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Antimicrobial peptides (AMPs) of lizards: a first &
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defensins, ovo-defensins and cathelicidins

from Podarcis lilfordi and closely related

Lacertidae species

Katherin Otalora'?, Jessica Gomez-Garrido™ and Laura Baldo ™"

Abstract

Background Reptiles exhibit remarkable resistance to infections, making them a critical model for studying the
molecular basis of innate immunity. Key components of their innate immune response are the antimicrobial peptides
(AMPs), small, rapidly evolving molecules with a broad spectrum of antimicrobial activity. Despite their importance,
AMPs in reptiles remain largely understudied, with no current studies available on one of the most successful reptilian
lineages, lizards from the Lacertidae family. In this study, we performed an extensive mining of published Lacertidae
genomes and present the first comprehensive characterization of their major AMP families —beta-defensins (BDs),
ovo-defensins (OVODs), and cathelicidins (CATHs) — with the aim of understanding their genomic diversity and
evolution.

Results We first identified a nearly complete catalogue of antimicrobial proteins from Podarcis lilfordi, an endemic
lizard of the Balearic Islands (Spain): this included 63 BDs, eight OVODs, three of which are proline-rich proteins
(OVOD-PrAMPs), and four CATHs. These AMPs are arranged in chromosome clusters of mostly contiguous peptides,
flanked by highly conserved marker proteins. Using this fine-scale annotation, we mined corresponding orthologues
and closed paralogues from P muralis, P raffonei and Zootoca vivipara, identifying a total of 58 AMPs. All AMPs
consistently locate on chromosome 3 (BDs and OVODs) and chromosome 12 (CATHs), supporting a monophyletic
origin for the reptilian antimicrobial defense. All Lacertidae AMPs show a multiple exon structure (two to four exons)
and a characteristic cysteine motif (six cysteines in BDs, eight in OVODs, and four in CATHS), consistently with previous
findings for vertebrates. Comparative sequence analyses indicate pervasive duplication events in tandem of both
BDs and OVODs, with clear evidence of recent gene expansion. In contrast, OVOD-PrAMPs and CATHs mostly present
a one-to-one ortholog across species. Despite this high level of intra-genomic diversity, we also identified multiple
instances in which different species from distantly related Squamata families (Lacertidae, Varanidae and Dactyloidae)
share identical or nearly identical peptides, suggesting convergent evolution.

*Correspondence:
Laura Baldo
baldolaura@ub.edu

Full list of author information is available at the end of the article

© The Authors) 2025. Open Access This article is licensed under a Creative Commons Aftribution-NonCommercia-NoDerivatives 40
International License, which permits ary non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit tothe original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons liceance, unless indicated otherwise in a credit line to the
material. If material is not induded in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http//creati
vecommons.org/icenses/by-ncnd/4. 0.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.

246



Otalora et al. BMC Genomics (2025) 26:677

' Conclusions Overall, our findings support a remarkable diversity of AMPs in lizards, driven by an ongoing process

Page 2 of 16

of gene expansion, primarily via duplication in tandem, and rapid diversification. The observed instances of peptide
identity or similarity, along with the putative maintenance of specific polymorphisms across species, provide a basis
for investigating the potential functional equivalence of these peptides among lizards and underscore the need for

population-level studies of allele intraspecific diversity.

| Keywords Gene duplication, Proline, Zootoca vivipara, Podarcis muralis, Podarcis raffonei

Background

Antimicrobial peptides (AMPs) are a large class of small
peptides (15-150 amino acids) that are found abundantly
in nature and play a crucial role in the innate immune
systems of all organisms, from bacteria to vertebrates
[1-4]. They exhibit an ample spectrum of antimicrobial
effects, primarily targeting bacteria, viruses, fungi and
parasites, as well as potent immunomodulatory activity
[2, 3]. In addition to serving as a primary defense against
pathogens, AMPs act as key modulators of host—-microbe
interactions [5].

AMPs are typically derived from post-translational
modifications involving the proteolytic cleavage of
large precursor proteins [6]. Most active peptides pres-
ent a net positive charge and an amphipathic nature,
enabling direct membrane binding and disruption in tar-
get microbes [3, 4, 6]. Anionic peptides have been also
reported; however, their mechanisms of actions remain
mostly unclear [7].

Coevolution of AMPs and pathogen resistance has
led to a highly functionally and structurally diverse rep-
ertoire of AMPs [2, 4] resulting from extensive gene
duplication, pseudogenization, deletion as well as strong
positive selection [1, 8]. Nonetheless, evidence of poly-
morphism maintenance by balancing selection and
convergent evolution has also been documented [1, 3]
indicating an overall complex pattern of molecular evo-
lution. Hence, despite their ample spectrum of microbial
targets, recent studies have shown that AMPs response
can be remarkably specific, with single polymorphisms
significantly influencing resistance to infections [1, 9].

Among the plethora of AMP-producing proteins found
in vertebrates, the main classes are represented by defen-
sins and cathelicidins (with the notable exception of cae-
cilian amphibians that appear to lack defensins) [2, 10].
Both are characterized by the presence of cysteine resi-
dues (ranging from four to eight) arranged in conserved
motifs and forming disulfide bonds that contribute to
their structural stability. The number of cysteine resi-
dues and spacing of cysteine-pair alignment currently
define the known subclasses [11, 12]. Beta-defensins
are the most abundant and diverse subclass found in all
vertebrates, known for their immunomodulatory and
toxic activities, as well as their involvement in develop-
mental processes, fertility, wound healing and cancer,
among others [12]. They produce small active peptides

(20-50 residues) with a characteristic six-cysteine motif
[12], and are typically arranged in large, discrete clusters
within a chromosome [13, 14]. In the same syntenic block
of the beta-defensins are the ovo-defensins, a small sub-
class of AMP-producing proteins structurally similar to
beta-defensins (containing a six to eight-cysteine motif).
Ovo-defensins have been described so far only in avian
and reptile species, and are named for their expression in
the oviduct and putative role in egg protection [15, 16].

Cathelicidins are a small class of largely studied, ver-
tebrate-specific proteins with multifunctional activities
marked by potent antimicrobial and immunomodulatory
properties [17, 18]. They contain a typical four-cysteine
motif and are synthesized as large precursor protein
comprising a conserved cathelin-like domain (CLD) and
a functional, highly variable antimicrobial domain [17,
19].

While AMPs have been extensively studied in humans,
other mammals and amphibians (particularly frogs), a
comprehensive genomic characterization of AMP diver-
sity is still lacking in most other vertebrate groups [20].
Reptiles are an increasingly attractive model for antimi-
crobial defense studies, as they represent one of the earli-
est branches to evolve an innate immune response among
extant vertebrates, and are known for their remarkable
resistance to infections [21, 22]. Yet, AMP studies in rep-
tiles are still at their beginnings [23, 24].

Over the past two decades, research has identified
genes associated with major classes of antimicrobial
peptides in a limited number of representative species
across the four major reptilian orders (i.e. Squamata, Tes-
tudines, Rhynchocephalia and Crocodylia) [23]. Within
Squamata (snakes and lizards), AMP diversity have been
documented in species such as the Komodo dragon
(Varanus komodoensis) [25], the green anole lizard (Ano-
lis carolinensis) [26], and few snake species, including
the king cobra (Ophiophagus hannah) [27] and the Bur-
mese python (Python bivittatus) [28]. No formal AMP
characterization is yet available for any members of the
most successful lineage of the Squamata order: the family
Lacertidae.

Lacertids are a highly species-diverse group of true
lizards, primarily encompassing wall lizards that are
widely distributed throughout the Mediterranean region.
Few Lacertidae genomes have been recently published,
including the common wall lizard, Podarcis muralis [29],
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the Aeolian wall lizard, P. raffonei [30] and the viviparous
lizard, Zootoca vivipara [31], thus providing the genomic
resources for a first comprehensive overview of the AMP
diversity within this reptilian family. In addition, our
research group has recently produced a high-quality
chromosome-level genome assembly and annotation for
Lilford's wall lizard Podarcis lilfordi [32], and endemic
species of the Balearic Islands where it inhabits multiple
islets surrounding the islands of Menorca, Mallorca and
the Cabrera Island. Due to the insularity of this species
and the long-term monitoring of several of these popula-
tions [33], P. lilfordi is a growing natural model system for
integrative studies of host and associated microbial sym-
bionts [34-36] as well as pathogen resistance (unpub-
lished) in a context of a rapidly changing environment.
Here we present the first and comprehensive identi-
fication of major classes of AMPs (defensins and cathe-
licidins) in the P. lilfordi genome by means of extensive
genomic search. To further understand AMP diversity
and evolution, we additionally mined AMPs from all
currently published Lacertidae genomes (P. muralis, P
raffonei and Z. vivipara). Comparative analyses of these
newly identified AMPs, along with previously published
data from the Komodo dragon (family Varanidae) [25]
and the green anole lizard (family Dactyloidae) [26], pro-
vided a first overview at the antimicrobial defense reper-
toire for this reptilian family, while also shedding light on
major patterns of AMP evolution within Squamata.

Methods

Identification of candidate defensin and cathelicidin genes
in P. lilfordi

We employed a multiple genomic approach to identify
candidate defensin and cathelicidin genes within the
P lilfordi genome, including genome-wide TBLASTN
screening of reference AMPs, filtering by characteris-
tic cysteine motifs, genomic cluster delineation via con-
served flanking markers, Open Reading Frame (ORF)
identification, transcriptomic data validation, and physi-
cal properties and structural homology prediction. Each
step was manually curated to ensure accurate and robust
annotation.

Specifically, we first used the protein definitions file
(PODLIA.protein_definitions.txt) available at https://den
ovo.cnag.cat/podarcis to retrieve annotated AMPs from
the recently published genome assembly [32]. This data-
set included four putative beta-defensins, one cathelici-
din, and no ovo-defensins.

Second, we queried all available AMPs from the clos-
est reptile species, the V. komodoensis (Komodo dragon)
[25], and the A. carolinensis (the green anole) [26], in a
TBLASTN search [37] against the P lilfordi genome.
The Komodo dragon includes 65 described beta-defen-
sins peptides, six ovo-defensins (only mature peptides),
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and three cathelicidins (complete genes) [25]; the green
anole lizard includes 32 beta-defensins (complete
mRNA), three cathelicidins (complete genes) and no
ovo-defensins [26]. For each protein family, we applied
relaxed TBLASTN search parameters (e-value=1, gap
open/extension=8/2) to maximize output retrieval. The
BLAST outputs were then filtered according to the pres-
ence of a conserved cysteine (C) motifs for each AMP
family: six cysteines for beta-defensins, with a relaxed
cysteine spacing from van Hoek et al. (2019); a terminal
“CC” motif and between six to eight total cysteine resi-
dues for ovo-defensins [25, 26]; at least four cysteine resi-
dues for cathelicidins [19].

Third, we identified the chromosome and boundar-
ies of defensin and cathelicidin clusters, by searching for
conserved flanking marker genes previously documented
in literature [25, 26, 38, 39]. For beta and ovo-defensins
we targeted the exportin-1 protein (XPO1), the cathep-
sin B protein (CTSB), the XK, Kell blood group complex
subunit-related family member 6 (XKR6) and myotubula-
rin phosphatase domain-containing protein 9 (MTMR9)
[25, 40]. For cathelicidins we targeted the fas-activated
serine/threonine kinase (FASTK) and kelch-like family
member 18 (KLHL18) [25, 38].

Throughout this systematic approach, we verified and
corrected the orientation of all sequences, prioritizing
non-overlapping sequences with the highest bit score. All
analyses were performed with custom scripts in R soft-
ware (2023).

Gene annotation

To obtain the complete ORFs for the candidate AMPs
that passed the above filters, we queried all available full
mRNA and proteins from A. carolinensis (32 beta-defen-
sins mRNA and four cathelicidin complete proteins) and
V. komodoensis (only three cathelicidins proteins) using
the program exonerate v2.4.0 [41] in protein2genome
mode against chr-3 (defensins) and chr-12 (for cathelici-
dins) of the P lilfordi genome. For ovo-defensins, as no
complete proteins were available, partial ovo-defensin
proteins newly identified from P. lilfordi were searched
against the NCBI nucleotide (nt) database: best RNA hits
were translated to proteins and searched back against the
P. lilfordi genome.

For each identified AMP gene, we used P. lilfordi Illu-
mina and PacBio RNA-seq data from multiple individu-
als and tissues (Bioproject PRJNA897120) to accurately
determine exon—intron structures, using this transcrip-
tional evidence to guide the annotation process. This
approach enabled us to validate most of the genes pre-
viously identified using partial sequences as well as to
annotate novel genes.

Finally, we further validated all candidate peptides/
proteins by their physical properties using EMBOSS
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tool pepstats https://www.ebi.ac.uk/jdispatcher/seqstats
/emboss_pepstats., and structural homology searches by
protein prediction of secondary and tertiary structure in
Phyre2 [42].

We named newly identified proteins and peptides in P
lilfordi using a standard nomenclature applied in other
species consisting of the genus and species initials as a
prefix, followed by a protein code and a number indicat-
ing their genomic order [25, 26]. Newly identified candi-
date proteins from Lacertidae were similarly named and
numbered according to the P. lilfordi closest sequence,
when available.

AMP chromosome location was visualized with the
R function GC_chart in gemeviewer R library. For the
UPGMA (unweighted pair group method with arith-
metic mean) dendrogram, a protein distance matrix
was estimated with the R function ‘distalignment’
(matrix = "identity", gap =T) in seginr library, and a den-
drogram generated using hclust with height correspond-
ing to the square root of identity distances.

Comparative AMP analysis across reptile species

To explore patterns of diversity and evolution of AMPs
in Lacertidae, we queried all P. lilfordi AMP proteins in
a BlastP and TBLASTN search against all published Lac-
ertidae genomes to retrieve corresponding orthologs
and paralogs. Available Lacertidae genomes included the
Aeolian wall lizard, P. raffonei [30], the common wall liz-
ard, P. muralis [29], and the viviparous lizard, Z. vivipara
[31]. Additionally, we used available genome annotation
and transcriptome data to guide our search. For com-
parative purposes, we also integrated available sequences
from the Komodo dragon and the green lizard. Amino
acid sequences were aligned using MUSCLE vs. 5.0 [43],
visualized and manually curated in Jalview vs. 2.11.3.3
[44]. Due to the high rate of amino acid substitutions and
extensive gene duplications, homology inference within
the same protein family is limited. Therefore, align-
ment curation was performed according to the following
guidelines: a) we first aligned C-residues within the con-
served motif, b) we maximized homology among highly
similar sequences, c) we optimized similarity within the
conserved regions among all sequences, and c) for highly
variable regions (i.e. functional peptide), we minimized
indels among divergent sequences.

To identify clusters of similar peptides, as well as
potential orthologs and paralogs within and across spe-
cies, a Neighbor Joining (NJ) tree [45] was built with
MEGA 4.0 [46] with 1000 bootstrap values. The resulting
trees were visualized using the ggtree R package [47]. The
use of distance-based methods (N]J and UPGMA), rather
than model-based phylogenetic inference approaches
such as Maximum Likelihood (ML), was guided by the
complex nature of the AMP dataset. This complexity
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includes extensive gene paralogy, low sequence homol-
ogy beyond the conserved cysteine residues, and
incomplete gene recovery across the studied species.
Distance-based methods represent a conservative and
widely used approach in AMP research (see, for example,
[14]), as they minimize the risk of false inferences related
to substitution model selection and do not assume true
aminoacidic homology. While this approach limits for-
mal phylogenetic interpretation, it allows for the identi-
fication of clusters of similar peptides and broad patterns
of sequence similarity without overinterpreting evolu-
tionary relationships.

Results

AMP genomic clusters in P. lilfordi

Genome-wide screening of P. lilfordi enabled the identifi-
cation of two major AMP gene clusters, located on chro-
mosomes 3 and 12 (Fig. 1).

Chr-3 cluster (112164644-117711852 bp, about
5.5 Mb) includes 71 putative defensins: 63 beta-defensins
(BDs) and eight ovo-defensins (OVODs). The defensin
block is flanked by the exportin-1 protein (XPO1) and
the retrovirus-related Pol polyprotein from transposon
TNT 1-94 (POL), with the cathepsin B protein (CTSB)
falling within the block.

Ovo-defensins are found within the beta-defensin
block, flanked by the myotubularin phosphatase domain-
containing protein 9 (MTMRY) and the XK, Kell blood
group complex subunit-related family, member 6 protein
(XKRS).

Chr-12 cluster (54832594-58419520 bp, about 3.5 Mb)
includes four cathelicidins (CATHs) arranged in a single
block, flanked by the kelch-like family member 18 pro-
tein (KLHL18) and the fas-activated serine/threonine
kinase protein (FASTK) (Fig. 1).

Characterization of P. lilfordi beta-defensins

All 63 BDs are arranged into two distinct clusters within
chr-3, separated by ovo-defensins: one encompass-
ing PIBD1-PIBD55 and the other PIBD56-63, separated
by more than 2,000,000 bases (Fig. 1 and Supplemental
Table S1). All BDs identified present a six-cysteine motif
(29 and 35 amino acid (AA)) with the following con-
served spacing: C-X(6-7)-C-X(3-5)-C-X(8-14)-C-X(5—
7)-CC (Fig. 2). In addition, most sequences show two
highly conserved glycine (G) residues at positions 7 and
28, and an isoleucine (I) at position 27 of the alignment
(Fig. 2). Both PIBD12 and PIBD22 carry a double cysteine
motif in tandem at the C-terminal, summing a total of 65
AMPs.

Most peptides present a cationic charge, with isoelec-
tric points ranging between 6.8 to 10.7, with only 13
out of the 65 peptides showing a negative or no charge
(Supplemental Table S1). According to protein homology
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Fig. 1 P lilfordi genome localization of beta-defensins (chr-3), ovo-defensins (chr-3) and cathelicidins (chr-12). Beta-defensins include both partial and
complete ORFs (the latter marked with an asterisk). Marker genes for major clusters are also shown. Long intergenic regions are shortened and marked

by a double //

searches, all peptides (at least 30 AA) have their best hits
to an antimicrobial protein/beta-defensin, with confi-
dence>80% and sequence coverage>70%, except for
PIBD39 (Supplemental Table S2). Prediction of secondary
structure indicates that most cysteine domains contain
two to three beta-sheets.

The UPGMA (unweighted pair group method with
arithmetic mean) dendrogram identified six clusters of
similar sequences (<25% dissimilarity based on an arbi-
trary cutoff), typically grouping contiguous or spatially

proximal peptides within the chromosome (e.g., PIBD51-
52, PIBD47-48, PIBD19-20, see also Fig. 1). Two of these
clusters encompass multiple BDs with identical motifs
(PIBD57-58,60-62 and PIBD59,63), suggesting recent
duplications in tandem.

Of the 65 beta-defensin motifs identified, we were able
to detect the complete open reading frame (ORF) for 24
of them (Fig. 3). According to published P lilfordi tran-
scriptomic data from multiple individuals and tissues
(Bioproject: PRINA897120, but also see genome browser
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PIBD32 CKKI- HGHCHKS- KCKFFHY- - - - - SR1CAENVL--CC

PIBD12b* CKWR - GGACTKN- KCPPDSS- - - - - SLHECTKRVF--cCC

o [——— PIBD51 CYKR-GSTCKSN-KCPKGMI- - -QD'MCNMKKI--CC

®_ PIBD52 CYKR-GSTCKSN-KCPKEMI-----QDGMCNMKKI--CC

PIBD39* CDSL- HHNCRVG- YCSEDEIP---- SGGFCFEPVI- ICC

PIBD6* CEAK-ERCADT-RCPEGSV‘~ - EIKVCYYLSP--CC

PIBD7* CIKE-GGHCAGE- FCPSGHT----- ELKLCYDNVP--CC

PIBD28 CTAF-!HCALL-RCPDGFE-- -AIDICSERWV- - CC

PIBD12* CLKK- GGRCLGRTSCEEQFV----- FYGHCQNGSRGICC

PIBD34* CESA- GGKCFFA- FCPRGSM- - - - - RIGIICGRFRR- - CC

PIBD35* CWRS-ERCFLA- LCPRGTT- - - - - RIGHMCTFSYL--CC

PIBD33 CRRK-GGRCHFL- KCPSGTW- - - - - SFGSCNIIHR--CC

PIBD47 CRGN-nFCRFR-RCHPPYI-- CGWLRR- - CC

PIBD48 CRAS-GGVCRFR- KCRSPNI----- CGWLRR- - CC

PIBDS4* CYAA- NGACKLI-KCPSPML--- - - QIGHCGILRK--CC

PIBD49 CKAE-EKCVLV-TCL-HLT-- - EIGSCEGKMK- - CC

— PIBDSO CKAK-GGRCLLV-TCY-PKT-----RIGMCGRWSSLRCC

PIBD8 CREA-HIKCVRR-RCPGDYK-- -RIGNCARKIA--CC

_|—| PIBDS CKKA- HGKCRHA-MCLHDPWQ- - - - RIGICDFKRF- - CC

PIBD21* CEAA- EGWCQEG-PCSIGPM----- EIGECDTWIF--CC

PIBD38* CLRR-E]CRYD- DCSEGEE-- - - - QIGTCYHHTM- ICC

_rl PIBD40* CFVR-GGKCETD- ICKENEE- - - - - QIGNCSRTEK- LCC

| PIBD37 CRRR-“KCRGN-RCFYNEI-- - EISTCYHTKI-KCC

PIBD57* CQNN-GGSCRKT- - CNKGEK- - - - - EI1GHC SGDRR- - CC

PIBD58* CQNN- GGSCRKT- - CNKGEK- - - - - EIGHCSGDRR- - CC

PIBD60* CQNN- GGSCRKT- - CNKGEK- - - - - EIGC SGDRR- - CC

+ PIBD61* CQNN- GGSCRKT- - CNKGEK- - - - - EIGHMC SGDRR- - CC

| PIBD62* CQNN- GGSCRKT- - CNKGEK- - - - - E1GMCSGDRR- - CC

PIBD56 CRLA-GGSCHYF- RCWKGKT----- EIABCSGSKV--CC

. 4 | PIBD59 CVRR-GGRCKYF- SCGIKER----- EIGWCSRDKL--CC

*—1 piBD63 CVRR-ERCKY F- SCGIKER- - - - - EIGWCSRDKL--CC

PIBD2 CVLN-GGHCNYS- YCRRPMR-----QIGICKNGSR--CC

PIBD41 CHYN-“HCRRL--CFYNER-- -PIGTCTNGRQ- RCC

PIBD3 CHTN-GGVCFYA- ECPSNAK- - - - - KIGTCSDSSN- LCC

PIBDZZb*CKIN-EHCLVW- HCLDNYK- - - - - KIGVCSRGSP--CC

PIBD46 CLNAKGGDCYPM- FCPDTHK-----KIGECFPSYP--CC

PIBD45 CHKA- KGSCFPK- HCPDTHE- - - - - K1GHcLssML--cC

PIBD43 CDKA-NIICFPL-VCPNNSK ----- KIGRCIHNYF--CC

PIBD42* CFKT-NGICFPL- GCPNNSK- - - - - KIGRC IHNY S- - CC

1 PIBD44 CLSV- NGTCFPI-RCANNYK-----RIGTCIPNYP--CC

PIBD11* CMVA- REICRH L-PCQPYGK-----KIGHCLLNTY--CC

PIBD26 CRLF- SGMCIYF-MCPPPRF-----KIGECRRYYN--CC

1 PIBD13* CMRA- RIRCFPF- ICPWPLGY----YIGECFWP IR-RCC

PIBD4 CDKA- KGKCMPE- RCMTAWK- - - - - RvVGHECLPDKV--cCC

PIBDS CDKA- KGKCMLE- ICYSGWK- - - - - KIGRCPPHRK- - CC

PIBD10 CEYF--GKCLLF-QCEENWR-----KVGHECAADVY--cCC

PIBD1* CQQQ- KGLCFPG- RCSRPWR- - - - - SIGTCNVVLH- HCC

|_' PIBD27 CQFL- SGICFRV- ICPSSRF----- NVlVCGPNMV- -cc

PIBD30 CNRI-QGRCFRK-RCPPVFA----- IVGRCSESAL--CC

PIBD29 CRQI- NGVCAFI-KCPATFN-----PIGHCSTFwWP--cCC

_|'| PIBD31* CRAKGQSYCIFG-PCPTTFSV- -S-EDCHGGMN--CC

PIBD53 CRAA-RAECLHS- FCPKKMF- - - - - KIGVCKKRMT- - CC

PIBD23 CGFG- KIFCSMW-YCPLKHF-- -QFIICGRGSP--CC

PIBD36 CHED- KGTCHPT- LCPAQKI- - - - - EKGSCYDGIQ- LCC

PIBD22* CLY IKNTDCQK- - HCPLYAL- - - - - NLGSCSEGKM- - CC

PIBD16 CSLQ-ESCTQD-PCTSEGQ-- - ILGTCSAGMY- - CC

PIBD24* CGRG-GGGCQVG- ACRPGFQ- - - - - NVGTCKGGTM- SCC

PIBD14 CMNA- EIFCTDEPKCNTPQP ----- DLGTCGNGTL--CC

PIBD15 CSGI- KGFCTNEPECNTPYP----- VQGTCGEGTL--CC

PIBDS5* CILW- DGYCRS--KCNETTWAIPELDLGTCANGKQ-RCC

PIBD25* CRLA- REFCKYG-QCPPRT EH- - - - TGGTCQDGRL- LCC

PIBD20 CFKH- SGACRKH- SCNATFK-----DLGECGPGLY--cCC

PIBD19 CSEH-SIFCRKH-PCNATFK-- -DLGNCGPELY--CC

PIBD18 CSQR- SGVCRKA-PCPLKER-----DIGHCGLHLY--cCC

PIBD17 CWDR-MGSCY SN- PCSGKLK=- - - - - ENGSCGPGFY- - CC

* * * * *%
. 1 . L} .
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Fig. 2 Alignment and UPGMA dendrogram of P, filfordi putative beta-defensin peptides (N=65) showing the six-cysteine domain (C-X(6-7)-C-X(3-5)-C-
X(8-14)-C-X(5-7)-CC). Alignment colors show residues above 30% identity threshold. Shared cysteine residues are marked with an asterisk. Dendrogram
height corresponds to the square root of sequence identity distances. Branch squares highlight closely related peptides (cutoff at 0.5 height, correspond-

ing to < 25% of dissimilarity). An asterisk in sequence IDs correspond to peptides with complete ORFs. PIBD12 and PIBD22 carried a double motif, and the

second motif was labelled with "b"
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Fig. 3 Alignment of P. filfordi complete beta-defensin proteins (N=24). Proteins encompass two to four exons (see Supplementary Table 1 for intron
breaks). The six-cysteine residues are marked with an asterisk. Alignment colors show residues above 30% identity threshold. PIBD12 and 22 carry a

double cysteine motif (the second motif was not aligned)

https://denovo.cnag.cat/genomes/podarcis/browse/rPo
dLil1.2_annot/), fourteen of these BDs were transcribed,
guiding our gene annotation (Supplemental Table S1).

Complete protein size ranges from 53 to 118 AA
arranged from two to four exons, with the majority pre-
senting two—three exons, with large exon size variation
(exon-1: 6-55 AA, exon-2: 21-69 AA, exon-3: 0-49 AA,
exon-4: 0—45 AA) (see Supplemental Table S1 for intron
position). They contain a N-terminal with a putative sig-
nal peptide (first exon and part of the second exon), fol-
lowed by the cysteine motif at the C-terminal encoding
for the AMP. Structural homology searches based on
complete proteins confirm strong similarity to previ-
ously identified beta-defensins, with confidence>90%,
although with generally low sequence identity (35-65%)
(Supplemental Table S2). Again, only PIBD39 shows poor
confidence (< 80%).

Notably, the BD cluster encompassing identical pep-
tides (PIBD58-62, Fig. 2) also displays near AA identity at
full protein length (Fig. 3), supporting recent whole-gene
duplication.

Comparative analysis of beta-defensins across reptiles

To investigate patterns of beta-defensin diversity and
evolution within the Lacertidae, we performed extensive
BLAST searches against the genomes of closely related
species to P lilfordi (hereafter named Pl), including P
raffonei (hereafter Pr), P. muralis (Pm) and Z. vivipara
(Zv). This analysis yielded several complete beta-defensin
proteins: 11 from Pr (eight newly identified), seven from
Pm (six new) and nine from Zv (six new). Notably, many
of these newly characterized beta-defensins were previ-
ously annotated as uncharacterized non-coding RNAs or
mRNAs. Detailed accession numbers for these sequences
are provided in Supplemental Table S3.

BD peptides from all reptile species share the following
six-cysteine motif: C-X(6-7)-C-X(3-7)-C-X(8-14)-C-
X(4-7)-CC (see Supplemental Figure S1 for alignment).

The Neighbor-Joining (NJ]) tree (Fig. 4A) identified
fourteen multispecies clades (bootstrap support>70) and
only one clade of P lilfordi-specific sequences (clade 34).

Clades 54, 56 and 57 reflect species relative distances
consistent with their taxonomic grouping: all Podarcis
spp. cluster together, with Zv positioned at a basal node,
supporting gene orthology. Most other clades do not pro-
vide species or genus resolution: these include clade-38
and 40 (grouping Podarcis spp. and Zv), clade-1 (Pm-Pl),
clade-2 (Pm-Zv) and clade-7 and 11 (PI-Pr) (Fig. 4A).
Interestingly, clade-7 shows full identity of BD7 between
Pr and P, suggesting putative convergent evolution (but
see Discussion).

Due to a potential incomplete sampling of the full rep-
ertoire of beta-defensin full proteins from Podarcis spp.
and Zv, we further explored pattern of BD evolution in
reptiles based on cysteine motifs only, using a larger data-
set that encompassed also the Komodo dragon and the
green anole (N=190 sequences: PI=65, Pm=7, Pr=12,
Zv=9, A. carolinensis (Ac)=32, and V. komodoensis
(Vk)=65) (Supplemental Table S3). The NJ tree (Fig. 4B)
highlights three main aspects: within species recent
duplications, species-specific lineages, and across species
peptide convergence. Aside from instances of duplica-
tion in P, no other recent intraspecific duplication was
observed for the any other species, except for the previ-
ously reported duplication in Vk (i.e. VKkBD80a and b).
Moreover, most Ac and Vk lineages appear to be species-
specific. Nonetheless, both patterns could also result
from pervasive gene loss and/or incomplete sampling
of beta-defensin diversity in all six species under study,
unclear at present. Notably, we identified eight clusters
showing motif identity across distinct species (Fig. 4B).
Such instances of motif identity are found for all species
pairwise, although more frequently within the Podarcis
genus (Pl-Pr: five clades; Pm-Pl: two clades; Ac-Vk: two
clades, PI-Pr-Zv-Ac-Vk: one clade). Remarkably, the clade
encompassing AcBD29, PIBD38, VkBD4, ZvBD11 and
PrBD11 (corresponding to clade-38 in Fig. 4A) shows
motif identity among all species but Pm, thus encom-
passing all three reptilian families under study (Lacerti-
dae, Varanidae and Dactyloidae).
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Fig. 4 Beta-defensin comparative analysis across multiple related reptile species. A NJ tree based on complete proteins (N=47). Major clusters (boot-
strap support > 70) are highlighted and named according to the PIBD reference within the clade. B NJ tree based on the shared cysteine domain from all
five species (C-X(6-7)-C-X(3-7)-C-X (8-14)-C-X(4-7)-CC) (N=190 sequences), highlighting major clusters (bootstrap support > 80). Proteins were named
according to their public annotation; if uncharacterized, they were numbered according to their closest P fiffordi sequence and marked with 'new’ (see
Supplementary Table 3 for species AccNos). Pl: £ fiffordi; Pm: P. muralis, Pr: P. raffonei; Zv: Z. vivipara; Vk: V. komodoensis; Ac: A. carolinensis
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Fig. 5 Alignment of P, filfordi complete ovo-defensin proteins (N=8). All proteins share a two-exons structure with a common intron position and the
eight-cysteine motif C-X(3-5)-C-X(3-6)-C-X3-C-X(8-9)-C-X1-C-X(4-6)-CC, with a positive net charge. Blue lines mark the start of long stretches of prolines
(>10) at OVOD7 and OVODS. Shared cysteine residues are highlighted with an asterisk

Characterization of P. lilfordi ovo-defensins
We detected a total of eight complete ovo-defensin pro-
teins in chr-3 of P. lilfordi, tightly clustered within or near
the region flanked by MTMR9 and XKR6 proteins (Fig. 1
and Supplemental Table S4). Protein size ranges from 64
to 239 AA arranged in two exons: the first exon putatively
encodes for the signal peptide (about 21 AA), whereas
the second exon includes the putative AMP (Fig. 5).
Intron size is relatively small, ranging from 1.3 kb and
2.3 kb, except for OVOD1, which has substantially larger
intron (3.5 kb). All OVODs show an eight-cysteine motif
with a highly conserved spacing: C-X(3-5)-C-X(3-6)-C-
X3-C-X(8-9)-C-X1-C-X(4-6)-CC. PIOVOD7 contains

two additional CC in the signal peptide. All peptides
show a conserved Tyrosine (Y) and a Glycine (G) at posi-
tion 37 and 38, respectively (Fig. 5). PIOVOD6-8 are pro-
line-rich proteins (PrAMPs), with PIOVOD?7-8 displaying
long stretches of up to 31 consecutive prolines (see Fig. 5
for position of proline repeats and Supplemental Table S4
for complete sequences). In PIOVOD?7- 8, proline repeats
are interspersed with repetitive lysine-tryptophan-histi-
dine (KWH) and lysine-tyrosine-histidine (KYH) motifs.
Transcriptome data indicate that two of the OVODs
(PIOVOD1 and PIOVOD4) are expressed (see Supple-
mental Table S4).

Content courtesy of Springer Nature, terms of use apply. Rights reserved.

253



Otalora et al. BMC Genomics (2025) 26:677

All OVODs exhibit a highly cationic charge (3.5 to
20) at exon 2 (i.e. the putative AMP), with isoelectric
points ranging from 8.1 and 10.5 (Supplemental Table
S4). Protein homology search revealed low-confidence
assignment (<71%) and coverage (<58%) for most pep-
tides (Supplemental Table S2). The best hit was given for
PIOVODS to a hydrolase/hydrolase inhibitor (carboxy-
peptidase inhibitor) (96.8% of confidence and 57% of
coverage), and for PIOVOD1 which matched an antimi-
crobial peptide (82% and 52%) (Supplemental Table S2).
The remaining proteins did show any significant matches
(>75% of confidence), likely due to the limited classifica-
tion currently available for this group of defensins and
their intrinsically disordered structures.

PIOVOD2-4 share large similarity (90-97% of AA iden-
tity), with PIOVOD2 and PIOVOD3 differing by a sin-
gle AA (Fig. 5) likely due to a recent duplication event.
OVODs that are located proximally on the chromosome
tend to share higher protein similarity (Fig. 1), consistent
with a duplication in tandem, as previously observed for
BDs. PIOVOD1-5 show little homology with PIOVOD6-8
(i.e., OVOD-PrAMPs), with only 7-24% of AA identity
between them. Apart from a conserved eight-cysteine
residue motif, a two-exon structure, and a closed prox-
imity on chr-3 (Fig. 1), these two groups of OVODs may
represent distinct protein families or subfamilies.

Comparative analysis of ovo-defensins across reptiles
Through extensive BLAST searches and genome min-
ing, we successfully retrieved several complete PIOVOD
orthologs/paralogs from closely related species, none of
which has been previously identified: five from Zv, four
from Pm, and eight from Pr (Supplemental Table S3).
Additionally, we included three previously described
partial OVODs from Vk that met the minimum require-
ment of eight cysteine residues (i.e., VkOVOD3, 4 and 6).
Due to the high fragmentation of current genome draft
for Varanus, we were unable to retrieve the full protein
sequences for this species.

The eight-cysteine motif was highly conserved across
all reptile species, with a consistent spacing between the
third and fourth cysteine, and between the fifth and the
sixth cysteine: C-X(3-6)-C-X(3-6)-C-X3-C-X(8-12)-
C-X1-C-X(4-6)-CC (Supplemental Figure S2). Notably,
OVOD6-8 are proline-rich proteins in all Lacertidae,
with OVOD?7-8 showing long stretches of prolines inter-
spaced by the conserved motif repeats KW(H) and KYH
in all species (for Pm, only in OVOD8) (Supplemental
Table S3 and Figure S2).

Based on the NJ tree constructed from complete pro-
teins, we identified five main clades (A-D, bootstrap sup-
port >80) (Fig. 6).

Within Clade A, we observe several instances of
recent intraspecific duplication within all Podarcis spp.,
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including Pl (OVOD2-3, with one AA difference, and
OVOD1-4), Pr (OVOD2-3, OVOD1-4, each pair sharing
identical cysteine motifs) and Pm (OVOD2-3 with full
protein identity). Clade A and B group together with high
support, suggesting a common origin from a past lineage
duplication. The remaining three clades (C-E) include the
proline-rich proteins OVOD6-8, all of which have a one-
to-one ortholog in all Lacertidae, with no recent duplica-
tions. OVOD8 shows cysteine motif identity (though not
full gene identity) across Pl, Pr, Pm and Zv, and OVOD6
shows identity between Pl and Pr (Supplemental Figure
S2).

Characterization of P. lilfordi cathelicidins

We identified four complete cathelicidin proteins on
chr-12 of P lilfordi (PICHAT1-4), flanked by KLHL18
and FASTK proteins (Fig. 1 and Supplemental Table S5).
PICATH2 was labelled as PICATH2-OH following the
annotation of a closed related protein in Zv, named as
ZvCATH2-OH to maintain the previous annotation from
the king cobra (Ophiophagus hannah), where this protein
was first described [27]. PICATHI1 and PICATH2-OH are
separated by only 266 bp, although located on opposite
strands (Supplemental Table S5).

Protein size of the four CATHs range from 161 to 171
AA and are all organized into four exons (Fig. 7). All four
CATHs were expressed according to transcriptome data.
They exhibit a conserved four-cysteines domain with a
highly conserved spacing: C-X10-C-X10-C-X(16-19)-C.

Homology searches returned best matches to the
porcine CATHs, with 99.9% of confidence and cover-
age above 50% for all four proteins (Supplemental Table
S2). Folding predictions indicate that all four PICATHs
represent inactive precursors, structured into three
domains: 1) a variable N-terminal domain with a signal
peptide of slightly varying length (first 23-27 AA), 2) a
conserved “cathelin-like domain” (CLD) containing the
cysteine motif (100-101 AA long), with one alpha helix
and four beta-sheets, and 3) a highly variable C-terminal
domain containing the putative functional AMP (36—42
AA), with proteolytic cleavage predicted at position 130
(Fig. 7).

Except for PICATHI, all other AMP domains pres-
ent a highly cationic charge (11.5-15) due to multiple
Lys (K) and Arg (R) residues, with isoelectric points
ranging between 12 to 13 (Supplemental Table S5). The
AMP domain from PICHAT1 largely differs in AA con-
tent from all other CATHs, lacking K and G residues and
showing a net negative charge (-2).

Overall protein similarity among the four CATHs is
low (<40%), indicating no recent duplications.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Comparative analysis of cathelicidins across reptiles

For comparative purposes, we retrieved all available
CATHs from the Lacertidae under study and additionally
identified six novel ones: five from Pm (one newly iden-
tified), four from Pr (three new), and four from Zv (two
new). We also included the three previously described
CATHs from Vk and Ac. Most of the novel CATHs were
previously annotated as uncharacterized mRNA (see
Supplemental Table S3 for AccNos).

During sequence alignment, we found that a single
CATH-coding mRNA sequence from Pm, Pr and Zv
contained two consecutive cathelicidin proteins: the
first protein showed high similarity to PICATH4, fol-
lowed by a second protein with high similarity to
PICATH3. Coexpression of CATH4-CATH3 was not
observed in Pl, where the two proteins are separated by
5901 bp (Fig. 1 and Supplemental Table S5). For align-
ment purposes, we manually split the mRNA to recover
the individual proteins and aligned them along with the
other sequences.

The multispecies alignment indicates that all rep-
tiles under study share a highly conserved four-cysteine
motif: C-X(9-10)-C-X10-C-X(17-21)-C (Supplemental
Figure S3). The Valine-130 (following the last cysteine
residue), predicted to be the site of proteolytic cleavage
for the active peptide in Pl, is also conserved across all
reptiles in CATH2-4, but not in CATH1 (Supplemental
Figure S3).

The NJ tree based on full proteins (Fig. 8) clearly
depicts four highly supported clusters of one-to-one
orthologous proteins (Clade 1-4), largely reflecting the
main phylogenetic position of the two Lacertidae genera:
all Podarcis species together (with no further resolution
at species level), while Zv locates at a basal node.

Moreover, the species Ac and Vk are basal to both
clade 1 and 3, with Vk presenting two closely related
paralogs in CATH3. Both species lack orthologues to
clade 2-OH or clade 4. However, given the incomplete
genome assembly of V. komodoensis, this absence may
also be attributed to a failure in sequence identifica-
tion for this species. A recent CATH duplication is
observed only in Pm, with two proteins falling within
clade 2-OH.

Discussion

The innate immune system of lizards remains a largely
understudied area of research [21, 39]. In this study we
provided the first comprehensive genomic characteriza-
tion of major AMP classes in P. lilfordi and closely related
species within the family Lacertidae, with a comparative
analysis extended to members of other Squamata fami-
lies, the Komodo dragon and the green anole.

For all Squamata species under study, AMPs consis-
tently clustered in two chromosomes: chr-3 for beta-
and ovo-defensins, and chr-12 for cathelicidins, making
these regions important repositories for the reptile anti-
microbial defense. This genomic organization has been
previously reported in crocodiles and birds, but not in
mammals [23], supporting an avian and reptilian mono-
phyletic origin. Within these regions, P lilfordi flanking
proteins of AMP clusters (i.e, XPO1 and CTSB for beta-
defensins, XKR6 and MTMRY for ovo-defensins, and
FASTK and KHLL18 for cathelicidins) were consistent
with those previously described in other reptiles, but also
mammals [23, 26, 39], underscoring their importance as
a critical reference markers for AMP cluster identifica-
tion in vertebrates.

Beta-defensins diversity and evolution in reptiles
Beta-defensins represent the most expanded and diverse
AMP family in vertebrates [14]. Currently, no studies are
available for Lacertidae, with Komodo dragon and the
green anole being the closest species with a comprehen-
sive characterization of beta-defensins [25, 26].

In P. lilfordi, the diversity of beta-defensins (65 pep-
tides, 24 with complete ORFs) largely aligned with that
previously described in the green anole (N=32) [26] and
the Komodo dragon (N=65) [25]. All proteins presented
substantial diversity in amino acid sequence, length,
molecular weight, and isoelectric points. However, they
all shared the canonical six-cysteine motif and a predom-
inantly cationic charge, as reported for all vertebrates
[12, 14, 47]. Moreover, complete beta-defensins exhibited
broad structural variation, with two to four exons (two
being the most recurrent), consistent with observations
in the green anole [26] and the Komodo dragon [25].

In P, lilfordi, we observed that sequence similarity was
typically higher among chromosomally adjacent peptides
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or full proteins, suggesting a process of paralogous
expansion via duplication in tandem. Instances of iden-
tity or near identity among pairs of contiguous peptides
further indicate that this process is still ongoing. These
observations align with previous research highlighting a
major role of gene duplication in the increasing diversity
of this gene family [1, 12, 14]. Notably, we also identified
instances of beta-defensins (PIBD12 and 22) carrying two
consecutive cysteine motifs at the C-terminal, a struc-
tural organization that was previously observed in other
reptiles, but not in mammals [48], and that suggests the
concomitant expression of multiple AMPs. Given the
low sequence similarity between the two consecutive
domains, these double motifs are unlikely to result from
intra-protein duplication in tandem; rather they most
likely arose from sequence translocation or other chro-
mosomal rearrangements that remain to be clarified.

In line with this complex pattern of intra-genomic
diversification, comparative beta-defensin analyses across
reptiles recovered a generally low phylogenetic signal due
to pervasive gene duplication, as well as putative gene

loss and rapid diversification at the active peptide [49].
While the extensive AMP genome screening of P lifordi
provided a nearly complete catalogue of beta-defensins
for this species, the present AMP characterization in
the other Lacertidae genomes may be incomplete, limit-
ing our ability to infer the relative role of gene loss and
specie-specific gene duplication in the observed diver-
sity. Nonetheless, we identified several clades of putative
true orthologs across all Lacertidae (Fig. 4A), supporting
a substantial level of evolutionary conservation for some
beta-defensins, as previously observed in mammals [1,
47]. These clades showed variable branch lengths, sug-
gesting heterogeneous rates of protein changes along
species-specific lineages, likely driven by protein niche
functional specialization in host—pathogen interac-
tions [3, 11]. However, identification of true orthologues
is needed to properly address rates of evolution and
selection.

Interestingly, we observed several instances of cyste-
ine motif identity or high similarity between members of
the genus Podarcis, particularly between the two closest
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related species P. lilfordi and P. raffonei [50]. Instances of
identical peptides were also observed among members
of distantly related genera and families, for example, a
beta-defensin peptide from clade-38 was shared across
all three studied families: Lacertidae, Dactyloidae, and
Varanidae (Fig. 4B). In the green anole, this anionic pep-
tide (i.e. AcBD29) is expressed in all tissues, although
its function remains unknown [26]. Similarly, the beta-
defensin peptide AcBD27, which presents high similarity
to clade-1 peptides from P, lilfordi (PIBD1) and P. muralis
(PmBD1), is known to be highly expressed in wounded
lizards, particularly following tail loss, where it plays a
role in preventing infection in the absence of inflam-
mation, a key factor in successful regeneration [51, 52].
These findings underscore the need for species-specific
studies to clarify whether identical or highly similar beta-
defensin peptides or specific polymorphisms arise in
parallel and serve functionally equivalent roles across dif-
ferent species.

Convergent evolution of AMPs has been previously
reported in both vertebrates and invertebrates, with mul-
tiple studies documenting convergence of critical resi-
dues under similar antimicrobial pressures across diverse
taxa [1, 53]. In anurans, for instance, equivalent signal
motifs are thought to have arisen independently in three
distinct evolutionary lineages [54]. While the instances
of identical peptides observed across our studied reptiles
may suggest convergent evolution, establishing a frame-
work of true one-to-one orthologs is essential to rule out
alternative explanations such as ancestral polymorphism.
Population-level studies are also needed to assess allele
diversity and investigate the potential role of balancing
selection in polymorphism maintenance [1]. Finally, phe-
notypic analyses targeting specific residues or motifs will
be critical to clarify selective pressures and the molecular
mechanisms underlying AMP evolution.

Ovo-defensins and PrAMPs diversity and evolution in
Lacertidae

Unlike beta-defensins, ovo-defensins represents a smaller
subfamily of still largely understudied defensins, cur-
rently described only in birds and a few reptiles (but
none in Lacertidae), where they appear to be specifically
expressed in the oviduct and contribute to egg immune
defense [15, 25, 40].

The eight OVODs identified in P lilfordi were all
located within the same chr-3 cluster region, flanked by
conserved marker genes, MTMR9 and XKR6, although
PIOVOD1 was located immediately outside the gene
cluster. This chromosomal arrangement was previously
described in other vertebrates [40], supporting a mono-
phyletic origin for this subfamily, We confirmed the two-
exon structure and the higher divergence at exon-2, as
previously reported for avian and reptilian ovo-defensins
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[15]. In contrast to beta-defensins, OVODs present two
extra cysteines (eight in total), which contrasts with pre-
vious reports of a six-cysteine motif for OVODs in rep-
tiles [15]. Notably, this eight cys-motif and two-exon
structure was observed in all reptiles under study (both
Lacertidae species and the Komodo dragon), strongly
suggesting that these features represent specific struc-
tural characteristics of this protein subfamily. Differences
in the number and arrangement of cysteines between
beta- and ovo-defensins may underscore fundamen-
tal functional differences that are currently unclear [4].
Despite structural commonalities and a similar chromo-
somal arrangement, the eight PIOVODs encompassed a
remarkable amino acid diversity, suggesting the poten-
tial for further categorization into distinct defensin sub-
families. While ovo-defensins from clade A appear to
have undergone an extensive process of gene expansion
through duplication in tandem in all Podarcis species
(Fig. 6), the remaining clades (B-E) show a single ortholog
for each species, indicating relative evolutionary stability.
We note that presence of OVODs in the viviparous spe-
cies Z. vivipara suggests that protein expression may not
be restricted to eggs.

Interestingly, these clades encompass proline-rich
AMPs (PrAMPs) [51], containing either multiple non-
adjacent prolines (P) (OVODS6) or proline repeats at the
C-terminal, typically interspersed with motifs rich in
lysine (K), tryptophan (W), histidine (H), arginine (R)
and tyrosine (Y) (OVOD7 and 8) (Fig. 5). Their structure
and lack of any significant protein folding suggest they
may represent “extended AMPs’, a class of AMPs known
for containing high proportions of proline (P) or trypto-
phan (W) residues and lacking regular secondary struc-
ture elements [52]. Notably, both P and W-rich peptides
are known for their potent antimicrobial activity due to
their ability to permeate the outer membrane and addi-
tionally target intracellular pathways [51, 55, 56]. For
instance, recent studies have shown that the polyproline
host defense peptide bactenecin 7 (Bac7) can bind to the
wall polysaccharide biofilm of hypermucoviscous bacte-
ria, such as Klebsiella pneumoniae, actively disrupting
the bacteria cell wall [57, 58]. Additionally, KW repeats
(observed here in OVODS8) have been shown to enhance
AMP bactericidal activity [59], while KY residues (seen in
OVOD?7) cooperate with H to facilitate DNA cleavage in
DNase proteins [60].

Interestingly, we found several instances of cys-motif
identity in OVOD-PrAMPs across species, with OVOD8
carrying the same motif in all Lacertidae species. As
observed for beta-defensins, this suggests a putative role
of convergent evolution in shaping PrAMPs diversity,
although alternative scenarios remain to be explored.
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Cathelicidins diversity and evolution in Lacertidae
Cathelicidins are a small and ancient family of potent
AMPs, known for their functional plasticity and broad
spectrum of activity against a wide range of microor-
ganisms [17, 61, 62]. To date, they have been described
in several reptile species within the order Squamata
[62], including the Komodo dragon [25], but no formal
description exists for any Lacertidae species, apart from
gene annotation of few representative cathelicidin pro-
teins in public genomes.

In P lilfordi, we identified four cathelicidin proteins
(CATHI1-4), all of which are tightly clustered on chr-12,
flanked by the conserved genes FASTK and KLHL18,
previously reported in birds and reptiles [25, 38, 62].
These proteins all exhibit the classical four-exon precur-
sor structure common to vertebrates, characterized by a
variable signal peptide, a conserved four-cysteine motif,
and a highly divergent C-terminal that carries the active
peptide [63—65]. Of the four cathelicidins, three present
mature peptides with a highly cationic net charge (> 10),
in line with the average positive charge found for reptiles,
including the Komodo dragon [61]. Interestingly, CATH1
is the only protein presenting an anionic AMP across all
reptiles studied, with a net charge -1 to -2 and a signifi-
cantly distinct AA composition, suggesting it may have
a rather different mechanism of action compared to the
other cathelicidins. To date, a single anionic cathelicidin
has been formally described and functionally character-
ized in salamanders, where it is produced by the skin and
exhibits potent anti-inflammatory and wound-healing
activities, although not direct antimicrobial effects [66].
Functional studies are required to assess whether this
cathelicidin plays a similar role in lizard wound healing
following injuries or tail autotomy, a conserved anti-
predatory strategy observed in all lizard species [67].

All Lacertidae species studied presented four cat-
helicidins, except for P. muralis (with five in total), all
located on chr-12, with a one-to-one ortholog in all
species, supporting a monophyletic origin and phyloge-
netic conservation within this taxonomic group. Three
of these orthologous clades (2—4) clustered into a major,
well-supported clade, including also representatives of
the Komodo dragon and the green anole, and pointing
to a common origin by a past duplication within Squa-
mata. A fifth CATH was identified in P muralis, result-
ing from a recent duplication in Clade-2-OH. This event
indicates that the process of gene duplication in catheli-
cidins is still ongoing, although it is less pervasive than
in defensins [62]. Interestingly, we found that CATH3
and CATH4 were coexpressed as a single large RNA in all
Lacertidae, except in P. lilfordi, suggesting a further post-
translational process to concomitantly generate the two
distinct active peptides. We found no previous reports
in literature describing such an RNA arrangement for
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cathelicidins. However, we observed similar instances of a
multidomain structure in beta-defensins (see above), sug-
gesting it might provide some functional gain, unclear at
present [48]. In line with this, recent AMP coexpression
models in experimental systems have shown enhanced
antimicrobial activity and immunity [68, 69], pointing to
potential cooperative interactions among naturally coex-
pressed AMPs, which warrants further investigation.

Conclusions

Our findings substantially expand current knowledge on
the diversity of AMPs in reptiles and their mechanisms of
evolution, characterized by gene duplications and rapid
evolution.

For the Lilford's wall lizard, the identification of key
players in innate immunity sets the basis for exploring the
role of AMPs in their eco-immunology and the potential
responses of these insular populations to rising infection
threats associated with increasing anthropogenic impacts
on these islands. Healthy P. lilfordi populations play sig-
nificant roles in their ecosystems and a fine understand-
ing of their genetic potential in immune response can
offer new insights into resilience mechanisms, guiding
species-specific conservation efforts for these isolated
populations.

The comprehensive characterization of major AMP
classes in P. lilfordi will also offer a valuable resource for
fine-scale annotation of these peptides in other reptile
species, facilitating comparative studies across Squamata
and guiding a comprehensive understanding of lineage-
specific patterns of gene duplication/loss. Particularly,
the identified AMP cysteine motif identity and whole-
protein similarity across species lay the groundwork for
exploring conserved mechanisms of antimicrobial action
in reptiles and assessing their value as candidates for
novel therapeutic applications.

Nonetheless, we also emphasize that relying on a single
reference genome per studied species currently limits
our ability to fully capture intraspecific AMP diversity.
This limitation constrains our conclusions regarding the
extent of gene duplications and losses, the impact of con-
vergent evolution and the role of balancing-selection in
maintaining polymorphisms. Population-level studies
will be critical to address these aspects. In this context,
future integrative analyses combining population genom-
ics and expression data from multiple island populations
of Lilford's wall lizard offer an exciting opportunity to
uncover key evolutionary trajectories and functional
roles of antimicrobial peptides in lizards.
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AMP Antimicrobial peptide
Chr Chromosome

AA Amino acid

Pl Podarcid lilfordi
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Pm Podarcis muralis

Pr Podarcis raffonei

Zv Zootoca vivipara

Vk Varanus korodoensis
ORF Open reading frame
BD Beta-defensin

OvoD Ovo-defensin

PrAMP Proline-rich AMP

UPGMA  Unweighted pair group method with arithmetic mean
NJ Neighbor Joining
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