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RESUMEN



Distintas fuerzas evolutivas, como migraciéon, mutacién, flujo génico, seleccion y
deriva, actiian en las poblaciones provocando cambios en frecuencias alélicas que
se acaban consolidando como divergencias nucleotidicas, algunas de las cuales
pueden sustentar divergencias adaptativas. La acumulacion de estos cambios
evolutivos termina diferenciando genéticamente las poblaciones y generando
linajes y, eventualmente, especies. A lo largo de este continuo, eventos naturales,
como las fluctuaciones climaticas y antropicos alteran la demografia de estas
especies y el equilibrio entre las fuerzas evolutivas y generan patrones genémicos,
que nos informan sobre la historia evolutiva del linaje. En esta tesis, usamos nuevos
desarrollos metodolégicos en el area de la genéomica y el ADN antiguo para
ahondar en el conocimiento de la historia evolutiva de las dos especies de lince del
paleartico, el lince boreal (Lynx lynx) y el lince ibérico (Lynx pardinus), que a pesar
de presentar rasgos de vida similares, tienen historias demograficas, en apariencia,
muy dispares. El lince boreal se considera una especie de preocupacién menor en
cuanto a conservacion y tiene una distribucién muy amplia en Eurasia, mientras
que el lince ibérico, distribuido en un par de poblaciones al sur de la peninsula
ibérica, ha sido considerado el felino mas amenazado del mundo. Especificamente,
en esta tesis, vamos a describir los patrones genémicos de poblaciones presentes y
pasadas de ambas especies para reconstruir su historia evolutiva, e investigar el rol
que distintas fuerzas evolutivas, cambios demograficos y factores extrinsecos han
jugado en el moldeado de sus genomas a lo largo del tiempo.

En el capitulo 1 el uso de 80 genomas completos de lince boreal distribuidos a
lo largo de su area de distribuciéon en Asia y Europa, nos permite caracterizar los
patrones biogeograficos de la especie hoy dia y relacionarlos con eventos naturales
y antropicos que han ocurrido a lo largo del final del Pleistoceno y el Holoceno.
Concretamente, descubrimos que las poblaciones de esta especie han tenido una

historia coman hasta hace aproximadamente 100 mil anos. A partir de este punto,
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RESUMEN

empezaron a divergir las poblaciones de Asia y Europa y la especie entr6 en un
declive continuado y generalizado, en el que las poblaciones mas occidentales
mantuvieron tamanos efectivos menores que las poblaciones orientales. Estos
declives, y el aislamiento de las poblaciones que conllevaron, estuvieron detras
de la diferenciacién genética que se observa a dia de hoy entre poblaciones del
centro de Europa que se encuentran fisica y ecolégicamente muy proximas. Por
el contrario, las poblaciones asiaticas son relativamente homogéneas, mostrando
un patron de aislamiento por distancia, a pesar de los héabitats tan diferentes que
engloban. Nuestros resultados apuntan que tanto las divergencias mitogenéticas
como nucleares podrian tener su origen en las fluctuaciones climaticas acaecidas
durante el Pleistoceno, y en los impactos antropogénicos que se intensificaron

progresivamente durante el Holoceno.

A lo largo del capitulo 2 el analisis de una muestra de lince boreal residente
en la peninsula ibérica hace 2 mil anos, junto con el reanalisis de fragmentos
mitocondriales de muestras antiguas, aporta luz a los patrones biogeograficos
de la especie en el pasado en el oeste de Europa. Especificamente, los resultados
sugieren que la poblacion, que entré en Iberia en el cambio del Pleistoceno al
Holoceno y que vivié hasta su extinciéon en el siglo XX, formaba parte de un
linaje proximo y posiblemente ancestral al que se encuentra hoy en Carpatos y
los paises balticos. Esta muestra presenta la diversidad mas baja reportada hasta
la fecha para lince boreal sugiriendo que la poblacién sufria un empobrecimiento
genético que pudo precipitar su extincion, seguramente debido a la combinacion
de una serie de eventos fundadores y una presién antropica intensificada durante
el Holoceno. Ademas, la distribucién de haplotipos mitocondriales en el espacio y
el tiempo apuntan a la coexistencia de distintos linajes, que pudieron convivir en
Europa aunque con ciertas fluctuaciones en su distribucion. Mientras que un linaje
mas relacionado con Balcanes y Caucaso fue predominante en el Pleistoceno En
el suroeste de Europa, otro linaje, relacionado con Europa central y Asia lo fue

durante el Holoceno.

En el capitulo 3 el uso de muestras antiguas, de 2 a 4 mil aflos de antigiiedad
nos permite caracterizar genéticamente la poblacién que existié en la peninsula
ibérica en ese periodo, y los cambios que ha sufrido en su historia reciente.

Especificamente, encontramos que esta poblacion era relativamente homogénea
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y cercana a la poblacion de Andujar y que tenia una diversidad genética mas baja
que las poblaciones actuales de la especie. El aumento de la diversidad con el
tiempo ha sido concomitante con un proceso de flujo génico con lince boreal que
se registra por igual en las dos poblaciones remanentes de lince ibérico. Esta sefial
de introgresion es mayor con linces boreales occidentales que con linces orientales,
pero similar entre linces de distintas poblaciones occidentales. La muestra de lince
boreal residente en la peninsula ibérica hace dos mil afios y analizada en el capitulo
anterior, muestra, al contrario de lo esperado, menos alelos compartidos con lince
ibérico que las poblaciones actuales de lince boreal, indicando que este linaje no
estuvo implicado en este proceso de introgresion y que fue posiblemente otro linaje
hibrido y ancestral de las poblaciones contemporaneas la fuente de la introgresion.
Ademas, encontramos que este intercambio fue aumentando a lo largo del tiempo,
de modo que las muestras mas recientes, muestran un mayor namero de alelos
compartidos. Este intercambio, aunque seguramente esta detras del aumento de
diversidad en la especie, pudo haber tenido consecuencias desconocidas en cuanto

a eficacia biologica y demografia.

En el capitulo 4 se comparan poblaciones que han sufrido un cuello de botella
muy pronunciado, frente a otras que se han mantenido demograficamente mas
estables tanto de lince boreal como de ibérico, para investigar los patrones que
dejan en el genoma los cuellos de botella. Encontramos que, como esperamos, la
intensidad y/o duracién del cuello de botella estad negativamente correlacionada
con la diversidad de las poblaciones. Las correlaciones, esperadas y conocidas,
de la diversidad con numerosas variables se observan en las poblaciones no
sometidas a cuello de botella intenso, pero son mas débiles en poblaciones que han
sufrido cuello de botella intenso. Ademas, zonas del genoma que se encuentran
bajo seleccion natural, relacionadas con la estructura proteica pero también con
la regulacion, asi como el cromosoma X, muestran una acumulacion de alelos a
baja frecuencia en las poblaciones que han sufrido un cuello de botella, de forma
que incluso llegan a superar en diversidad a las poblaciones demograficamente
mas estables y grandes. Esta acumulacion se concentra en zonas de alta mutacion,
en las que algunas variantes segregando a muy baja frecuencia aumentarian en
frecuencia tras el cuello de botella hasta hacerse perceptibles, lo que parece estar

relacionado con una relajacion de la seleccion purificadora.
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ABSTRACT

Different evolutionary forces, such as migration, gene flow, selection and drift, shape
populations by changing their allele frequencies that eventually leads to nucleotide
divergences, some of which mightbe adaptive. These evolutionary changes accumulate
and differentiate populations, eventually generating lineages and species. Along this
continuum, natural events, such as climatic fluctuations, and human activities change
the species demography and disrupt the equilibrium of the evolutionary forces,
generating genomic patterns that inform of the evolutionary history of the lineage.
In this thesis, using new methodological advances in genomics and ancient DNA, we
deepen into the evolutionary history of the two paleartic lynx species, Eurasian lynx
(Lynx lynx) and Iberian lynx (Lynx pardinus). These two species, despite their similar
life traits, show demographic histories apparently very different. The Eurasian lynx
is considered a Least Concern species by the IUCN, and has a wide distribution in
Eurasia, while the Iberian lynx distribution encompasses only a couple of populations
in the south of the Iberian Peninsula, and was considered the most endangered felid
in the world. Here, we specifically describe genomic patterns of the present and past
populations from both species to reconstruct their evolutionary history and discuss
the role that different evolutionary forces, demographic change and extrinsic factors
have played in shaping their genomes throughout time.

In chapter 1, the use of 80 whole genome sequences from Furasian lynx, distributed
along its range in Asia and Europe, allowed us to characterize biogeographic patterns
of the species and link them to natural and anthropogenic changes that occurred
during the Late Pleistocene and the Holocene. Precisely, our results show that
Eurasian lynx populations shared a common history until 100 kya, when Asian and
European populations started to diverge and both entered a period of continuous
and widespread decline, with western populations maintaining lower effective sizes
than eastern populations. Population declines and increased isolation in more recent
times likely drove the genetic differentiation between geographically and ecologically
close westernmost European populations. By contrast, and despite the wide range
of habitats covered, populations are quite homogeneous genetically across the
Asian range, showing a pattern of isolation by distance. Mitogenomic and nuclear
divergences and population declines can be mostly attributed to climatic fluctuations
during the Pleistocene, and to anthropogenic impacts, which intensified during the
Holocene.
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Throughout chapter 2, the analysis of a 2 kyo Eurasian lynx sample from the
Iberian Peninsula, together with the reanalysis of mitochondrial fragments from
ancient samples, shed light on the past biogeographic patterns of the species in
Western Europe. Precisely, our results suggest that the Iberian population, which
entered in the Peninsula during the Pleistocene-Holocene boundary and remained
there until the XX century, is part of an extinct European lineage closely related
and probably ancestral to current Carpathian-Baltic lineages. Also, this sample
holds the lowest Eurasian lynx diversity reported so far for the species, suggesting
a genetic impoverishment of the population that could precipitated its extinction,
likely due to a combination of historical factors, such as a founder effect and human
impacts that intensifying during the Holocene. Mitogenomic lineages distribution in
space and time supports the long-term coexistence of several lineages of Eurasian
lynx in Western Europe with fluctuating ranges. While the mitogenomic lineage
related to the one currently found in Balkans and Caucasus was predominant
during the Pleistocene, another lineage related to the one currently distributed in
Central Europe prevailed during the beginning of the Holocene.

In chapter 3, the usage of 2-4 kyo samples allowed us to genetically characterize
the Iberian lynx populations that inhabited the peninsula during that time, and
the changes that they went through till the present. The ancient population,
which i1s relatively homogeneous and closer to Andtjar population, harboured a
lower diversity than the highly eroded contemporary populations. The increase
in diversity in the species is concomitant with an inferred gene flow event with
European Eurasian lynx that is equally recorded in the two remnant Iberian lynx
populations. The signal of introgression into Iberian lynx is higher from current
western than eastern Eurasian lynx populations, but is similar across the former.
The 2 kyo Eurasian lynx from the Iberian Peninsula, analysed in the previous
chapter, showed less shared allele with current Iberian lynx than modern European
Eurasian lynx populations, indicating that this particular Eurasian lynx lineage was
not involved in the recent admixture process. Also, we found an increasing signal
of introgression through time, with more recent, although ancient, individuals
showing more shared alleles with Eurasian lynx. The admixture with Eurasian
lynx could have increased the extremely low genetic diversity of the species, but
with unknown consequences on fitness and demography.
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Throughout chapter 4 we compared bottlenecked populations with
demographically more stable ones from the two different species, Iberian and
Eurasian lynx, to unveil how demographic bottlenecks shape genomic patterns. As
expected overall genomic diversity correlated negatively with bottleneck intensity
and/or duration. Correlations of genetic diversity with several known correlates
were observed in non-bottlenecked populations, but were weaker in bottlenecked
populations. Also, the more selectively constrained features related to protein
structure but also regulation, and the X chromosome showed an accumulation
of low frequency alleles in bottlenecked populations, even resulting in higher
0., diversity than in non-bottlenecked populations. This accumulation seems to
be related to both a higher mutational input in those regions creating a large
collection of low-frequency variants, a few of which increase in frequency during
the bottleneck, and the relaxation of purifying selection.
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LOS PROCESOS QUE MOLDEAN LOS GENOMAS:
DE LA HETEROGENEIDAD A LO LARGO DEL GENOMA A LA
HETEROGENEIDAD ENTRE POBLACIONES

La historia evolutiva de las especies esta escrita en el genoma de los individuos que
las conforman. Las fuerzas evolutivas que actiian sobre las poblaciones generan una
heterogeneidad en los patrones genéticos que estas presentan. Ademas, como algunos
de estos procesos tienen una acciéon mas local en el genoma (como la seleccion, o la
mutacion), mientras que otros tienen tiene un efecto global (como la deriva o el flujo
genético), van a generar también una heterogeneidad a lo largo del genoma.

De forma muy resumida y tomando como referencia trabajos clasicos de evolucién
molecular y genética de poblaciones, podemos considerar que las secuencias de ADN
estan sometidas a la accién de la mutacion que va a aportar el sustrato para los demas
procesos evolutivos mediante cambios en la secuencia de ADN (Dobzhansky, 1937).
Esta tasa de mutacion (p) va a ser variable dependiendo de la regiéon del genoma en
la que nos encontremos, estando correlacionada con variables genémicas como la
recombinacion o el contenido GC (Galtier et al., 2001; Lercher & Hurst, 2002). La
mavyoria de las nuevas mutaciones que aparecen se suponen neutrales o casi-neutrales,
mientras que muchas seran deletéreas y pocas ventajosas (Kimura, 1983; Ohta, 1992).

Como la mutacién, la recombinacién es una fuerza creativa en el sentido de que
introduce variacion genética nueva en las poblaciones al crear durante la meiosis nuevas
combinaciones de alelos existentes en un mismo cromosoma (Creighton & McClintock,
1931; Felsenstein, 1974). Es una fuerza que rompe, por tanto, el ligamiento, es decir la
tendencia a que alelos cercanos en el genoma cosegreguen. Debido a su mecanismo
de accioén, la recombinacién tiene, ademas, un efecto mutagénico en el genoma (Duret
& Arndt, 2008). Aunque la tasa de recombinacion es variable a lo largo del genoma,
a grandes rasgos esta relativamente conservada entre especies cercanas (Smukowski

& Noor, 2011).
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El flujo génico va a producir la entrada de alelos de una poblacion en otra. El impacto
del flujo génico va a depender en primer lugar de la cantidad de migracion efectiva
(m), y de las diferencias en frecuencias alélicas entre las dos poblaciones (Slatkin,
1985). En general, se considera una fuerza homogeneizadora entre poblaciones.
Cuando las poblaciones que intercambian flujo son de distintas especies se suele
hablar de procesos de hibridacién o introgresion.

Sobre esta variacion preexistente, la seleccion actia de forma local en el genoma
aumentando la frecuencia del alelo que tenga una ventaja relativa con respecto al
otro, cuantificada por su coeficiente de seleccion (s) (Endler, 1986; Fisher 1930; Wright
1932). Cuando la seleccién actiia aumentando la frecuencia de aquellas mutaciones
que resultan beneficiosas se le conoce como seleccion positiva, mientras que cuando
su accion reduce la frecuencia de aquellas que resulten perjudiciales se habla de
seleccion purificadora. La seleccion balanceadora, en cambio, va a provocar que los
alelos se mantengan a frecuencias intermedias, ya sea porque el heterocigoto presenta
una ventaja frente a los homocigotos (sobredominancia) o porque las poblaciones se
ven sometidas a seleccion positiva que es cambiante en el tiempo o en el espacio.

Por tltimo, la deriva genética es el muestreo aleatorio de alelos que se dan en una
poblaciéon finita de una generacion a la siguiente (Kimura, 1968). Su intensidad
es inversamente proporcional al tamafo efectivo poblacional, y por tanto va a ser
una fuerza muy potente en poblaciones pequenias, mientras que su efecto serd casi
imperceptible en poblaciones muy grandes.

En las poblaciones todos estos procesos coocurren e interactian. Por ejemplo, el
aumento o disminucién en frecuencia de alelos que entran en una poblaciéon por
flujo génico va a depender del valor adaptativo de estos alelos en esa poblacion, y este
a su vez de las divergencias en ambiente y adaptaciones locales de las poblaciones
donantes y receptora. Una interaccion muy interesante es la que surge de la
coocurrencia de deriva y seleccion. Aquellas variantes potencialmente deletéreas cuyo
coeficiente de seleccion sea menor que la inversa del tamarno efectivo poblacional van
a comportarse como neutras (Kimura, 1962). Por tanto, la eficacia de la seleccion
depende directamente del tamaifio efectivo poblacional, 1.e. de la fuerza con la
que actie la deriva genética. Esto conlleva que en poblaciones pequenias variantes
potencialmente deletéreas puedan aumentar en frecuencia y acabar eventualmente
fijaindose, mientras que estas mismas variantes son eliminadas eficientemente por
seleccidon en poblaciones grandes. Este proceso se conoce como relajacion de la
seleccion purificadora (Charlesworth, Morgan & Charlesworth, 1993).
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La demografia va a afectar, pues, a los patrones genémicos, en primer lugar, mediante
la deriva genética y la interaccion de esta con el resto de fuerzas evolutivas pero,
ademas, la distribucién de esas poblaciones en el espacio también puede alterar los

patrones genémicos, por ejemplo, facilitando o dificultando la ocurrencia de eventos
de flujo génico entre poblaciones.

Factores Demografia
extrinsecos
. |
V2 ‘

U ‘ ‘
Y ‘
N4

Fuerzas evolutivas

DA Egmgg 029 ||-/\- ﬁ(
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—

Diversidad

Fig. 1. Representacion esquematica de los como se generan patrones genémicos a nivel interpoblacional

y alolargo del genoma mediante la interaccion de fuerzas evolutivas, cambios demograficos y cambios
en el ambiente.
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Todos estos procesos que actiian a una escala microevolutiva, en forma de cambio
en las frecuencias alélicas de la poblacion, realmente tienen lugar a lo largo de
un continuo temporal. Con el tiempo, estos cambios microevolutivos se acaban
consolidando como divergencias nucleotidicas que finalmente podrian acabar
definiendo linajes y especies.

A lo largo de este continuo, la demografia y las propias fuerzas evolutivas se ven
impactadas por sucesos extrinsecos. Eventos naturales, como por ejemplo las
oscilaciones climaticas planetarias acaecidas durante el Pleistoceno (Hewitt, 2000;
Nadachowska-Brzyska et al., 2015), alteran la demografia de las especies, su area
de distribucion y los tamanos efectivos de sus poblaciones, y también pueden
hacer que aparezcan nuevas presiones selectivas. Ademas de los eventos naturales,
recientemente, la actividad antropica esta produciendo cambios en el entorno que
acaban afectando a la biodiversidad. De hecho se estima que la actividad humana
esta detras de la extincién de miles de especies animales, y el declive de gran parte de
las poblaciones restantes (Dirzo et al., 2014). Ademas de cambios en la demografia,
los humanos estan provocando también cambios en las presiones selectivas que
impactan en las especies a largo plazo (Otto, 2018; Pelletier & Coltman, 2018).

Por tanto, los genomas que observamos hoy dia no son mas que la consecuencia
de la actuacion de todos estos procesos extrinsecos, demograficos y evolutivos y su
interaccion. Es decir, son un reflejo de su historia evolutiva. Ademas de una ventana
al pasado, el estudio de los genomas nos permite hacer predicciones y, en alguna
ocasion, testar la interrelacion que existe entre los cambios observables en el ADN y
estos eventos, y evaluar el impacto que cambios futuros tendran sobre la persistencia
de estas especies y poblaciones.

INFIRIENDO PROCESOS A PARTIR DE PATRONES

El conocimiento sobre los procesos viene, en ultima instancia, informado por los patrones
que dejan en el genoma. Sin embargo, el estudio de estos patrones y por consiguiente la
inferencia del proceso(s) subyacente(s), ha adolecido de una serie de limitaciones debido
al abordaje con el que tradicionalmente se han estudiado. Por un lado, el ntimero de
marcadores genéticos y, en menor medida, el nimero de individuos con el que hacer las
inferencias suele ser escaso, lo que limita el estudio, basicamente, a patrones de diversidad
genética, estructura y diferenciacion. Por otro, estos marcadores suelen ser neutrales por
lo que quedan fuera del estudio todos los procesos selectivos, que son los que en tltima
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instancia determinan la eficacia biolégica y la viabilidad poblacional y los que informan
sobre adaptacion.

El desarrollo y progresivo abaratamiento de técnicas de secuenciaciéon masiva de nueva
generacion (en sus siglas en inglés NGS) ha puesto al alcance de especies no modelo
los analisis genomicos, incluso a niveles poblacionales (Ellegren, 2014). Disponer de un
genoma anotado y poder resecuenciar individuos de distintas poblaciones de la especie
supone un salto a nivel cuantitativo, pero mas importante ain, a nivel cualitativo con
respecto al pasado (Helyar et al., 2011; Ellegren, 2014). Lo que hace unos afos se hacia,
en el mejor de los casos, con unas decenas de marcadores microsatélites genotipados o
secuencias de cientos de pares de bases de ADN mitocondrial en decenas de individuos,
puede ahora a hacerse con millones de pares de bases y decenas de miles de variantes en
decenas o cientos de individuos. Los patrones de diversidad, estructura y diferenciacion
se pueden ahora determinar de una manera mas precisa y con mucho mas poder
estadistico. Ademas, el contar con una alta densidad de marcadores repartidos por todo
el genoma permite capturar informacién que anteriormente quedaba fuera de alcance.
En concreto, una alta densidad de marcadores permite hacer inferencias demograficas
pasadas y estimas precisas del tamafio poblacional presente de la especie, ya sea mediante
la distribucién de los tiempos de coalescencia a lo largo del genoma (Li & Durbin, 2011),
el espectro de frecuencias (Liu & Fu, 2015) o su grado de ligamiento (Hill, 1981; Barbato
etal., 2015). Por Giltimo, los estudios gendémicos nos permiten acceder al componente de la
variacion no neutral, eliminando la principal barrera para el estudio de la seleccién natural
en poblaciones silvestres (Vitti, Grossman & Sabeti, 2013).

Toda esta informacién, ahora accesible, permite inferir mucho mejor los procesos
subyacentes a estos patrones, pero incluso cuando esta informacién cuenta con el mayor
grado de detalle posible, la informacién inferida a partir de genomas de poblaciones
contemporaneas nos da una imagen parcial de la historia evolutiva de la especie. Por
ejemplo, a pesar de poder inferir ciertos procesos, usando s6lo poblaciones contemporaneas
no podemos describir la dinamica de los patrones gendémicos en el tiempo y en el espacio.
De forma mas evidente, los patrones de linajes extintos y sus relaciones con los linajes
contemporaneos quedaran fuera del estudio. Bajo esta perspectiva, un muestreo que
abarque distintas épocas y espacios emerge como una aproximacion mucho mas poderosa
para inferir los procesos que han ocurrido a lo largo de la historia evolutiva de la especie.
Sin embargo, el reto que supone en muchos casos acceder a muestras alejadas en el tiempo,
extraer su material genético y secuenciarlo ha limitado, hasta ahora, el acceso a este tipo
de informacion.
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Por suerte, de un tiempo a esta parte, junto con el desarrollo de técnicas de secuenciacion
masiva, se han desarrollado nuevas y mejores técnicas moleculares de extraccion de
ADN y preparacion de librerias para secuenciacion a partir de material degradado, en
muchos casos subf6sil, aliviando estas limitaciones y permitiendo acceder a informacion
de poblaciones antiguas, no solo a nivel de zonas neutrales o mitocondriales, sino a nivel
de genoma completo (Dabney et al., 2013; Gansauge & Meyer, 2013).

El rapido avance de la genémica a nivel de laboratorio también ha propiciado un
progreso completamente abrumador de las herramientas disponibles para analizar
estos nuevos datos. Estos adelantos conllevan a su vez una serie de retos, pero también
de oportunidades. La mayoria de estas herramientas requieren por parte del usuario
un conocimiento sobre computaciéon y programacion que incluso a dia de hoy queda
en muchos casos fuera de su formaciéon como bidlogo (Kumar & Dudley, 2007).
Ademas, muchos programas se desarrollan en el marco de grupos de investigacion
pequenos, generalmente formados por cientificos sin mucha experiencia en el mundo
de la computacion, sin financiacién dedicada para ello y de una forma ad /oc, por lo
que suelen adolecer de problemas de estabilidad o fiabilidad (Mangul et al., 2019;
Siepel, 2019). Sin embargo, aunque sin duda estas limitaciones estan lastrando el
avance del campo, la creciente formacién computacional de los bidlogos que se
enfrentan a estos retos, junto con las propias caracteristicas del analisis de estos datos,
generalmente secuencias de comandos escritos, abre también una oportunidad tnica
a que la ciencia se vuelva mas reproducible y mas democratica (Groves & Godlee,

2019).
INFERIR EL PASADO PARA AFRONTAR EL FUTURO

Los avances anteriormente descritos han propiciado que mejore el conocimiento
sobre muchas especies de interés. Dentro de estas, y debido al escenario de cambio
global en el que nos encontramos, las especies en peligro de extincién son un grupo
especialmente relevante, puesto que por un lado nos aportan un escenario evolutivo
unico y por otro nos brindan, en muchos casos, la oportunidad de informar y planear
las acciones de conservacion basandonos en conocimiento cientifico (Ryder, 2005;
Williams, Nevill & Krauss, 2014).
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El lince como modelo

El género lince estd formado por un linaje independiente de felinos que surgi6
entre 8 y 10 millones de anos al separarse del linaje de gatos asiaticos (Catupuma y
Pardofelis) (Li et al., 2016). En la actualidad el género cuenta con cuatro especies: el
lince rojo (Lynx rufus) y el lince canadiense (Lynx canadensis) en Norteamérica, el lince
boreal (Lynx lynx) en Eurasia y el lince ibérico (Lynx pardinus) en la peninsula ibérica
(Sunquist & Sunquist, 2002). Aunque tradicionalmente se ha asignado la categoria
de especies hermanas al lince boreal y al lince ibérico, existen ciertas incongruencias
entre filogenias mitocondriales, que soportan al lince ibérico como especie hermana
de lince canadiense, y genomas nucleares, que mayoritariamente si agrupan al lince
boreal con el ibérico (Li et al., 2016). Sin embargo, cuando estas inferencias nucleares
se realizan basandose en regiones sin recombinacion el lince ibérico aparece como una
especie hermana al grupo canadiense-boreal (Li et al., 2019). Estas incongruencias
sugieren la ocurrencia en el género lince, y en especial en el lince ibérico, de eventos
frecuentes de hibridacion, que ya se habian inferido a partir de unas pocas secuencias
de genoma completo (Abascal et al., 2016) y que caracterizan, por otra parte, a la
mayor parte de especies de felinos (Li et al., 2019).

Las especies del género lince presentan ciertos rasgos morfologicos y de ciclo de
vida comunes. Son felinos de tamafo medio, con garras poderosas y colas cortas,
con un pelaje moteado que va desde un gris amarillento hasta tonos mas rojizos.
Los linces suelen vivir entre 10 y 15 anos en libertad y alcanzar la madurez sexual
en torno a los 2-3 anos (Fritts & Sealander, 1978; Axnér et al., 2009; Goritz et al.,
2009; Nilsen et al., 2010), y con un tiempo de generaciéon algo mayor en torno a 4-5
anos (Lucena-Perez et al., 2018). Aunque generalmente habitan zonas boscosas o
de matorral, la diversidad de habitats, incluso en poblaciones de la misma especie,
es grande (Breitenmoser et al., 2015; Rodriguez & Calzada, 2015; Kelly, Morin &
Lopez-Gonzalez, 2016; Vashon, 2016). Con mayor o menor grado de especializacién
dependiendo de la especie de lince considerada, sus presas suelen ser lagomorfos,
aunque la especie de mayor tamarfio, el lince boreal, suele depredar sobre animales de
mayor porte como ungulados (Breitenmoser et al., 2015; Rodriguez & Calzada, 2015;
Kelly, Morin & Lopez-Gonzalez, 2016; Vashon, 2016). Sin embargo, a pesar de estas
similitudes, las cuatro especies de lince son muy diferentes en cuanto a distribuciéon y
estado de conservacion. Esto es asi especialmente en las dos especies de lince que van
a ser objeto de estudio de esta tesis doctoral, el lince boreal y el lince 1ibérico.
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Fig. 2. Fotografias de las cuatro especies del género Lynx. De izquierda a derecha y de arriba a abajo,
lince ibérico (Lynx pardinus), lince boreal (Lynx lynx), lince canadiense (Lynx canadensis) y lince rojo (Lynx
rufus). Las fotos estan realizadas, en orden, por: Programa de Conservacién Ex-situ del lince ibérico,
Martin Mecnarowski, Keith Williams y Bill W Ca.

Ellince boreal se distribuye por gran parte de Eurasia abarcando, de forma discontinua,
desde el Lejano Oriente ruso hasta la peninsula escandinava, y desde la frontera
del Polo Norte hasta el Mar Mediterraneo. La extension de su area de distribucion,
que engloba una gran diversidad de zonas climaticas y habitats, junto con algunas
evidencias que indicaban tamafios poblacionales grandes, ha llevado a considerar
al lince boreal como una especie de preocupacion menor en cuanto a conservacion
(Breitenmoser et al., 2015). A pesar de ser la especie de lince, y probablemente uno de
los felinos, con mayor area de distribucion, esta se ha visto mermada, especialmente
durante los ultimos siglos. Segin registros historicos y evidencias fosiles el lince
boreal, que se origin6 aparentemente en Asia, se extendi6 hasta el oeste de Europa,
incluyendo la peninsula ibérica, durante el Pleistoceno tardio y el comienzo del
Holoceno (Kratochvil, 1968; Von Arx et al., 2004; Breitenmoser et al., 2015; Boscaini
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et al., 2016; Rodriguez-Varela et al., 2016). En Europa occidental las poblaciones
sobrevivieron hasta hace unos siglos cuando empezaron a desaparecer primero de las
Islas Britanicas durante la Edad Media (Hetherington, Lord & Jacobi, 2006), y después
del resto de la zona oeste de Europa continental durante buena parte del siglo XIX y
XX (Kratochvil, 1968; Clavero & Delibes, 2013). A dia de hoy, son precisamente las
poblaciones remanentes mas occidentales las que presentan un estado genético mas
erosionado, tras su aislamiento del resto de la distribucion y la actuacion de la deriva
genética (Hellborg et al., 2002; Schmidt et al., 2009; Ratkiewicz et al., 2012; Forster
et al., 2018). Para las poblaciones que ocupan la zona este de Europa, el Caucaso y
Asia la informacion disponible es relativamente escasa pero en general se consideran
poblaciones abundantes y demograficamente sanas (Breitenmoser et al., 2015).

Por otro lado, el lince ibérico es la especie del género que se encuentra mas amenazada
(Rodriguez & Calzada, 2015). La especie que se encuentra hoy restringida a la mitad
sur de la peninsula, aparece por primera vez en el NE de la peninsula iberica en el
Pleistoceno Temprano (Boscaini et al., 2016), ocupando a partir de ese momento y
durante buena parte del Holoceno, zonas del norte de la peninsula ibérica, sur de
Francia e incluso el noroeste de Italia, donde convivié con el lince boreal (Rodriguez-
Varela et al., 2015; Boscaini et al., 2016). Durante su historia evolutiva el lince ibérico
ha sufrido una serie de cuellos de botella, que empezaron hace unos 50000 afios
(Abascal et al., 2016). El Gltimo gran declive de la especie se inici6 hace unos tres o
cuatro siglos y ha sido reconstruido gracias a reportes de campo (Rodriguez & Delibes,
2002), a datos genéticos de material de museo y subfosil (Casas-Marce et al., 2017) e
inferencias basadas en datos de genomas completos (Abascal et al., 2016). Durante este
ultimo declive se sabe que las poblaciones de lince transitaron desde una metapoblacién
bien conectada y de un tamafio poblacional mas o menos estable hacia un progresivo
aislamiento, primero de las poblaciones en los limites de la distribuciéon, y una extincion
generalizada, hasta quedar exclusivamente dos poblaciones, Andajar de mayor tamario
en el centro de la distribucion, y Dofnana, marginal y de muy pequeiio tamafo. En
2002, la especie contaba con aproximadamente 100 individuos y se llegd a considerar
el felino mas amenazado del mundo (Nowell & Jackson, 1996). Esta sucesion de cuellos
de botella y su bajo tamano poblacional han tenido un gran impacto en cuanto a
su diversidad genética y estructura, como se ha comprobado mediante estudios de
microsatélites y genes mitocondriales primero, y genomas completos recientemente
(Palomares et al., 2012; Casas-Marce et al., 2013, 2017; Abascal et al., 2016). A dia
de hoy, el lince ibérico es una de las especies con menor diversidad genémica global
(Abascal et al., 2016).
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El tandem que forman lince boreal y lince ibérico constituye un buen modelo
para estudiar la dinamica de especies con rasgos de vida similares, pero historias
demograficas en apariencia muy dispares. Ademas, gracias al trabajo que se hallevado
a cabo hasta la fecha en ambas especies, pero sobre todo el lince ibérico, disponemos
de gran nimero de recursos que son cruciales para responder los interrogantes que
nos planteamos en esta tesis. Por un lado, contamos con un genoma de referencia de
lince ibérico ensamblado y anotado (Abascal et al., 2016) y un genoma de gato con
una contigiidad que llega a nivel de cromosoma (Buckley et al., 2020), y se conoce la
sintenia entre ambos genomas. Por otro lado, los programas de seguimiento y gestion
a los que se somete a las dos especies, aunque desiguales, brindan una oportunidad
Unica para la consecuciéon de muestras contemporaneas que se completan con un
buen conjunto de muestras antiguas en el caso de lince ibérico que se prolongan atras
en el tiempo hasta los miles de afios. Por ultimo, la posibilidad de informar acciones
de conservacion, en una especie muy manejada, y en otra en la que la informacion es
escasa y esta poco estandarizada, supone una oportunidad tnica de contribuir a una
mejora en la conservacion de estas dos especies.
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Con este marco tedrico en mente esta tesis pretende describir los patrones genémicos
de poblaciones presentes y pasadas con el objetivo de reconstruir la historia evolutiva
de lince boreal (Lynx lynx) y lince ibérico (Lynx pardinus), y determinar el rol que
distintas fuerzas evolutivas, cambios demograficos y factores extrinsecos han jugado
en el moldeado del genoma de las dos especies a lo largo del tiempo.

Concretamente, durante la tesis transitamos de una escala mas macroevolutiva,
estudiando distintos linajes y poblaciones presentes o pasadas que los conforman,
hasta una escala mas microevolutiva, en la que describimos los cambios a lo largo del
genoma de diversas poblaciones ante procesos relativamente recientes y de origen
antropico. Los objetivos especificos son los siguientes:

1. Describir los patrones genémicos de poblaciones de lince boreal a lo largo de
practicamente toda su area de distribucion e inferir los procesos subyacentes a
los mismos, tanto demograficos como evolutivos, relacionandolos con procesos
extrinsecos con los que convivid la especie a lo largo de su historia evolutiva.

2. Describir el linaje de lince boreal que habito la peninsula ibérica, usando para ello
el genoma completo de una muestra datada en torno a 2000 anos de antigiiedad, y
relacionarlo con las poblaciones presentes, y con la informaciéon pasada disponible, y
arrojar luz sobre la dinamica de la especie a lo largo del tiempo en Europa occidental.

3. Describir cual ha sido la dinamica de la diversidad y la estructura en el lince ibérico
durante los Gltimos miles de afios, usando para ello genomas completos de muestras
milenarias y contemporaneas, e investigar el rol que ciertos procesos evolutivos, en
concreto la hibridacion, han podido tener en el modelado de los patrones a lo largo
del tiempo.

4. Caracterizar los cambios que provoca un declive demografico muy reciente en
los niveles de diversidad genética a lo largo del genoma, comparando muestras
pertenecientes a poblaciones sometidas a cuellos de botella recientes frente a
poblaciones mas estables de lince boreal e ibérico, y determinar el rol que procesos
como la mutacion, la recombinacién o la seleccién han podido jugar en el moldeado
de estos patrones intragenomicos.
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POBLACIONES DE ESTUDIO Y DISENO EXPERIMENTAL

Durante el desarrollo de esta tesis se han usado, dependiendo del objetivo, diferentes
poblaciones de estudio que en algunos casos se repiten a lo largo de los capitulos
(Fig. 1). En esta seccion paso a resumir qué poblaciones incluimos en cada capitulo y
cémo se ha diseniado el muestreo dependiendo del objetivo a abordar.

En el primer capitulo de esta tesis se analizaron 96 muestras de lince boreal, 80 de
ellas a nivel de genoma completo, tanto nuclear como mitocondrial, y las 16 restantes
a nivel de mitogenoma. Estas muestras se encuentran distribuidas a lo largo del area
de distribucion de la especie y, de acuerdo a su procedencia, las agrupamos en las
siguientes poblaciones: 1) NE-Polonia (Bialowieza and Knyszyn Primeval Forests);
2) Balcanes; 3) Carpatos; 4) Letonia; 5) Noruega; 6) Kirov, Rusia; 7) Urales, Rusia;
8) Tuva (Reptblica de Tyva), Rusia; 9) Yakutia (Republica de Sakha), Rusia; 10)
Primorsky Krai, Rusia; 11) Mongolia. Las localidades se escogieron basandonos
principalmente en dos parametros, disponibilidad de muestras y cobertura espacial,
intentando tener una buena representacion, en términos de nimero de individuos,
de cada una de ellas.

Para el segundo capitulo secuenciamos a genoma completo una muestra antigua
de lince boreal residente en la peninsula ibérica, concretamente en la zona del Pais
Vasco, de 2000 afios de antigiiedad. Esta muestra se analiz6 junto con las muestras
mencionadas anteriormente, nuevas muestras disponibles de los Balcanes y el Caucaso
que se van a describir por primera vez en un estudio actualmente en preparacion
(Lucena-Pérez et al. i prep.), y secuencias de mitocondrial de muestras antiguas
distribuidas por Europa generadas por estudios anteriores (Rodriguez-Varela et al.,

2015, 2016).

En el tercer capitulo el foco se centra en el lince ibérico y, con una aproximacion similar
conceptualmente a la anterior, se analizan tres genomas completos de individuos que
vivieron en distintos puntos de la peninsula entre 2000 y 4300 anos atras, junto con las
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Muestras pertenecientes
los siguientes capitulos:
|
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3
4

Incluye

muestras
milenarias

Fig. 1. Poblaciones muestreadas en esta tesis para genoma completo y capitulos en los que se han
empleado representados por distintos colores. Los cuadrados sombreados por completo indican
inclusion en ese capitulo mientras que un cuadrado vacio indica que no ha sido empleada esa poblacion
en ese capitulo. Aunque la mayoria de las muestras de la poblacién de Balcanes y la totalidad de las
muestras de Caucaso no se han secuenciado especificamente para esta tesis, se han incluido estas
poblaciones puesto que se usan datos de geomas completos de estas poblaciones en varios de los
capitulos.

dos poblaciones contemporaneas que persistieron hasta el presente. Concretamente,
se usaron muestras de genoma completo secuenciadas anteriormente por el grupo
(Abascal et al., 2016), junto con nuevos datos de genoma completo, que en total
suman 12 individuos para la poblacién contemporanea de Dofiana, y 18 para Sierra
Morena. Para uno de los analisis llevados a cabo en este capitulo se usaron también
muestras de seis poblaciones de lince boreal.

Para el cuarto capitulo se eligieron, en base a los resultados del primer capitulo y
del conocimiento previo, muestras de poblaciones pertenecientes a una misma
especie, lince boreal o lince ibérico, pero que tuviesen historias demograficas muy
recientes diferentes. Concretamente seleccionamos para su comparacién una
poblacién demograficamente estable, dentro de lo posible, que se pudiese asemejar a
la poblacion ancestral previa al cuello de botella sufrido en los altimos siglos, y otra(s)
poblacién(es) derivada(s) que hubiese(n) sufrido un declive poblacional marcado y
un aislamiento reciente. Las poblaciones de lince boreal elegidas fueron Kirov, como
poblacién estable, y NE-Polonia y Noruega como poblaciones derivadas, todas ellas
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pertenecientes al linaje europeo de lince boreal, y por otro lado, Andgjar, como
poblacion relativamente estable, y Dofiana como poblacién derivada.

Todas las muestras han sido aportadas por colaboradores del proyecto, bajo los
pertinentes permisos especificados en cada capitulo, o estaban disponibles gracias a
trabajos previos del grupo.

La naturaleza de las muestras ha sido variable dependiendo principalmente de la
oportunidad. Asi, tenemos muestras muy optimas para la extraccion de ADN como
musculo fresco y sangre bien preservada, mientras que en otras ocasiones la calidad
de las muestras era muy inferior. En concreto, durante el desarrollo de esta tesis
se ha trabajado con piel y tejidos blandos de individuos fallecidos, con un grado
de conservacion variable, encontrados de forma oportunista durante programas de
seguimiento o estudios de campo. Por tltimo, la aproximacién temporal ha obligado
a trabajar con muestras muy degradadas, huesos subfosiles de miles de afios, y
material de museo, principalmente piel. Con estas Gltimas muestras no se consiguio
generar datos genomicos de calidad suficiente y, por tanto, no llegaron a formar parte
de esta tesis.

EXTRACCION DE ADN, SECUENCIACION Y MAPEO

Cada una de las muestras usadas en esta tesis recibi6 un tratamiento adecuado a
su grado de conservacion en las instalaciones apropiadas. A continuacion se pasa a
exponer muy brevemente en que consistieron estos distintos protocolos usados, de los
que se pueden encontrar mas detalles en cada uno de los capitulos.

En el caso de muestras contemporaneas, las técnicas de extraccion de ADN fueron
principalmente dos tipos: extraccién con fenol-cloroformo y extraccién con cuentas
paramagnéticas recubiertas de silica (NucleoMag® Tissue, MACHEREY-NAGEL
GmbH & Co. KG), y se llevaron a cabo en las instalaciones del Laboratorio de
Ecologia Molecular (LEM) de la Estacién Biologia de Donana. La preparacién
de librerias de muestras contemporaneas se llevé a cabo en las instalaciones del
CNAG (Espana) y Macrogen (Corea), donde posteriormente se secuenciaron, por
técnicos especialistas siguiendo los protocolos establecidos por Illumina en cada
momento para cada plataforma. Brevemente, el ADN extraido se fragmento6, y
tras una seleccion de tamarno se le repararon los extremos para permitir la ligacion
de adaptadores que incorporan las secuencias necesarias para la amplificacion en
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puente, la secuenciacion vy, en el caso que varias muestras se secuenciaran juntas en
un unico carril, identificadores tinicos de muestra. Tras la preparacion de las librerias
las muestras se secuenciaron en maquinaria Illumina de distinto tipo dependiendo
del tipo de libreria. Basicamente las plataformas de secuenciacién usadas han sido
HiSeq2000/4000y HiSeq X Ten. En todos los casos, el analisis de datos inicial se llevo
a cabo siguiendo el protocolo de Illumina. L.a mayoria de muestras contemporaneas
se secuenciaron a una profundidad de cobertura de 5 a 10x con HiSeq2000/4000,
mientras que algunas muestras concretas representantes de poblaciones de interés se
secuenciaron a 20x con HiSeq X Ten.

La extraccion y procesado de ADN de muestras muy degradadas, o subfosiles, tuvo
lugar en el laboratorio especializado para tratamiento de este tipo de muestras de la
Universidad de Potsdam (Alemania) que esta a cargo del Dr. Michael Hofreiter. Para
ello se seleccionaron 20 muestras que habian dado positivo en amplificaciéon nuclear
en un test preliminar para un estudio anterior (Casas-Marce et al., 2017). Estas
muestras se extrajeron siguiendo un protocolo con guanidinio (Rohland & Hofreiter,
2007) en el que se incluyeron las modificaciones necesarias para la recuperacion de
fragmentos de ADN de pequeno tamano que se describe en Dabney et al. (2013). En
algunos casos este paso de extraccion fue precedido por un tratamiento del polvo de
hueso con lejia para eliminar ADN exégeno de la superficie (Korlevi¢ et al., 2015).
Posteriormente, se prepararon librerias de cadena simple (Gansauge & Meyer, 2013)
que permiten recuperar todas las cadenas de ADN que se han desnaturalizado por
el paso del tiempo. Durante la preparacion de librerias se anadié un tratamiento de
las muestras con uracil-DNA glicosilada y endonucleasa VIII para eliminar el dano
post-mortem. Una vez preparadas las librerias se procedié a una primera evaluacién
del contenido endogeno de las muestras con secuenciacion a pequena escala en un
equipo Illumina MiSeq.

De las 70 librerias procesadas, 4 de ellas, tres de lince 1bérico y una de lince boreal,
tuvieron un contenido endogeno suficientemente elevado y pudieron ser secuenciadas
a genoma completo con profundidad de cobertura entre 2.5 y 4x en el Museo de
Historia Natural Sueco en un equipo Illumina HiSeq X.

Tras la secuenciacion de todas las muestras, tanto contemporaneas como antiguas, se
procedio a la evaluacion de la calidad usando FastQOC (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc). Posteriormente, se mapearon usando BWA-mem
(Li,2013) en el caso de analisis que inicamente se incluyeran muestras contemporaneas
o BWA-aln (Li & Durbin, 2009) si se analizaban muestras contemporaneas junto
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con muestras antiguas. Los genomas de referencia nucleares usados en esta tesis son
el genoma de lince ibérico (Abascal et al., 2016), y el genoma del gato doméstico
(Felis catus) (GCF_000181335.3) (Buckley et al., 2020). Para los analisis de genoma
mitocondrial, las secuencias se mapearon al mitogenoma de lince boreal generado en
Abascal et al. (2016). Las lecturas mapeadas se filtraron por calidad usando samtools
(Li et al., 2009), se clasificaron por grupos de lectura (read groups) y se marcaron como
duplicados cuando correspondia usando Picard (https://broadinstitute.github.i0/
picard), y se realinearon usando GATK (McKenna et al., 2010).

ANALISIS DE LOS DATOS

Dependiendo del objetivo concreto a abordar, el analisis de los datos vario, tanto
por el programa usado como por las regiones del genoma analizadas, como se
especifica en cada capitulo. No obstante, hay un programa, ANGSD, que se repite
consistentemente a lo largo de todos los capitulos y que tiene una filosofia analitica
concreta algo diferente a la aproximacioén tradicional que usa polimorfismos de
nucleétidos simples (SNPs).

ANGSD es una suite de aplicaciones que trabaja directamente con datos de mapeo
y que integra la incertidumbre en el llamado de genotipos. En lugar de asumir
como cierto el genotipo de mayor verosimilitud, ANGSD trabaja directamente
con la verosimilitud de todos los genotipos posibles (Korneliussen, Albrechtsen &
Nielsen, 2014). Esta aproximacion tiene la ventaja de ser mas precisa al dar medidas
de diversidad cuando se trabaja con datos de cobertura media-baja, que son los
que presentan mayor incertidumbre en el llamado de genotipos debido a errores
de secuenciacion y mapeo, pero especialmente debido al muestreo aleatorio de
lecturas cuando el genoma es diploide, lo que puede provocar que se pierda con
frecuencia algunos de los alelos (Korneliussen, Albrechtsen & Nielsen, 2014). Por
eso, debido a que en esta tesis los datos analizados son en su mayoria de cobertura
media-baja (5x a 10x) se ha optado por esta aproximacion metodolégica. El contar
con una metodologia que se habia probado adecuada para el analisis de datos de
coberturas medias-bajas nos permitio, ademas, aumentar el nimero de individuos
secuenciados por poblacion como recomiendan trabajos recientes (Fumagalli,
2013). Usando ANGSD vy las diversas suites y programas asociados se ha calculado
diversidad genética (rr y 8 Watterson), se ha medido estructura (usando PCA y analisis
de ancestria individual) y diferenciacion (poblacional usando FST e interindividual
usando distancias genéticas).



MATERIALES Y METODOS

Ademas, en esta tesis se han usado programas que nos han permitido inferir la
historia demografica de las distintas poblaciones, como PSMC (Li & Durbin, 2011),
Stairway plot (Beichman, Huerta-Sanchez & Lohmueller, 2018) o SNeP’ (Barbato et al.,
2015) dependiendo del periodo a reconstruir. Por otro lado, las relaciones evolutivas
entre poblaciones se han inferido usando Treemix (Pickrell & Pritchard, 2012). Por
ultimo, se ha usado el estadistico D (D-stat) basado en la cantidad de sitios ABBA
vs. BABA para inferir procesos de mezcla entre poblaciones (Green et al., 2010;
Durand et al., 2011). Ademas, se han calculado medidas de diversidad y reconstruido
y datado las relaciones filogenéticas en genomas mitocondriales (Bouckaert et al.,

2014; Stamatakis, 2014; Leigh & Bryant, 2015).

Todos estos programas se han ejecutado, usando secuencias de comandos
personalizados escritos en su mayoria en bask, en la terminal del servidor de genémica
de la EBD (ICTS-RBD) o usando la infrastructura del Centro Tecnoloxico de
Supercomputaciéon de Galicia (CESGA). Las representaciones graficas y la mayoria
de analisis estadisticos o matematicos se han realizado usando R (R Core Team,
2019) y paquetes asociados al mismo.

Por dltimo, como hemos mencionado anteriormente, dependiendo del objetivo
se han analizado distintos compartimentos genémicos. Asi para los analisis de
filogeografia en el capitulo uno y dos se opto6 por analizar solo las zonas intergénicas y
mitogenoma, distinguiendo los autosomas y el cromosoma X, mientras que en otros
capitulos se analiza todo el genoma.
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ABSTRACT

Disentangling the contribution of long-term evolutionary processes and recent
anthropogenic impacts to current genetic patterns of wildlife species is key for
assessing genetic risks and designing conservation strategies. Here, we used 80
whole nuclear genomes and 96 mitogenomes from populations of the Eurasian
lynx covering a range of conservation statuses, climatic zones and subspecies across
Eurasia to infer the demographic history, reconstruct genetic patterns and discuss
the influence of long-term isolation and/or more recent human-driven changes.
Our results show that Eurasian lynx populations shared a common history until
100 kya, when Asian and European populations started to diverge and both entered
a period of continuous and widespread decline, with western populations, except
Kirov, maintaining lower effective sizes than eastern populations. Population declines
and increased 1solation in more recent times likely drove the genetic differentiation
between geographically and ecologically close westernmost European populations.
By contrast, and despite the wide range of habitats covered, populations are quite
homogeneous genetically across the Asian range, showing a pattern of isolation by
distance and providing little genetic support for the several proposed subspecies.
Mitogenomic and nuclear divergences and population declines starting during the
Late Pleistocene can be mostly attributed to climatic fluctuations and early human
influence, but the widespread and sustained decline since the Holocene is more
probably the consequence of anthropogenic impacts which intensified during the
last centuries, especially in western Europe. Genetic erosion in isolated European
populations and lack of evidence for long-term isolation argue for the restoration of
lost population connectivity.
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INTRODUCTION

Climatic oscillations and geological events have influenced the range of species and
the size and connectivity of their populations, driving divergence and admixture
processes that give rise to the biodiversity patterns we see today (Endler, 1977; Avise
et al.,, 1987). More recently, human-driven habitat alteration, fragmentation, and
destruction, among other drivers of biodiversity loss, are fuelling the decline and
subdivision of populations into small and isolated fragments where random genetic
drift becomes the main evolutionary force. The result is often the loss of genetic
variation, an increase in inbreeding in the population, and the genetic differentiation
among populations (Benazzo et al., 2017; Srbek-Araujo et al., 2018; Thatte et
al., 2018). Recent, human-driven genetic divergence among populations must be
considered together with the effects of long-term evolution in isolation, which enable
adaptive divergence and, eventually, speciation, as possible factors shaping current
genetic patterns (Frankham et al., 2002; Allendorf, Luikart & Aitken, 2013). It is thus
important that the delimitation of conservation units and the design of conservation
strategies are informed by good knowledge of the demographic and evolutionary
processes that have acted upon the species across space and time.

Recently developed high throughput sequencing approaches can significantly expand
our ability to obtain genomic scale information and infer evolutionary processes in
non-model species in a cost-effective way. Also, the availability of new reference
genomes 1s helping to overcome most of the limitations of classical genetic markers
and to expand the range of questions that can be addressed, including the assessment
of the relative influence of current (human-driven) and long-term evolutionary
processes (Murchison et al., 2012; Li et al., 2014; Abascal et al., 2016; Feng et al.,
2019).

The Eurasian lynx (Lynx /ynx) is one of the most broadly distributed felids in the
world, representing a suitable but understudied model for exploring the long-term,
as well as recent anthropogenic impacts, patterns of variation in the genome. The
species’ range extends from Central Europe to the Asian Far East, encompasses a
wide range of habitats (shrubland, forest, desert, rocky areas, and grassland) and
climates (Mediterranean, temperate, boreal; from sea level to 5,500 m), and includes
populations with varied recent demography, some of which were led to near
extirpation in the last century by anthropogenic impacts and extermination policies,
followed by varied rates of recovery. The fossil and historical records indicate that
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the Eurasian lynx was already present in Europe during the Pleistocene (Sommer &
Benecke, 2006), and that its westernmost range reached the Iberian Peninsula (Clavero
& Delibes, 2013; Rodriguez-Varela et al., 2016) and Great Britain (Hetherington,
Lord & Jacobi, 2006). The species was extirpated from most of central, western
and southern Europe during the 20th century, and the remaining central European
populations are severely fragmented and isolated. Previous genetic studies of these
European populations using microsatellite markers and mtDINA sequences have found
the lowest levels of diversity and strong population differentiation within Europe, but
also relatively high levels of gene flow among populations across the central part
of its range (Hellborg et al., 2002; Schmidt et al., 2009; Ratkiewicz et al., 2012;
Forster et al., 2018). In contrast, the range of the species in Asia is often described as
continuous, with demographically healthy and well-connected populations (Rueness
et al., 2014), although the information is often scattered or completely lacking. The
only genetic study that covered most of the distribution range of the species, by
resorting to museum specimens, found three different mitochondrial clades and a
clear structuring along an east-west gradient (Rueness et al., 2014). However, the
low resolution imposed by the few microsatellites and the small mitochondrial region
used hampered robust conclusions on the phylogeographic relationships among
populations and on the ultimate drivers of the observed genetic differentiation. While
the Eurasian lynx has historically been divided into many subspecies based mostly
on morphological characteristics (Kitchener et al. 2018), so far genetic studies have

not been able to provide sufficient resolution data to resolve intraspecific taxonomy.

With the power of genomics and the recent availability of a reference genome from
the closely related Iberian lynx (Lynx pardinus; Abascal et al., 2016), we analysed the
genetic variation of the Eurasian lynx across most of its geographic range to assess
the relative influence of evolutionary history and recent demographic declines and
fragmentation. Specifically, we addressed to what extent long-term isolation and/or
recent human-driven changes have impacted the lynx populations by analysing: 1)
the history of population size, divergence and admixture among lynx populations; ii)
the current patterns of genetic structure and diversity across its distributional range.
Additionally, we discuss the level of genetic support for the proposed subspecies and

the implications for the conservation of its most endangered populations.
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MATERIALS AND METHODS

Sampling

We sampled 80 L. lynx across the distribution range of the species, including five
out of the six subspecies proposed by the IUCN Cat Specialist Group: L. /L /ynx, L.
L balcanicus, L. I carpathicus, L. I isabellinus, and L. I wrangeli (Kitchener et al.,
2018) (Fig. 1; Table S1). Also, one Lynx rufus (bobcat) from Jerez Zoo (Spain), and
one Lynx canadensisfrom Ostrava Zoo (Czech Republic) were sampled to be used as
an outgroup and to identify the ancestral state of detected variants (supplementary
methods).

The design of the study was intended to sample a minimum of six individuals from
eleven a priori populations defined on the basis of only geography: 1) North-Eastern
Poland (Biatowieza and Knyszyn Primeval Forests); 2) Balkans; 3) Carpathian
Mountains; 4) Latvia; 5) Norway; 6) Kirov region, Russia; 7) Ural Mountains, Russia;
8) Tuva (the Republic of Tyva), Russia; 9) Yakutia (Republic of Sakha), Russia; 10)
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Fig. 1. Distribution of mitogenomic and nuclear autosomal variation across Eurasian lynx populations.
Pie charts represent the frequency of each of the 24 identified mitochondrial genome haplotypes
in each population (right), and rectangles depict the ancestry of individuals in each of six genetic
clusters, as estimated with NGSadmix (left).
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Primorsky Krai, Russia; 11) Mongolia (for detailed description of the populations see
supplementary methods & Table S2; for a detailed description of sampling methods
see supplementary methods). These populations represent different climatic and land
cover zones, but also they differ with respect to demographic history and recent human
exposure. Based on available records of recent demographic status (see supplementary
methods & Table S2), Norway, NE-Poland, Carpathians and Balkans populations are
the remnants of a process of anthropogenic range contraction in Europe initiated in
the 16th century driven by habitat alteration and direct persecution which intensified
by the turn of the 19th and 20th centuries by the implementation of extermination
policies in several countries. The remnant central European populations recovered
from their rather extreme bottlenecks following legal protection enacted during the
20th century, but have remained relatively 1solated until today. In more eastern and
northern parts of Europe, Latvia, Kirov region of Russia, and the Urals populations
remained moderately large and/or well interconnected during this process. In Asia,
we sampled Tuva, Yakutia, Primorsky Krai and Mongolia, which are considered part
of alarge contiguous range that has been much less affected by habitat alteration (see

supplementary methods & Table S2).
DNA extraction, sequencing & mapping

Samples consisted of good quality tissue or blood, except for the Balkan samples, which
were poorly preserved specimens that yielded signatures of low quality and extensive
contamination (supplementary methods). All samples were digested overnight using
proteinase K and gDNA was extracted using silica-coated paramagnetic beads
(NucleoMag® Tissue, MACHEREY-NAGEL GmbH & Co. KG). Depending on the
sequencing strategy (depth targeted and quality of the gDNA), library preparation and
sequencing of the samples differed (details in supplementary methods). Briefly, gDINA
was sheared, size selected, end-repaired, and adenylated following the appropriate
Ilumina protocol. After ligating indexed paired-end adapters, DNA fragments were
amplified via PCR if required, and the quantity, quality and size of the libraries were
assessed. Finally, libraries were sequenced using Illumina HiSeq2000 or Illumina
HiSeq X-10, in CNAG or MACROGEN facilities, respectively. In all cases, samples

46



LINCES EN EL PALEARTICO

were sequenced using Illumina protocols, and primary data analysis was carried
out with the standard Illumina pipeline. We performed a quality control of our
data, and we trimmed and mapped our sequences to a 2.4 Gb Lynx pardinus nuclear
reference genome, which diverges from the Eurasian lynx by an average of ~0.00122
substitutions per site (Abascal et al. 2016; http://denovo.cnag.cat/genomes/iberian_
lynx/), using BWA-MEM (Li 2013) (details in supplementary methods).

To reconstruct mitogenome sequences we used raw reads coming from both this
whole-genome (WG) project and a separate capture-based study (16 additional
individuals, Marmesat et al. i prep.). Reads were mapped to the L. /ynx mitochondrial
reference genome generated by (Abascal et al., 2016) using BWA-MEM (Li, 2013)
with default parameters. We called SNPs using Freebayes (Garrison & Marth,
2012) and constructed a consensus for each mitochondrial genome using the
FastaAlternateReferenceMaker command in GATK (McKenna et al., 2010) (Table
S1; and further details in supplementary methods).

In summary, we generated WG re-sequencing data for 80 L. /ynx individuals, 76 at
low-medium depth (4-13x) and four at high depth (19-28x), and mitogenome data
for 96 L. lynx individuals with an average depth of 137.7x (Table S1). For analyses
including all individuals, data at medium-high depth were randomly subsampled to a
depth within the range of the low-medium depth data using SAMtools view -s (Li et
al., 2009) to avoid biases associated with differences in sequence depth. Samples from
the Balkan population were used to assemble mitogenomes and determine global
autosomal genetic structure (PCA and NGSAdmix), but we did not estimate diversity
and neutrality indices from these samples, as we found an excess of changes likely

associated with their suboptimal conservation (see supplementary methods).

Due to the focus of our study on demographic reconstruction and neutral evolution,
we only considered intergenic regions, representing 61% of the nuclear genome
(~1.5 Gh), for most of the analyses (further information on neutral regions definition
in supplementary methods). We also identified non-recombining parts of X and
Y chromosomes that were excluded from analyses on the autosomes (1.e. PSMC,
measures of autosomal diversity) and used to compare patterns of diversity with the

autosomes.
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Data analysis

Nuclear demographic and divergence reconstruction using PSMC

To infer changes in the effective population size (Ne) through time (3%106-104 ya)
on the basis of the nuclear genome, we used a Pairwise Sequentially Markovian
Coalescent model (PSMC; (Li & Durbin, 2011)). This model infers population size
history from the distribution of the local density of heterozygous sites in a single
diploid sequence. Therefore, for this analysis, we used autosomal whole genome
data of four L. /ynx individuals sequenced at higher depth (>19x), two from Asia
(Primorksy Krai and Yakutia) and two from Europe (Carpathians and Kirov). For
each individual, we generated a diploid consensus file using SAMtools mpileup as
suggested by H. Li & Durbin (2011). For this analysis, minimum read depth was set
to 7x and maximum read depth to 60x for all individuals.

To infer the divergence time between populations we built pseudo-diploids by
randomly combining haplotypes of two individuals sampled in different populations
(Cahill et al., 2016; Chikhi et al., 2018). To do so, we used the fasta files generated
from the bam files during PSMC pipeline. First, we intersected the two fasta files to
get the list of scaffolds represented in both samples, and then we used seqtk mergefa
(https://github.com/1h3/seqtk) to randomly sample one allele from each of the
two fasta. PSMC analyses were then conducted on the pseudo-diploids as described
above for true diploids. We performed 100 bootstraps (Li & Durbin, 2011) for both
the original and the pseudo-diploids analysis.

Nuclear demographic reconstruction using Stairway plot

We reconstructed recent demographic trajectories of the populations using Stairway
plot (Liu & Fu, 2015), which infers more recent histories than PSMC (5%105-102 ya),
although with limited power when sample sizes are below the hundreds (Beichman,
Huerta-Sanchez & Lohmueller, 2018). The program is a model-free method that uses
the unfolded site frequency spectrum (SFS) to infer population size changes over time.
We generated SFS for each population using first ANGSD (L1, 2011; Korneliussen et
al., 2013; Korneliussen, Albrechtsen & Nielsen, 2014) to generate the sample allele
frequency (SAF) for each population, and then realSFS (Korneliussen et al., 2013) to
generate the population SFS.
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Nuclear demographic reconstruction using SNeP

Most recent changes in Ne (< 2*¥103 ya) were inferred using the relationship
between linkage disequilibrium and Ne (Hill, 1981) as implemented in the software
SNePv1.131 (Barbato et al., 2015). This method uses the genetic distance between
markers for estimating Ne in different periods. In order to increase the contiguity
between markers we converted our SNP coordinates in the Iberian lynx assembly
(41700 scaffolds, N50=1.52Mb ) into cat coordinates (chromosomal level assembly)
using the synteny previously defined by (Abascal et al., 2016). After splitting our VCF
into the different populations, we generated a map and ped file using PLINK 1.9 (www.
cog-genomics.org/plink/1.9/ (Chang et al., 2015)). We used a recombination rate of
1.9 cM/Mb (Li et al., 2016) and Sved and Feldman (1973) mutation rate modifier
for correcting the recombination rate. We also used the sample size correction for
unphased genotypes.

PSMC, Stairway plot and SNeP outputs were plotted, scaled to time and population
sizes assuming a mean generation time of five years (Lucena-Perez et al., 2018) and a
mutation rate per site per generation of 6-10-9 (Abascal et al., 2016).

Nuclear divergence and admixture reconstruction using TreeMix

We used TreeMix v1.12 (Pickrell & Pritchard, 2012) to infer patterns of splits and
admixtures between L. [ynx populations. For this analysis, which requires a set of called
variants, we followed the genome VCF (GVCF) workflow in GATK 3.4 (McKenna
et al., 2010) (supplementary methods) on all our L. /ynx populations (except Balkans;
excluded from TreeMix analysis), and on the one L. rufus sample as outgroup. Allele
counts were extracted from each of the two VCIF files using a custom script, and both
resulting allele count files were merged under the assumption that any SNP absent
in one of the species (but present in the other) would be fixed for the reference allele.
We ran TreeMix v1.12 (Pickrell & Pritchard, 2012) setting L. rufus as outgroup and
the block size to 100. We modelled between zero and six migration events (0 < m
< 6) and calculated the proportion of variance in relatedness between populations
explained by each model. To assess the consistency of migration edges, we performed
nine additional runs for m = 2 with different random seeds. Both the tree models and
the residuals from the fit of the models to the data were visualised using the R script
included in TreeMix.
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We also ran the three-population test (Reich et al., 2009), as implemented in the
threepop programme of TreeMix, to detect past admixture between populations.
This test checks whether population X is related to populations A and B through
a simple tree (in which case the f statistic, defined as the product of the frequency
differences between A and X, and B and X, is expected to be positive), or through
an admixture of A and B (where negative f statistic values are expected). To assess
the statistical significance of the test, threepop obtains a standard error from blocks
(here set to a size of 100 SNPs) and then generates a Z score. Z score values below
-2 indicate significant support for admixture. This test was conducted for all possible
combinations of 1) three representative European populations (Carpathians, Kirov,
and the Urals), 11) one Asian test population (Tuva or Yakutia), and iii) the three
remaining Asian populations (Vladivostok, Mongolia, and Yakutia or Tuva depending

on which was the test population).
Nuclear genomic structure

To assess the genetic relationships among samples we performed a principal
component analysis (PCA). We calculated the genotype posterior probabilities
using ANGSD (Kim et al., 2011; Li, 2011) and NGSTools/ngsPopGen/ngsCovar
(Fumagalli, 2013; Fumagalli et al., 2013). For all the analyses using ANGSD the
filters applied were: -uniqueOnly 1 -remove_bads 1 -only_proper_pairs 1 -baq 1 -C
50 -minMapQ) 30 -minQ) 20 -doCounts 1 —minInd (number of individuals in the
population/2) —setMaxDepth (average (AVR) depth for the population + (0.95*stdev
depth for the population)) —setMinDepth (AVR depth for the population - (0.95*stdev
depth for the population)) -skipTriallelic 1); and we took the base observed in L.
rufus as the ancestral state (more details on how we reconstructed our ancestral
state in supplementary methods). For PCA, and also pairwise genetic distances and
admixture analyses we set a SNP_pval of 1le-3. The resulting PCA was plotted using
scatterplot3js from threejs library in R (Lewis, 2017). PCA coordinates were scaled
to geographical coordinates (Procrustes analysis, following Borg and Groenen 1997)
to assess similarities between geographic and genetic distribution using the package
MCMCpack (Martin, Quinn & Park, 2011) in R (R Core Team, 2019).
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Nuclear genomic structure

We used the genotype likelihoods calculated with ANGSD (Kim et al., 2011; L1, 2011)
to perform a structure analysis using NGSadmix (Li, 2011; Skotte, Korneliussen &
Albrechtsen, 2013). We ran NGSadmix with a range of a priori populations from
K=1 to K=13. The analysis was rerun ten times to evaluate convergence and results
were plotted using R. We used CLUMPAK (Kopelman et al., 2015) to evaluate the
optimal K following Evanno et al. (2005). We used the identified genetic clusters to
confirm that all our a priori defined populations were genetically homogeneous (i.e.
all the individuals showed similar ancestry proportions and therefore could be pooled
for population-based analysis).

Nuclear genomic differentiation among populations

A 2-dimensional unfolded site frequency spectrum (2d-SFS) was computed using
realSFS (Korneliussen et al., 2013) for each population pair. 2d-SFS and SAF files
were used as priors to calculate FST using realSFS (Korneliussen et al., 2013). To
graphically visualize the genetic relationship among populations, we constructed a
neighbour-joining tree based on the pairwise FST matrix using the ape package in R
(Paradis, Claude & Strimmer, 2004).

To evaluate the influence of distance on genetic differentiation patterns we calculated
the genetic distance among pairs of individuals using ANGSD and ngsDist from
NGSTools (Fumagalli et al., 2013; Korneliussen, Albrechtsen & Nielsen, 2014).
Geographical distances among sampling points were calculated from their geographic
coordinates using the Point Distance tool and Winkel Tripel projection in ArcGIS
10.5 (Esr1, 2011). All distances involving samples from Norway were measured via
the Scandinavian isthmus to estimate overland distance. Based on our previous results
on PCA and admixture proportions, we plotted geographical distance against genetic
distance splitting our results depending on whether the comparison was between two
samples from Asia, two samples from Europe or one sample from Europe and one
from Asia. We tested the significance of these correlations with Mantel tests using the
package vegan (Oksanen et al., 2018) in R. We also performed a partial Mantel to test
the effect of a possible geographic barrier between Asian and European populations
by introducing a binary variable coded as 0 when the two samples were from the
same region and as | otherwise, and tested the effect of this variable while accounting
for the effect of geographic distance.
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Nuclear genomic diversity

We calculated the genetic diversity (nucleotide diversity (rr) and Watterson estimator
(0)) and Tajima’s D neutrality index for each population. For autosomal and X
chromosomes, we used ANGSD (Li, 2011; Korneliussen et al., 2013; Korneliussen,
Albrechtsen & Nielsen, 2014) and realSFS (Korneliussen et al., 2013) to calculate
diversity indices per site for each population (Korneliussen et al., 2013). Using
thetaStat (Fumagalli et al., 2014), we performed a sliding-window approach with a
window size set to 50,000 bp and a step size of 50,000. We classified our windows as
autosomal or X chromosome if all the sites of the given windows belonged to either
of these categories (supplementary methods). For comparison among populations,
only windows with information for all the populations were used (828 X chromosome,
and 24,392 autosomal windows). Sample size of the X chromosome differs from that
of autosomal chromosomes (which is 2*number of individuals), as it depends on the
number of males and females sampled in the population (2*number of females +
number of males). Therefore, we recalculated our Watterson estimator (8) by adjusting
the correction factor (that accounts for sample size) to the actual sample size of the X
chromosome in each population. Standard errors were calculated by bootstrapping
over windows as implemented in the boot package for R (Canty & Ripley, 2017), to
account for the correlation among nearby sites due to linkage disequilibrium (LD).

To infer recent population size changes we compared X chromosome 6 vs. autosomal
6, while controlling for divergence (Pool & Nielsen, 2007). Divergence (D) was
computed as the number of substitutions between L. lynx and L. rufus divided by
the number of covered sites, based on a genus-wide variant-calling performed
following the genome VCF (GVCF) workflow in GATK 3.4 (McKenna et al., 2010)
(supplementary methods), using one sample of each of the four species that comprise
the Lynx genus (L. lynx, L. pardinus, L. canadensis, and L. rufus). The ratio between
diversity and divergence (8/D) was used as a measure of diversity normalized by
mutation rate. The average 6/D ratio was calculated for X chromosome (X) and
autosomal (A) windows and these were used to obtain an X/A ratio for each
population. Standard errors of X/A ratios were calculated by bootstrapping over
windows. We used R to plot SFS and diversity values, as well as to plot our diversity

estimates along with those reported for other mammals for comparison.
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For the Y chromosome, we assigned 71 contigs, adding up to 33,032 bases, by applying
our strict sequence depth criteria; i.e. 90% of the total bases in a contig have a female/
male ratio depth below 0.3, and an average normalized depth for males between 0.2
and 0.8 (supplementary methods, section Chromosome X and Y regions definition
and molecular sexing). We performed a SNP calling using Freebayes, as previously
done for the mitogenome, but no SNPs were called under standard quality filters,
suggesting overall lack of variation in this chromosome, as previously reported by

Hellborg & Ellegren (2004) on the basis of 2040 bp of non-coding genic sequences.
Mitogenomic analyses

Consensus mitogenome sequences were aligned and collapsed into distinct
haplotypes using the pegas R package (Paradis, 2010). The number of segregating
sites (S), haplotype diversity (Hd), nucleotide diversity () and the mean number of
pairwise nucleotide differences (k) were calculated using the PopGenome (Pfeifer et
al., 2014) and ape (Paradis, Claude & Strimmer, 2004) R packages. Pie chart nodes
representing the respective haplotype frequency in each of the populations (Fig. 1)
were calculated using R (R Core Team 2019). Phylogenetic relationships among
haplotypes were inferred by constructing a median-joining haplotype network
(Bandelt, Forster & Rohl, 1999) and represented in PopART (Leigh & Bryant, 2015)
coloured by population. R was used to plot k values for different mammal species for

comparison.

In order to estimate a substitution rate for the mitochondrial genome in felids, we
used a set of 15 felid mitogenomes downloaded from GenBank and BEAST v2.4.8
(Bouckaert et al., 2014 see supplementary methods for details). We incorporated
the clock rate estimated as the substitution rate in the BEAST analysis of the 24
L. lynx mitogenome haplotypes obtained in our study (Bouckaert et al., 2014). For
the intraspecific analyses, we used an ensemble of tRNAs, rRNAs and twelve genes
using the HKY+G site model with a single partition. We used a strict clock and a
coalescent constant population tree model, adequate when dealing with intraspecific
sequences. The MCMOC was run for 20 million steps. TreeAnnotator v2.4.8 was used
to obtain the Maximum Clade Credibility tree after discarding 10% of initial trees
as burn-in. Results were visualised with FigTree v1.4.3 (http://tree.bio.ed.ac.uk/
software/figtree/).
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RESULTS

Demographic and divergence history based on autosomal data

Demographic histories inferred from the WG sequences of four L. /ynx individuals
(from the Carpathian Mountains, Kirov region, Yakutia, and Primorsky Krai
populations) using PSMC are concordant throughout most of the reconstructed
period, indicating a long span of shared history between all populations (Fig. 2A;
Fig. S1). L. lynx shows a long period of soft decline going from 3 Mya to 600 kya,
and then declining more steeply to around 200 kya. This steep decline is followed
by an apparent recovery of the population until 70 kya, although this could instead
indicate the emergence of population structure (Mazet et al., 2016; Chikhi et al.,
2018). From that point on, the demographic trajectories of European and Asian
lynxes start diverging, with the European populations experiencing a sharper decline
in Ne than the Asian ones (Fig. 2A; bootstraps presented in Fig. S1). Accordingly,
pseudo-diploids constructed by combining Asian-European haplotypes start rising
over the trajectory of true diploids around 100 kya, indicating the emergence of
population structure, until they sharply increase around 15-20 kya (Fig. 2B; Fig. S1),
indicating the time of complete population isolation between European and Asian
populations. Unlike Asian-European pseudo-diploids, we did not observe a sudden
and sharp increase indicative of complete isolation in pseudo-diploids consisting of
two Asian or two European haplotypes. However, the moderate increase in population
sizes with respect to real diploids suggests the emergence of some structure in Asia
following the split of Asian and European populations, and little or no structure in
Europe (at least) before 10 kya.

More recent demographic trajectories inferred for all the populations using the
Stairway plot and SNeP are broadly congruent with the pattern inferred by PSMC
(Fig. 2C). The Stairway plot reconstructs a steep decline process during the last
millennia, with populations from Europe showing consistently smaller population
sizes than Asian populations while SNeP reconstructs a smoother population decline
spanning the last two millennia again with European populations showing smaller
Ne (Fig. 2D). Both reconstructions show a more moderate decline for the European
Kirov region population.
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Fig. 2. (A) Demographic reconstructions inferred with PSMC on the basis of autosomal data from
one individual from Kirov, Yakutia, Primorsky Krai and Carpathians. (B) Pseudo-diploid trajectories
on PSMC. Sequences created by combining haplotypes from two different populations. Sudden
population increases inferred for pseudo-diploids are interpreted as the time of complete isolation of
the two populations. (C) Demographic reconstruction inferred by Stairway plot for all populations. (D)
Recent demographic reconstruction inferred by SNeP for all populations. (E) Timeline of Eurasian
lynx main demographic events, including partial (dashed lines), complete isolation (branching)
and admixture (arrow) between populations, along with haplogroup divergences, major climatic
fluctuations and human milestones.
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Fig. 3. (A) Population tree inferred with TreeMix from nuclear autosomal data. Each arrow represents
a migration event with its weight specified through the color scale. (B) Bayesian maximum clade
credibility tree inferred with BEAST depicting the relationship among mitogenome haplotypes.
Numbers on nodes represent their posterior probability; only those over 0.85 are depicted.

Considering all populations, the TreeMix analysis based on autosomal intergenic
SNPs and using the bobcat (Lynx rufus) as outgroup supported a model of population
divergence with one or two migration events (Fig. 3A). In line with the PSMC pseudo-
diploids results, the most basal split separates a European and an Asian population
group, each with some shallower internal structure (Fig. 3A, Fig. S2). In the European
group, Norway, NE-Poland, and Carpathians show an increased drift parameter,
indicating their larger differentiation compared to the rest of the populations.

Regarding gene-flow, the TreeMix results support significant post-divergence gene
flow from the Urals to Tuva population (m=1), or from the Urals to Tuva and to
Yakutia population (m=2; Fig. 3A; residuals presented in Fig. S3). Both these
migration edges consistently appear in all nine independent runs at m=2 (Fig. S4),
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and they are still supported in tree models with three to six migration events (Fig. S2;
see fraction of variance explained by each of the models in Fig. S5). Significantly
negative Z scores (Z < -2) resulting from f statistics using threepop confirmed the
admixture in Tuva, but not in Yakutia (Table S3), and identified all western and
eastern populations, except Yakutia, as putative sources, with more negative Z scores
the closer the western source population is (Ural Mountains < Kirov < Carpathian
Mountains).

Mitogenomic divergence

Unlike the patterninferred for the nuclear genome, the phylogenetic tree reconstructed
from whole mitogenome sequences revealed several old mitochondrial lineages in
Europe, which may have diverged during periods of isolation in separate glacial
refugia (Fig. 3b). The oldest split was dated around 96.5 kya (95% CI: 73-122 kya),
and separates the most divergent haplogroup, haplogroup 1 (46 out of 89 segregating
sites), currently restricted to the Balkan population. A second mitogenomic split,
dated around 47.4 kya (95% CI: 32-62 kya) defines haplogroup 2, whose current
distribution includes the Carpathian Mountains and Baltic states populations. A
subsequent split around 28.6 kya (95% CI: 18-40 kya) separated haplogroup 3,
occurring mostly in northern and eastern Europe, from all the Asian haplogroups (4
and 5). Finally, the split between haplogroup 4 and 5 around 17 kya (95% CI: 9-24
kya) is coincident with an internal diversification within haplogroup 2.

Current nuclear genetic structure

Our a priori populations vary in the extent of the area sampled, what may have
affected our estimations of genomic diversity and differentiation. Nevertheless,
individual-based clustering and PCA analyses confirmed the relative genetic
homogeneity within and differentiation among our a priori defined populations,
1.e. ancestry composition is similar among individuals of the same population and
different between populations.

In agreement with the historical divergence and demographic processes shown in
the previous section, nuclear population data reveals a contemporary major division
between individuals in Asia and Europe. Both PCA and NGSAdmix separate these
clusters first (PC1, K=2, supported as the uppermost level of structure by the Evanno
et al. (2005) method (Table S4)) (Fig. 4, Fig. S6; interactive version in original article).
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Two populations show some admixed ancestry in these analyses: Balkan individuals
with some Asiatic ancestry and individuals from Tuva (as well as, to a lesser extent,
individuals from Yakutia) with some European ancestry, the latter supporting the
historical admixture inferred by TreeMix. The historical isolation of European and
Asian populations is also supported by a larger genetic distance between pairs of Asia-
Europe individuals than that expected due solely to geographic distance (Fig. S7).

The second and third axis in the PCA, and subsequent partitions in the structure
analysis (K=3, K=4 and K=5), separate bottlenecked populations in Europe
(Carpathian Mountains, Norway, and NE-Poland) (Fig. 4, Fig. S9-S11; supplementary
file 1). The high differentiation exhibited among European populations (average
pairwise FST = 0.210, Fig. S8, Table S5) contrasts with the relative homogeneity in
Asia (average pairwise FST = 0.098, Fig. S8, Table S5), where only the easternmost
population of Primorsky Krai stands out as a separate cluster in some runs at 3<K<6
(Fig. 1, Fig. S9-S12). Accordingly, when PCA coordinates are projected onto a map,
European populations show a major distortion in the projection compared to Asian
ones, suggesting an isolation by distance scenario in the case of Asian populations,
but a higher differentiation that is not explained solely on the basis of distance for the
westernmost populations (Fig. S13, S14). The greater differentiation associated with
bottlenecked populations (NE-Poland, Norway and Carpathians) is also observed in
isolation by distance plots, where the inclusion of bottlenecked populations increases
the slope of the regression line (Fig. S15).
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Autosomal genetic diversity

Genetic diversity levels in Eurasian lynx are in the low range of those reported based
on genome-wide data for other mammals, including some rare and endangered
populations (Fig. S16). This 1s especially the case for the bottlenecked European
populations: NE-Poland, Carpathian Mountains and Norway (Fig. 5, Fig. S16, S17,
Table S6). These westernmost populations also show a flatter site frequency spectrum
compared to the rest of the populations (Fig. S18), and a significantly positive
Tajima’s D value (Table S6), both indicative of a recent reduction in population size.
NE-Poland, followed by Carpathians, also show the lowest X/A ratio, an additional
indication of a recent, severe population size reduction (Pool & Nielsen, 2007). The
X/A ratio in Norway is, however, larger and comparable to that found in Ural
Mountains, a pattern probably related to its subsequent growth (Pool & Nielsen,
2007). Conversely, the Urals and the Kirov regions show the highest diversity within
Europe (8 and =, respectively), but are exceeded by all Asian populations, with the
highest genetic diversity present in Tuva despite the relatively small geographic area

sampled (Fig. 5, Fig. S17).
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Fig. 5. Waterson’s theta (8) values for autosomal sites and ratio of 6 diversity in Xchr vs. autosomes for
the different populations. Populations are sorted from west to east.
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Mitochondrial structure and diversity

In agreement with the autosomal data, overall mitogenomic diversity at the species
level is very low (Fig. S19). Only 89 segregating sites, out of 16,449 sites sequenced,
defined the 24 haplotypes found (0.54%, Table S7, Table S3). We observed several
populations in which European haplogroups 2 and 3 (e.g. Kirov, the Urals) or Asian
haplogroups 4 and 5 co-occur (e.g. Yakutia) (Fig. 1, 3, Fig. S20), but we detected
only one instance of the occurrence of a typically European haplotype (haplotype 7,
haplogroup 3) in an Asian population (Yakutia), and none in the opposite direction.
The westernmost bottlenecked populations also harbour lower diversities in the
mitochondrial genome: Carpathians and the Balkans show no mitogenomic diversity
at all, while Norway and NE-Poland populations also have low haplotype diversity
(Hd = 0.12 and 0.15, respectively; Fig. 1, Fig. S20, Table S7); populations in Asia
(Yakutia and Mongolia) show the highest haplotype diversity (Hd = 0.86 in both
cases; Iig. 1, Fig. S20, Table S7).

DISCUSSION

Here we report the results of the most comprehensive analyses to date of the Eurasian
lynx’s evolutionary history and contemporary genetic variation, considering the
extent of the sampling both across the species range and across the genome. Our
results indicate that the Eurasian lynx was genetically quite homogenous at least
until 100 kya, when lynx populations started diverging and the species entered a
widespread and continuous demographic decline that affected especially the
European populations. Lower populations sizes and increased fragmentation in the
westernmost part of the distribution in more recent times likely drove the genetic
differentiation between European populations that are otherwise geographically and
ecologically close. Conversely, and despite the large range and the wide diversity of
habitats, we observed a highly homogenous genetic pattern among Asian population,
compatible with an isolation by distance pattern. Climatic oscillations during the
Late Pleistocene, together with an increasing human pressure especially after the Last
Glacial Maximum (LGM) which ended up with the extirpation of many European
populations, likely shaped the current genetic patterns of the species.

60



LINCES EN EL PALEARTICO

Pleistocene

Phylogenetic and demographic analyses support a long common history for Eurasian
lynx populations during most of the Pleistocene. The species suffered a massive
demographic decline registered by PSMC between 3 Mya and 200 kya (Fig. 2A),
which may be reflecting a founder effect associated with the speciation from a
common ancestor of Eurasian and Canada lynxes (recently dated around 1-1.2 Mya;
(Li et al., 2019). Low species-wide genetic diversity, which is comparable to white
African lion, or Greenlandic brown bear (Fig. S16), might be - at least partially - the
long-term consequence of this drastic reduction in population size (Frankham et al.,
2011; Frankham, 2015). From 200 to 70 kya PSCM shows an apparent increase in
population size, after which the species entered in a continuous population decline
(Fig. 2A). This transient population size increase is most likely indicating instead
the emergence of population structure (Mazet et al., 2016; Chikhi et al., 2018), as
suggested by the departure of demographic trajectories of pseudodiploids in PSMC,
and by the deepest divergence of mitochondrial haplogroups around 100 kya (Fig.
2B, 3B). The isolation between eastern and western populations became complete
around 22-15 kya coinciding with the LGM (20-15 kya), and with the time of the
most recent split that is registered in both nuclear and mitogenomic data (Fig. 2, 3).
At a nuclear level, clustering and differentiation analyses reflect a basal divergence
between Asian and European populations (Fig. 1, 4), and indicate that the genetic
differentiation between individuals from the two clusters is larger than expected solely
on the basis of geographic distance (Fig. S7). This east-west axis of differentiation was
previously reported by Rueness et al. (2014). The lack of clear geographical barriers
for lynxes during this period supports the idea that the emergence of the structure
was preceded by a range contraction. For instance, barriers previously identified for
small mammals between the two continents, including the Yenisei river (Kohli et al.,
2015) and the Ural Mountains (Brunhoff et al., 2003), are unlikely to act as strong

barriers for such a large and mobile carnivore (Zimmermann & Breitenmoser, 2007).

Within continents, European populations underwent periods of isolation during the
Late Pleistocene, as revealed by the divergence of different mitochondrial lineages,
whereas populations in Asia remained largely connected as shown by nuclear and
mitochondrial data (Fig. 2B, 3B).
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Climatic impacts during the Pleistocene

Climatic fluctuations during the Late Pleistocene could have contributed to range
contraction and subsequent emergence of populations’ structure and divergence
revealed by nuclear and mitochondrial data (Fig 2, 3). Accordingly, the date of the
complete isolation between Asian and European nuclear genetic groups is coincident
with the LGM (20-15 kya) (Svendsen et al., 2004; Schlolaut et al., 2017) (Fig. 2E).
Older periods of isolation and divergence due to climatic oscillations during the
Pleistocene are only registered in mitogenomic patterns, with the divergence of
different haplogroups coinciding with the start of glaciation periods (HG1 divergence,
96.5 kya, start of Wiirm glaciation period (Ice age), 109 kya), or significant global
climate cooling (HG2 divergence, 47.4 kya, 48-54 kya (Kindler et al., 2014); HG4-
HGH) divergence and internal diversification of HG2, 17 kya, LGM) (Fig. 2E). Atleast
two of these haplogroups, HG1, and HG2, seem to have diverged in separate glacial
refugia, the Balkans and the Carpathians, respectively, as previously suggested for
lynx and other temperate mammals (Anjjalg et al., 2018; Bilton et al., 1998; Gugolz,
Bernasconi, Breitenmoser-Wirsten, & Wandeler, 2008; Ratkiewicz et al., 2014;
Schmitt & Varga, 2012; Sommer & Nadachowski, 2006; Taberlet, Fumagalli, Wust-
Saucy, & Cosson, 1998). HG3, now present mainly in northern and eastern Europe,
suggests a possible additional north-eastern refugium for the species in Europe.

Deep mitochondrial divergences contrast with the recent isolation within Europe
inferred from nuclear data. This discrepancy could be attributed to male-biased
dispersal, which is characteristic of the species (Schmidt, 1998; Holmala et al., 2018).
Faster and deeper divergence of mitogenomes during periods of isolation followed
by admixture between European populations, driven mostly by males, during the
interglacial periods could have led to the pattern that we observe today. For instance,
nuclear data suggests the existence of gene flow between the Carpathians and Kirov
at least until 10 kya (Fig. 2), while the divergence of the mitogenomic haplogroups
typical of these populations was dated to ~50 kya (Fig. 3). The co-occurrence of
different haplogroups in different populations suggests that, to a minor extent, females
also contributed to the admixture of the populations. For instance, the Carpathians
population with a unique haplotype (2), which is basal to HG2, could have acted
as a source for postglacial colonization of this HG northward and eastward, as
suggested for the fact that the HG2 is also present in populations such as Kirov, Urals
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or Latvia. Similar scenarios of isolation in refugia during glacial periods followed by
colonization during interglacials have been described for species with similar habitats
requirements, such as brown bear (Anijalg et al., 2018), or grey wolf (Vila et al., 1999;
Pilot et al., 2010).

Anthropogenic impacts during the Pleistocene

Besides climatic fluctuations, demographic declines during the Late Pleistocene could
also be influenced by hominid species that were probably already widespread across
Eurasia around 80 to 60 kya (Oppenheimer, 2012; Timmermann & Friedrich, 2016),
and more dramatically by modern humans, who arrived in Eurasia around 45 kya
and replaced other human populations, exceeding their population size by one order
of magnitude (Mellars & French, 2011; Timmermann & Friedrich, 2016; Yang et al.,
2017) (Fig. 2E). Direct human impacts on lynx species have been documented during
the Late Pleistocene, where a bone remain found in an Upper Palaeolithic site in the
Iberian peninsula revealed the use of lynx as meat (Yravedra, 2005). Similarly, bones
of leopard (Panthera pardus) have been found associated with hunting by pre-historic
humans throughout Europe (reviewed in (Sommer & Benecke, 2006)). Additionally,
the decline of ruminants since 100 to 50 kya has been partially attributed to human
activities, rather than climatic oscillations (Chen et al., 2019), and hence, the lynx
decline during the Late Pleistocene could have been also indirectly attributed to
humans through negative effects on prey. Our hypothesis is in line with previous work
that support that anthropogenic impacts in combination with climatic oscillations are
one of the main drivers of the decline, and in some cases the extinction, of fauna and
flora during the Late Pleistocene and early Holocene (Lorenzen et al., 2011; Braje &
Erlandson, 2013; Chen et al., 2019; Gretzinger et al., 2019).

Holocene

The population decline of the species continued after the LGM with some differences
among populations (Fig. 2). The sustained negative population trends during the
Holocene likely contribute to the signals of recent bottlenecks, such as reduced
X/ A ratios and high Tajima’s D values that all populations show. Additionally, even
the most diverse population show values of genetic diversity similar to that of the
severely bottleneck Apennine brown bear (Benazzo et al., 2017), and only twice that
of the extremely eroded sister-species - the Iberian lynx (6=2.22*10-4, n=2.6*%10-4
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(Abascal et al., 2016)), whose values are comparable to the least diverse Eurasian lynx
populations (Fig. S16). Still, differences in recent demography between populations,
with European populations experiencing a severe reduction in population size
throughout the Holocene and Asian populations usually maintaining a softer
population decline, is reflected in current genetic patterns: European populations,
especially westernmost ones, show larger genetic differentiation, increased drift
parameters in TreeMix analysis, along with bottleneck signals and lower genome
diversity. (Fig. 4-5 S8-S12, S17; Table S5- S6). Patterns of low diversity and high
differentiation were previously reported for NE-Poland (Schmidt et al., 2009;
Ratkiewicz et al., 2012, 2014), as well as for Scandinavia and the Carpathians, using
nuclear microsatellite markers and short mitochondrial sequences (Ratkiewicz et al.,
2012, 2014) or a SNP set enriched for coding sequences (Forster et al., 2018). In
contrast to westernmost populations, the current structure among Asian populations
1s shallow, similar to that found for Canada lynx (FST = 0.09-0.10; Merondun ,
Murray & Shafer, 2019), the overall pattern is compatible with an isolation by distance
scenario (Fig. S14), and there is little support for more than one genetic cluster. Quite
homogeneous genetic patterns across Asia are somehow striking given the range of
habitats occupied (e.g. from semi-desert in Omnogovi, Mongolia, to boreal forest-
tundra in Yakutia), and the several previously defined subspecies in this region.

Anthropogenic impacts during the Holocene

The invention of agriculture produced a rapid demographic expansion that started
after LGM 1in Europe, but only few millennia ago in Asia (Gignoux, Henn &
Mountain, 2011; Skoglund et al., 2014; Nielsen et al., 2017), which eventually ended
up in the emergence of urbanised and industrialised nation-states. A more extense,
contiguous and less anthropogenically altered habitat in Asia during the Holocene
might have contributed to the homogeneous genetic pattern in the continent, while in
Europe, a higher anthropogenic pressure, intensified on recent times as documented
in historical records (Table S2), resulted in genetically structured and eroded
populations. Carnivore extermination policies at the turn of 19th and 20th centuries
extirpated the species from most of central Europe. Subsequent protection prevented
total extirpation in remnant populations and allowed some recovery, but today lynx
populations in this region remain highly isolated from each other and from the more
contiguous range further north and east (Hellborg et al., 2002; Schmidt et al., 2009;
Ratkiewicz et al., 2012). Demographic declines and genetic isolation during the
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last century have been particularly intense in Norway (together with neighbouring
Sweden) and NE-Poland. In Norway, the population was restricted to a few survivors
in the central region from 1926 to 1965, although it has steadily recovered since then,
apparently with little contribution of immigrants from outside Scandinavia (Linnell et
al., 2010). In NE-Poland the population became restricted to the Biatowieza Primeval
Forest (BPF), with apparent absence of lynx from 1890 to 1914 (Jedrzejewski et al.,
1996; Bieniek, Wolsan & Okarma, 1998), followed by a short bottleneck during the
1960s and 1970s and a modest recovery assisted by immigrants by the end of the 20th
century (Jedrzejewski et al., 1996). In contrast, the Carpathians population has been
considered relatively large, although largely isolated from other lynx populations, and
has been used as the source of animals for reintroductions in central/western Europe
(Von Arx et al., 2004). However, this population has not been exempted from intense
direct persecution that left around 100 individuals in Romania by 1930 (Kratochvil,
1968), and probably similar numbers in the Slovakian part (Hell & Slamecka, 1996).
The protection of the species in both countries in the 1930s allowed a significant
recovery of the population with around 500 individuals in Romania by 1950 and
400-500 in Slovakia in the period 1960-1990 (Kubala et al., 2019). Similar scenarios
with western fragmented and bottlenecked populations due to continued human
pressure during the Holocene versus more contiguous and stable ranges in the east
have been also postulated for other carnivore species such as wolf and brown bear in
Europe (Adamec et al., 2012; Pilot et al., 2014; Hindrikson et al., 2017).

Implications for conservation, management, and taxonomy

For conservation and taxonomic purposes, it is critical to formally assess possible
adaptive intraspecific divergences within the Eurasian lynx, a possibility that is now
made feasible by the availability of genomic data. Even though we find little to no
support for most of the subspecies discussed in the literature in recent years, the
finding of shallow differentiation at neutral regions of the genome does not exclude
the occurrence of locally divergent selection at particular genes, i.e. local adaptation.
We can also not discard that the morphological variation that sustained previous
subspecific delimitations are plastic responses to local environments mediated by
epigenetic changes, as suggested by a recent study of Lynx canadensis (Merondun,
Murray & Shafer, 2019). Nevertheless, given our results, we argue that management
plans should focus on reversing the demographic trends to prevent further genetic
erosion in the most affected populations, and allowing natural evolutionary processes,
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including the facilitation of population connectivity through migratory corridors in
human-altered habitats, as already postulated for lynx and other large carnivores
in Europe (Boitani et al., 2015). Management based on maintaining the current
distinctiveness of endangered European populations may not be warranted given
the shared history and sustained historical gene flow inferred in this study, and should
be balanced against risks of inbreeding depression, which in the absence of further
conclusive evidence are likely to exceed those of outbreeding depression in these
populations (Frankham et al., 2011; Frankham, 2015).
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(Wickham, 2007), lemon (Edwards, 2017), data.table (Dowle & Srinivasan, 2017),
rlang (Henry & Wickham, 2018), png (Urbanek, 2013), and rgdal (Bivand, Keitt, &
Rowlingson, 2017).
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SUPPLEMENTARY METHODS

History and status of the sampled populations

Information on the recent and current demographic status of Eurasian lynx
populations is large lacking and mostly unreliable, being mostly based on unvalidated
expert opinion and hunting statistics. Nevertheless, the populations sampled do cover
a range of recent demographic histories and exposure to anthropogenic impacts
(Table S2). Westernmost populations in Europe are the remnants of an ancient range
that started its contraction as early as the 7th century when the species disappeared
from Great Britain and followed by a progressive eastward withdrawal in continental
Europe starting probably in the 16th century and peaking in the 19th and 20th
century with the implementation of extermination policies in many countries. Such
intense persecution led to the extermination of the species in most of western Europe,
with the few westernmost populations surviving going through intense and extended
bottlenecks which were followed by a slow recovery once the species became protected
in the 1930s-1940s. Bottlenecks and genetic isolation have been particularly intense
in the Balkans, Norway (together with neighbouring Sweden) and NE-Poland, which
were at the brink of extirpation during the first half’ of 20th century and with little
or no gene flow from other lynx populations. The Carpathians Mountains (mainly
Romanian and Slovakian parts) went also through important contractions leaving
100-200 individuals by the 1930s, but recovered to more than 1000 individuals by
the second half of the 20th century. The Carpathian population has been since
considered relatively large, but largely isolated from other lynx populations, and has
been used as the source of animals for reintroductions in western Europe (Von Arx
et al., 2004). However, the first model-based estimates obtained recently suggest lynx
abundance in the region has been overestimated in the past (Krojerova-Prokesova et

al., 2019; Kubala et al., 2019).

Latvia is part of the northwestern population, together with Finland, western Russia,
and Estonia. While it also went through declines starting in the 17th century and
intensifying in the early 20th century, the population recovered and now occupies its
full historical range with 600-800 individuals estimated at present. Importantly, the
population remained well connected to the large and continuous core population
farther east in European Russia, which is represented in our sampling by Kirov and

the Urals.
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Information on the lynx populations in Asia is even more scarce, scattered and
mostly consists of fur harvest data, which not only reflect population numbers but
also socio-economic circumstances. The Asian distribution 1s generally considered
continuous and with high densities, although these typically fluctuate due to natural
(prey availability) and anthropic causes (harvest pressure), with amplitudes ranging
from 7 to 13 years, being larger at northern latitudes (Matyushkin & Vaisfeld, 2003).
Asian lynxes underwent also a heavy exploitation during last centuries, dating back to
the XVII century, with 10 000 lynx pelts were recorder yearly in Siberia only (Brass,
1911). This, however, did not lead to the extirpation of entire populations typical for
the bottlenecked populations in the western peripheries of the species range.

Samples

We sampled 80 L. [ynx across the distribution range of the species, including individuals
for five out of the six subspecies proposed by the IUCN Cat Specialist Group (L. L
lynx, L. [ balcanicus, L. L. carpathicus, L. l. 1sabellinus, and L. [. wrangel) (Kitchener et al.,
2018)). Majority of samples were tissues collected from legally hunted individuals
(Norway, Latvia, Russia, and Romania; n = 68) or animals found dead (Poland,
Carpathian Mountains, and Mongolia; n = 19). Three museum specimens (Balkans)
and six blood samples of live-trapped lynx (Biatowieza Primeval Forest in NE Poland
and Carpathians Mountains, in Poland) were also obtained. Sampling of harvested
individuals was opportunistic — the lynx harvesting was not intended for obtaining
genetic samples. The license for Iynx live-trapping and blood sampling in Poland was
obtained from the National Ethics Committee for Animal Experiments (no: DB/
KKE/PL — 110/2001) and the Local Ethics Committee for Animal Experiments
at the Medical University of Biatystok (no: 52/2007). These licenses adhere to the
Directive 2010/63/EU on the protection of animals used for scientific purpose. No
animals were harmed during live-trapping and handling.

Genome re-sequencing

Samples were sequenced at Centro Nacional de Analisis Genomico (CNAG-CRG) or
Macrogen using different sequencing strategies (Table S1). These strategies depend
on the quality of the gDNA extracted or the goal depth.
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Library preparation

Library preparation 1. Good quality samples aimed to be sequenced at low to medium
depth. gDNA samples were used for preparing Illumina sequencing compatible
paired-end libraries using NO-PCR protocol, TruSeq™DNA Sample Preparation
Kit v2 (Illumina Inc.) and the KAPA Library Preparation kit (Kapa Biosystems).
In short, 2.0 micrograms of genomic DNA sheared on a Covaris™ E210 was end-
repaired, adenylated and ligated to Illumina specific indexed paired-end adaptors.
The DNA was size selected with AMPure XP beads (Agencourt, Beckman Coulter)
in order to reach the fragment insert size of 220-550bp. The final libraries were
quantified using Library Quantification Kit (Kapa Biosystems).

Library preparation 2. Low input gDNA samples aim to be sequenced at low to
medium depth. Low input gDNA was used for short-insert paired-end libraries for
whole genome sequencing were prepared with KAPA HyperPrep kit (Roche-Kapa
Biosystems) with some modifications. In short, 0.8-1.0 microgram of genomic DNA
was sheared on a Covaris™ LE220 (Covaris) in order to reach the fragment size of
~500bp. The fragmented DNA was further size-selected for the fragment size of
220-550bp with AMPure XP beads (Agencourt, Beckman Coulter). The size selected
genomic DNA fragments were end-repaired, adenylated and ligated to Illumina
sequencing compatible indexed paired-end adaptors (NEXTflex® DNA Barcodes).
The adaptor-modified end library was size selected and purified with AMPure XP
beads to eliminate any not ligated adapters. The final libraries were quantified using
Library Quantification Kit (Kapa Biosystems).

Library preparation 3. Good quality samples aim to be sequenced at medium to
high depth. Library preparations were performed according to TruSeq DNA PCR-
Free library prep guide (Illumina). Briefly, one microgram of quantified genomic
DNA was sheared using an LE220Focused-ultrasonicator (Covaris, Inc.) with a Duty
factor of 15%, Peak incident power 450 W, 200 cycles per burst for 50 seconds.
Sheared DNA fragments were end-repaired, size-selected to obtain DNA fragments
around 350 bp, and adenylated according to the manufacturer’s instructions. After
ligating indexing adapters to the ends of the DNA fragments, quality and band size
of libraries were assessed using D1000 Screen Tapes (Agilent) on a TapeStation
2200 (Agilent). Library concentration was measured by qPCR using KAPA library
Quantification Kit (KAPA Biosystems).
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Library preparation 4. Low input gDNA samples aim to be sequenced at medium to
high depth. Library preparations were performed according to TruSeq Nano DNA
library prep guide (Illumina). Briefly, 100 nanogram of quantified genomic DNA was
sheared using an LE220Focused-ultrasonicator (Covaris, Inc.) with a Duty factor of
15%, Peak incident power 450 W, 200 cycles per burst for 50 seconds. Sheared DNA
fragments were end-repaired, size-selected to obtain DNA fragments around 350 bp,
and adenylated according to the manufacturer’s instructions. After ligating indexing
adapters to the ends of the DNA fragments, DNA libraries were enriched using eight
cycles of PCR according to the manufacturer’s instructions. Quality and band size
of libraries were assessed using D1000 Screen Tapes (Agilent) on a TapeStation 2200
(Agilent) after size selection and after PCR amplification. Libraries were quantified

by qPCR using KAPA library Quantification Kit (KAPA Biosystems).
Clustering and Sequencing

HiSeq2000 v3, 2x101bp. Some libraries were sequenced using TruSeq SBS Kit v3-
HS (Illumina Inc.), in paired end mode, 2x101bp, in a fraction of a sequencing lane
of HiSeq2000 flowcell v3 (Illumina Inc.) according to standard Illumina operation
procedures. Primary data analysis, the image analysis, base calling and quality scoring
of the run, were processed following standard Illumina procedures.

HiSeq2000 v4, 2x126bp. Other libraries were sequenced on HiSeq2000 (Illumina,
Inc) in paired-end mode with a read length of 2x126bp using TruSeq SBS Kit
v4 following the manufacturer’s protocol. Image analysis, base calling and quality
scoring of the run were processed following standard Illumina procedures.

HiSeq X-10, 2x150bp. Libraries aim to be sequenced at medium to high depth were
sequenced on HiSeq X-10 sequencer (Illumina, Inc) in paired-end mode with a
read length of 2x150bp following the manufacturer’s protocol. Image analysis, base
calling and quality scoring of the run were processed following standard Illumina
procedures.

*Library preparation 1 and 2 and Sequencing using HiSeq2000 was carried out in
CNAG facilities. Library preparation 3 and 4 and Sequencing using HiSeqX-10 was
carried out in MACROGEN facilities. In all cases, samples were sequenced using
INlumina protocols, and primary data analysis was carried out with the standard
[llumina pipeline.
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Quality controls, trimming & mapping to nuclear genome

We evaluated the quality of the data using FastQC (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc) and removed adaptors using SeqPrep (https://
github.com/jstjohn/SeqPrep). Trimmed reads were mapped to a 2.4Gb Lynx pardinus
(Iberian lynx) reference genome (Abascal et al., 2016) using BWA-MEM (Li, 2013)
with default parameters. After adding read groups to each sample using picard-
tools (https://broadinstitute.github.io/picard/), we merged the bam files from the
same individuals, which are also coming from the same library, with SAMtools
merge (Li et al., 2009). We marked the duplicates using picard-tools (https://
broadinstitute.github.io/picard/) and performed a local realignment using GATK
3.4 (McKenna et al., 2010). Then, we performed a Base Quality Score Recalibration
(BQSC), a pre-processing step to detect systematic errors made by the sequencer. As
BQSC needs a set of known variants, which we did not have, we followed GATK
recommendations (https://gatkforums.broadinstitute.org/gatk/discussion/44/base-
quality-score-recalibration-bgsr), and did an initial round of SNP calling on our data
unrecalibrated, and used it afterwards to do BQSR. Variant calling was done using
HaplotypeCaller (McKenna et al., 2010) on a priori defined populations (considered
as sampling locations, see Table S1, Table S2). We filtered the resulting VCF files
(https://github.com/vcflib/veflib, ”QD > 2 & MQ > 40 & FS < 100”), and used
those VCF file only to perform BQSC of the data using GATK 3.4 (McKenna et
al., 2010). We calculated overall stats using SAMtools flagstat (L1 et al., 2009) and
average depth using SAMtools depth (Li et al., 2009). The depth of our samples was
on average 7.4 +/- 2.3 sd for those sequenced using HiSeq 2000 and 23.7+/- 3.7 sd
for those sequenced with HiSeq X-10.

Neutral regions definition and exclusion

To determine neutral regions of the nuclear genome we excluded all the regions
annotated as functional categories in the Iberian lynx reference genome, i.e. genes,
IncRNAs, mRNAs, and ncRNAs (Abascal et al., 2016). Besides, we annotated and
excluded promoters of protein-coding genes and IncRNA defined as 1000-bp upstream
of the gene or IncRNA. We annotated and excluded ultra conserved non-coding
elements (UCNESs) using human coordinates (https://ccg.vital-it.ch/UCNEbase/).
This information was translated into cat coordinates using LiftOver (http://rohsdb.
cmb.usc.edu/GBshape/cgi-bin/hgLiftOver), and latter, we translated these cat
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coordinates into lynx coordinates by using lynx to cat sinteny (Abascal, 2016). We
also added a security buffer of +/-1000bp to any functional region to avoid regions
under the influence of functional areas. To exclude these functional regions and our
security buffer from the bam files we used bedtools subtract and bedtools intersect
(Quinlan & Hall, 2010).

Mitogenome reconstruction

To reconstruct the mitogenome, we mapped only 10M random reads in the case of
WG samples while all reads coming from the capture experiment were used. The
average depth was calculated using Samtools depth piped to a custom bash script.

We called SNPs using the following settings on Freebayes (Garrison & Marth, 2012):
haploid genome, minimum read mapping quality 30, minimum base quality 20, a
minimum of two bases supporting an alternative allele call, and a maximum read
mismatch fraction of 0.2. Repetitive regions RS2 and RS3 (positions 16096-16382
and 16908-174, respectively) (Sindicic¢ et al., 2012), where no SNPs could be called
reliably, were excluded from the analysis. The number of reference positions not
covered by any read was calculated for each individual using the command genomecov
in BEDTools (Quinlan & Hall, 2010). A consensus for each mitochondrial genome
was constructed using the FastaAlternateReferenceMaker command in GATK
(McKenna et al., 2010). Consensus sequences were rearranged to present them with
standard coordinates but lacking the excluded repetitive regions.

Treatment of suboptimal samples

Balkans samples were museum material with unknown collection date. Some
evidence indicates that at least two of them were more than 70 years old. All three
samples were maintained in suboptimal conditions for DNA studies. Accordingly,
we processed the samples in a sterile lab especially used for museum or suboptimal
material. DNA extraction yielded relatively low amount of DNA and the DNA was
highly degraded. Still, given the interest of the samples, we proceeded with library
preparation. Libraries failed standard quality control because of degradation and
RNA contamination. One of them also failed in DNA quantity. Standard procedures
were implemented to prevent contamination in the lab throughout the whole process.
As they were suboptimal material they underwent two sequencing runs to reach our
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goal depth, in contrast with the rest of the samples that got this depth with only one
run. FASTQQC analysis indicates that the reads show a distorted GC, which could
be an indication of bacterial DNA. We mapped the reads to the nuclear genome,
and calculated the endogenous content as: reads mapped vs. total reads. Balkans
samples showed 67%, 73%, and 85%, way below the average for the rest of the
samples (~97%). We also calculate Ts/'T'v ratio. High Ts/Tv ratios are indication of
damaged DNA, and are typical of museum and ancient materials. While one of the
samples (labeled as historical) showed signs of damage when compared to the rest
of contemporary samples, the other two showed a very low value. We performed
diversity measures using ANGSD and SNP calling using GATK and we found
unexpectedly high diversity values (above twice the diversity of Tuva (the population
with the highest diversity). Therefore, we decide to exclude these samples from this
analysis. Still, we think that analysis such as structure or PCA, although taken with
caution, could give some useful information on the relationship of Balkan samples to
the rest of the samples. Contamination, errors, and damage are unlikely to be shared
among samples, so the variants shared by all three samples and separating Balkan

samples from the rest are likely to be authentic.

For the mitogenome analysis, Balkans samples underwent a BLAST+ (Camacho et
al., 2009) based filtering step between mapping and SNP calling. BLAST+ searches
were performed in our own server against NCBI database using as queries all
mapping reads showing one or more mismatches to the reference genome. Reads
were excluded if the list of hits with the lowest E-values did not include at least one
felid species. Besides, we manually revised and confirmed all SNPs called from these
samples. Therefore, the extra divergence of the Balkan mitogenomes, obtained from
low quality samples, is not likely caused by contamination or post-mortem damage,
as many divergent reads potentially coming from exogenous DNA were efficiently
removed through this BLAST filtering step (sample:percentage of removed reads,
mapping reads retained post-filtering: h_ll_ba_0214: 34%, 18370; h_ll_ba_0215:
17%, 26622; c_1l_ba_0216: 8%, 30749). Moreover, the exact same haplotype was
independently reconstructed from the three samples; suggesting that they are not
affected by contamination or damage, which are expected to be random and sample-

specific.
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Identification of the ancestral state

We inferred the ancestral state using L. rufus for our analysis with ANGSD. Raw
paired-end Illumina reads were mapped to the Iberian lynx reference genome and
the resulting bam file was used to call variants using SAMtools mpileup (—q30) (Li et
al., 2009). The output was piped into pu2fa (-C45) program from Chrom-Compare-
master (https://github.com/Paleogenomics/Chrom-Compare) to do a pseudo-
haploidisation. We inferred the ancestral state for 97% of bases in our reference

genome.
Chromosome X and Y regions definition and molecular sexing

The annotation of the reference genome do not include sexual chromosomes so we
characterized such regions as they should be treated apart of the autosomes because
of their different ploidy. For each sexual chromosome we defined two different sets of
regions depending on their posterior use:

1) A lax definition was used to define any region having signals of belonging to a
sex chromosome. We used these regions to sex molecularly our individuals and to
exclude them from any analysis intended on the autosomes (i.e. PSMC, measures of
autosomal diversity).

11) An strict definition was used to define regions which showed clear signs of belonging
to the sexual chromosomes and therefore were used in the analysis aiming to study

haploid and sex-linked genetic signals.

1) For our lax definition, we defined non-recombining parts of sexual chromosomes
regions using differential depth expected in autosomal vs Y and non-recombinant X
chromosome regions. Expecting that female/male ratio would be: ~1 in autosomal
regions ~0 in Y non-recombinant regions ~0.5 in X non-recombinant regions.
Similar approaches were previously used by Hall et al. (2013), and later modified by
Smeds et al. (2015). We used Lynx pardinus individuals (eleven males and 15 females)
sequenced to 5x depth to do this analysis. First because the sex of those individuals
was known, and also, because our reference genome belongs to Lynx pardinus and

only perfectly matching reads are taken into account to calculate read depth -species
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divergence could cause lack of depth in some areas of the genome. Then, we
extrapolated our results to our L. {ynx individuals, assuming that the divergence of
the two species is so recent that chromosomal reorganizations, if’ any, should be a
minority. We computed the per base average normalized depth for both females and
males and then calculated the female/male ratio.

First, we used samtools view to select only primary alignments with a minimum
mapping quality of 30 and no mismatches followed by samtools depth to get each
base depth. Then, for each individual we used its mode to normalize each base depth
to later compute the average depth per base and sex which was used to get the per
base female normalized depth / male normalized depth ratio. The distribution of

such ratios was explored in R using a random subset of 5M positions.

We decided to make the definition (X, Y or autosomic) of each region using contigs as
the meaningful units, as single bases belonging to a chromosome when the adjacent
ones do not does not make biological sense and scaffolds might be chimerical due to
errors in the scaffolding process. For each contig we obtained its length as well as the

number of bases with no data available.

To further inform the definition of the X chromosome, we took advantage of the
definition of the regions annotated as syntenic to cat’s X or autosomal chromosomes
in Abascal (2016). First, we compared the distributions of the ratios found in those
syntenic regions in contrast with regions syntenic to autosomes to help us to define
the thresholds used. A base was assigned to the X chromosome if it showed a female
depth/male depth ratio above 1.5 and/or if it had been described as syntenic to the
cat X chromosome. We defined a contig as belonging to the X chromosome in our

lax definition if more than 30% of its bases met our requirements.

Chromosome\Definition | Lax (scaffolds/bases) | Strict (scaffolds/bases)
Y Chromosome 401 / 335,035 77 [ 33,032
X Chromosome 14,467 / 72,426,678 1,891 / 45,245,057

78



LINCES EN EL PALEARTICO

The lax definition of the Y chromosome contigs required them to have more
than 30% of their bases with a female/male depth ratio below 0.3 and at least a
normalized depth of 0.2 in males (to avoid non-covered regions by sequencing or

mapping biases).

11) As the strict X chromosome definition we simply used the bases that had already
been described as X chromosome using the synteny to the cat genome.

As the strict definition, we required at least 90% of the total bases in a contig to have
a ratio below 0.3 and an average normalized depth for males between 0.2 and 0.8 (to
also exclude multicopy Y chromosome regions) for the Y chromosome.

To sex molecularly our individuals, we called SNPs on each sample’s original BAM
file using the lax definition of the Y chromosome as target region using GATK
3.4 (McKenna et al., 2010) and following GATK best practice recommendations
(DePristo et al., 2011). Then we visually inspected the VCF files to define as females
those samples showing virtually no depth for any reported SNP compared to males,

which showed consistent depth in all regions.
Y chromosome variation

We called SNPs on males exclusively using their pooled BAM files, selecting our strict
definition of Y chromosome bases as the target region, and the same setting used for

the mitogenome calling.
SNP calling and genotyping

When required for the analysis we called variants following the genome VCF (GVCF)
workflow in GATK 3.4 (McKenna et al., 2010)), i.e. we ran the HaplotypeCaller
tool individually on each L. [ynx sample to produce per-sample intermediate GVCF's,
which were parsed to the GenotypeGVCFs tool for a joint variant calling and
genotyping. Next, INDELs and multiallelic SNPs were filtered out from the VCE,
as were all other variants that did not meet the recommended GATK hard filters
(variants were excluded if “QD <2.0 || FS>60.0 | | MQ <40.0 | | MORankSum
<-12.5 || ReadPosRankSum < -8.0 | | SOR > 3.0”).
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Phylogenetic analyses of mitogenomes

In order to estimate a substitution rate for the mitochondrial genome in felids, we
downloaded from GenBank the sequences and the respective annotations of the
following felid mitogenomes: Panthera leo (GenBank: KP202262), P pardus (GenBank:
KP202265), P onca (GenBank: KP202264), P uncia (GenBank: KP202269), P tigris
(GenBank: KP202268), Neofelis nebulosa (GenBank: KP202291), Acinonyx jubatus
(GenBank: KP202271), Puma concolor (GenBank: KP202261), Catopuma temmincki
(GenBank: KP202267), L. lynx (GenBank: KP202283), Pardofelis marmorata (GenBank:
KP202263), Felis catus (GenBank: FCU20753), Prionailurus bengalensis (GenBank:
KP246843), Caracal caracal (GenBank: KP202272), and Leopardus guigna (GenBank:
KP202293), and Prionodon pardicolor (GenBank: NC_024569) as a non-felid outgroup.
Sequences were aligned using ClustalW v2.1 in Geneious v11.1.2 (Kearse et al.,
2012). We used the Greedy algorithm with linked branch lengths implemented in
PartitionFinder v2.1.1 (Lanfear et al., 2017) to investigate the set of partitions and
substitution models adequate to all possible combinations of tRNAs (pulled together),
the two rRNAs and twelve genes in the dataset of the 16 mitochondrial sequences,
encompassing 14,994 bp. The ND6 gene and the hypervariable Control Region were
excluded from the analyses. We inferred a substitution rate of 1,54*10-8 mutations/
site/year for the mitogenome.

We performed a Bayesian phylogenetic analysis with the 15 feline species using
BEAST v2.4.8 (Bouckaert et al., 2014) and the optimal partitions selected with
PartitionFinder among the models implemented in BEAST. The tree was calibrated
using a set of fossil constraints (Table below). We assumed a strict clock as justified
before (Paijmans et al., 2017) and a calibrated Yule model as the tree prior, more
appropriate when considering sequences from different species. The Markov chain
Monte Carlo (MCMC) chain was run for 50 million steps to ensure convergence of
the chain and ESS values well above 200 for all parameters estimated. Results were
visualised with Tracer v1.7 (Beta version) (Rambaut et al., 2018) discarding the initial
10% as burn-in.

Log Normal Parameters

. . Minimum Maximum
Fossil (estimated age) hard bound | soft bound M S
Lynx (5.3 Ma) 53 10 1.0 125
Acinonyx (3.8 Ma) 3.8 10 1.2 1.3
Caracal (3.8 Ma) 3.8 16 2.0 1.5
Oldest Panthera tigris (1.5 Ma) 1.5 10 1.5 1.35
Oldest Panthera (3.8 Ma) 3.8 16 2.0 1.5
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SUPPLEMENTARY FIGURES
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Fig. S1. PSMC results with bootstrapping for individuals from Kirov, Yakutia, Primorsky
Krai and Carpathians, and for pseudo-diploid sequences created by combining haplotypes
from pairs of populations.
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Fig. S2. Population trees inferred by Treemix when allowing zero, one, three, four, five and six
migration events.
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Fig. S3. Visualization of the residuals from the fit of the model to the data for m=2 in TreeMix.
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Fig. S5. Fraction of variance explained by the model allowing 0 to 6 migration events in Treemix.
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Fig. S7. Correlation of genetic vs. geographic distances between pairs of individuals. Correlations
were assessed separately for Asian-Asian, European-European and Asian-European pairs. European
bottlenecked populations (Carpathians, Norway and NE-Poland) were not included in this analysis.
We tested an effect additional to geographic distance contributing to the genetic distance separating
Asian and European individuals through a partial Mantel test. This test was significant (r=0.5459;

p=0.001).
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Fig. S8. NJ-tree of populations based on pairwise FST.
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4. Mongolia population comprise K/C-aymag

Fig. S10. Alternative clustering patterns obtained in 10 runs of NGSadmix for K
(i.e. Central and Khentii aymag) and Omnogovi.
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Fig. S12. Alternative clustering patterns obtained in 10 runs of NGSadmix for K
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LINCES EN EL PALEARTICO

PC1 (5.73%) / PC2 (5.18%)

@® Norway %) Sampling _
@) . PCA coordinates .

80- Latvia o - R
@ NE-Poland \% -
O carpathians

>
@ Balkans . I
® Kirov A
® uvas - , N ~
" a N\

‘

long

Fig. S13. Procrustes-transformed PCA coordinates to geographical coordinates in European
populations, and sampling sites.
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Fig. S14. Procrustes-transformed PCA coordinates to geographical coordinates in Asian populations,
and sampling sites.
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Fig. S15. Correlation of genetic vs. geographic distances between pairs of individuals from
European populations, including and excluding individuals from European bottlenecked populations
(Carpathians, Norway and NE-Poland). NB-NB: comparisons between two individuals from non-
bottlenecked populations (NB); B-NB: comparisons between one individual from bottlenecked (B) and
one individual from non-bottlenecked population (NB); B-B: comparison between two individuals
from bottlenecked populations (B).
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Fig. S16. Comparison of genomic nucleotide diversity among mammals. Modified from Robinson et

al. (2016).
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Fig. S18. Site frequency spectrum (SFS) of the different Eurasian lynx populations.
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SUPPLEMENTARY TABLES

Table S1. Detailed information about the L. /ynx samples analysed in this study.

ﬂdllll}lc 9 uUDPC\-lCD 1adL 1uuidN 1L CPUI v ) UUDP:LICB YyyuLciLlially 44UV

h_Il_ba_0214 Lynx lynx balcanicus Lynx lynx balcanicus
h_Il_ba_0215 Lynx lynx balcanicus Lynx lynx balcanicus
c_ll_ba_0216 Lynx lynx balcanicus Lynx lynx balcanicus
c_ll_cr_0205 Lynx lynx carpathicus Lynx lynx carpathicus
c_ll_cr_0206 Lynx lynx carpathicus Lynx lynx carpathicus
c_ll_cr_0207 Lynx lynx carpathicus Lynx lynx carpathicus
c_ll_cr_0208 Lynx lynx carpathicus Lynx lynx carpathicus
c_ll_cr_0209 Lynx lynx carpathicus Lynx lynx carpathicus
c_ll_cr_0212 Lynx lynx carpathicus Lynx lynx carpathicus
c_ll_ka 0184 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll_ka_0186 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll_ka_0188 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll_ka_0189 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll_ki_0086 Lynx lynx lynx Lynx lynx lynx
c_ll_ki_0088 Lynx lynx lynx Lynx lynx Iynx
c_ll_ki_0090 Lynx lynx lynx Lynx lynx lynx
c_ll_ki_0091 Lynx lynx lynx Lynx lynx lynx
c_ll_ki_0092 Lynx lynx lynx Lynx lynx lynx
c_ll_ki_0093 Lynx lynx lynx Lynx lynx Iynx
c_ll_ki_0094 Lynx lynx lynx Lynx lynx lynx
c_ll_ki_0095 Lynx lynx lynx Lynx lynx Iynx
c_ll_ki_0096 Lynx lynx lynx Lynx lynx lynx
c_lIl_ki_0097 Lynx lynx lynx Lynx lynx Iynx
c_ll_ki_0098 Lynx lynx lynx Lynx lynx lynx
c_ll_ki_0099 Lynx lynx lynx Lynx lynx Iynx
c_ll_ki_ 0100 Lynx lynx lynx Lynx lynx lynx
c_Il_ki_0101 Lynx lynx lynx Lynx lynx lynx
c_ll ki 0102 Lynx lynx lynx Lynx lynx lynx
c_ll_la_0044 Lynx lynx lynx Lynx lynx lynx
c_ll_la_0047 Lynx lynx lynx Lynx lynx lynx
c_ll_la_0048 Lynx lynx lynx Lynx lynx lynx
c_ll_la_0052 Lynx lynx lynx Lynx lynx lynx
c_ll_la_0053 Lynx lynx lynx Lynx lynx Iynx
c_ll_la_0054 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0063 Lynx lynx lynx Lynx lynx Iynx
c_ll_no_0064 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0065 Lynx lynx lynx Lynx lynx Iynx
c_ll_no_0068 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0069 Lynx lynx lynx Lynx lynx Iynx
c_ll_no_0070 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0071 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0072 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0074 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0075 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0076 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0077 Lynx lynx lynx Lynx lynx lynx
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Population Nuclear WG WG depth Library preparation
Balkans Yes Low-medium Library_preparation_2
Balkans Yes Low-medium Library_preparation_2
Balkans Yes Low-medium | Library_preparation_2

Carpathian montains Yes Low-medium Library_preparation_1
Carpathian montains Yes Low-medium Library_preparation_1
Carpathian montains Yes Low-medium Library_preparation_1
Carpathian montains Yes Low-medium Library_preparation_1
Carpathian montains Yes Low-medium | Library_preparation_1
Carpathian montains Yes Medium-high | Library_preparation_4
Mongolia (Central/Khentii aymag) Yes Low-medium Library_preparation_2
Mongolia (Central/Khentii aymag) Yes Low-medium Library_preparation_2
Mongolia (Central/Khentii aymag) Yes Low-medium | Library_preparation_2
Mongolia (Central/Khentii aymag) Yes Low-medium | Library_preparation_2

Kirov region No NA Library preparation 5

Kirov region No NA Library preparation 5

Kirov region Yes Medium-high | Library_preparation_4

Kirov region Yes Low-medium Libraryipreparationil

Kirov region Yes Low-medium Library_preparation_1

Kirov region Yes Low-medium Library_preparation_1

Kirov region Yes Low-medium Library_preparation_1

Kirov region Yes Low-medium Library_preparation_1

Kirov region Yes Low-medium Libraryipreparationfl

Kirov region Yes Low-medium Library_preparation_1

Kirov region Yes Low-medium Library_preparation_1

Kirov region Yes Low-medium Library_preparation_1

Kirov region Yes Low-medium Library_preparation_l

Kirov region Yes Low-medium Libraryipreparationil

Kirov region Yes Low-medium Library_preparation_1

Latvia Yes Low-medium Library_preparation_2
Latvia Yes Low-medium Library_preparation_2
Latvia Yes Low-medium Library_preparation_2
Latvia Yes Low-medium Library_preparation_2
Latvia Yes Low-medium Library_preparation_2
Latvia Yes Low-medium Library_preparation_2
Norway No NA Library preparation 5
Norway No NA Library preparation 5
Norway No NA Library preparation 5
Norway No NA Library preparation 5
Norway No NA Library preparation 5
Norway No NA Library preparation 5
Norway No NA Library preparation 5
Norway No NA Library preparation 5
Norway No NA Library preparation 5
Norway Yes Low-medium Library_preparation_1
Norway Yes Low-medium Library_preparation_1
Norway Yes Low-medium Library_preparation_1
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Sequencing platform | Depth of coverage WG | Mitogenome Latitude Longitude Sex
HiSeq2000,v4 4,77714 Yes 20°48'40.59"E | 42°13'52.22"N Male
HiSeq2000,v4 4,83197 Yes 20°48'40.59"E | 42°13'52.22"N Female
HiSeq2000,v4 4,3064 Yes 19°5428.59"E | 42°44'41.39"N Male
HiSeq2000,v4 7,97891 Yes 19°45'30.73"E| 49°40'17.04'N Female
HiSeq2000,v4 7,54133 Yes 25°35'57.94"E | 45°3826.45"N Male
HiSeq2000,v4 8,68415 Yes 22°12'441"E 45°23'50.94"N Female
HiSeq2000,v4 7,61293 Yes 22°17'56.19"E 49°452.97"N Female
HiSeq2000,v4 8,62264 Yes 22°12'441"E 45°23'50.94"N Female

HiSeq X-10 19,2437 Yes 22°26'5.33"E | 49°42'28.08"N Male
HiSeq2000,v4 6,96814 Yes 108°38'11.00"E| 48°22'43.00"N Male
HiSeq2000,v4 6,86957 Yes 108°425.00"E | 48°24'35.00"N Female
HiSeq2000,v4 6,00429 Yes 110°29'11.00"E[ 48°37'21.00"N Male
HiSeq2000,v4 5,92381 Yes 110°29'11.00"E| 48°37'21.00"N Male
HiSeq2000,v3 NA Yes 52°48'51.71"E| 59°11'53.21"N NA
HiSeq2000,v3 NA Yes 50°23'47"E 59°48'53"N NA

HiSeq X-10 21,8923 Yes 50°23'47"E 59°48'53"N Female
HiSeq2000,v3 6,10748 Yes 50°23'47"E 59°48'53"N Male
HiSeq2000,v3 5,31978 Yes 50°23'47"E 59°48'53"N Female
HiSeq2000,v3 5,29063 Yes 50°23'47"E 59°48'53"N Male
HiSeq2000,v3 5,84507 Yes 50°23'47"E 59°48'53"N Male
HiSeq2000,v3 5,29078 Yes 48°24'59"E 60°48'44"N Male
HiSeq2000,v3 6,12156 Yes 48°24'59"E 60°48'44"N Male
HiSeq2000,v3 6,02764 Yes 48°24'59"E 60°48'44"N Female
HiSeq2000,v3 5,77744 Yes 48°24'59"E 60°48'44"N Female
HiSeq2000,v3 6,00544 Yes 48°24'59"E 60°48'44"N Female
HiSeq2000,v3 6,17273 Yes 46°43'38"E 61°11'38"N Male
HiSeq2000,v3 6,29829 Yes 46°43'38"E 61°11'38"N Female
HiSeq2000,v3 6,07494 Yes 46°43'38"E 61°11'38"N Male
HiSeq2000,v4 7,73762 Yes 22°31'40.58"E | 56°38'33.42"N Male
HiSeq2000,v4 6,9258 Yes 28°8'43.59"E 56°22'36.28"N Female
HiSeq2000,v4 5,26228 Yes 22°49'7.98"E 57°21'30.79"N Female
HiSeq2000,v4 6,83197 Yes 22°35'48.23"E 57°212.27"N Male
HiSeq2000,v4 7,77824 Yes 22°49'0.39"E 57°2'45.09"N Female
HiSeq2000,v4 8,24717 Yes 25°34'18.55"E | 57°4021.74"N Male
HiSeq2000,v3 NA Yes 27°28'49.97"E| 70°4'33.69'N Female*
HiSeq2000,v3 NA Yes 23°1'49.14'E | 69°5622.70"N NA
HiSeq2000,v3 NA Yes 21°2024.98"E| 69°29'14.21"N Female*
HiSeq2000,v3 NA Yes 23°121.28'E 69°0'19.20"N Male*
HiSeq2000,v3 NA Yes 21°21'54.37"E | 69°33'20.90"N Male*
HiSeq2000,v3 NA Yes 10°1028.73"E 62°57'0.70"N NA
HiSeq2000,v3 NA Yes 11°37'29.30"E | 63°47'59.08"N Female*
HiSeq2000,v3 NA Yes 11°37'29.30"E | 63°47'59.08"N Female*
HiSeq2000,v3 NA Yes 10°48'51.78"E | 63°52'41.00"N Male*
HiSeq2000,v3 5,42769 Yes 12°21'40.04"E | 64°3026.98"N Male
HiSeq2000,v3 5,79824 Yes 10°40'45.23"E | 63°49'28.47'N Male
HiSeq2000,v3 5,13626 Yes 10°57'15.35"E 63°342.38'N Male
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c_ll_no_0078 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0079 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0080 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0081 Lynx lynx lynx Lynx lynx lynx
c_ll_no_0082 Lynx lynx lynx Lynx lynx lynx
c_ll_og 0181 Lynx lynx isabellinus Lynx lynx isabellinus
c_ll_og 0187 Lynx lynx isabellinus Lynx lynx isabellinus
c_ll_po_0001 Lynx lynx lynx Lynx lynx lynx
c_ll_po_0002 Lynx lynx lynx Lynx lynx lynx
c_ll_po_0003 Lynx lynx lynx Lynx lynx lynx
c_ll_po_0004 Lynx lynx lynx Lynx lynx lynx
c_1l_po_0005 Lynx lynx lynx Lynx lynx lynx
c_ll_po_0007 Lynx lynx lynx Lynx lynx lynx
c_1l_po_0010 Lynx lynx lynx Lynx lynx lynx
c_ll_po_0011 Lynx lynx lynx Lynx lynx lynx
c_ll_po_0014 Lynx lynx lynx Lynx lynx lynx
c_ll_po_0017 Lynx lynx lynx Lynx lynx lynx
c_ll_po_0019 Lynx lynx lynx Lynx lynx lynx
c_ll_po_0105 Lynx lynx lynx Lynx lynx lynx
c_ll_po_0106 Lynx lynx lynx Lynx lynx lynx
c_ll_to_0190 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll_to_0191 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll_tu_0153 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll_tu_0157 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll tu_0158 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll_tu_0159 Lynx lynx wrangeli Lynx lynx kozlovi

c_ 1l tu_0165 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll_tu_0166 Lynx lynx wrangeli Lynx lynx kozlovi
c_ll_ur_0194 Lynx lynx lynx Lynx lynx lynx
c_1l_ur_0195 Lynx lynx lynx Lynx lynx lynx
c_ll_ur_0196 Lynx lynx lynx Lynx lynx lynx
c_1l_ur_0199 Lynx lynx lynx Lynx lynx lynx
c_ll_ur_0200 Lynx lynx lynx Lynx lynx lynx
c_1l_ur_0203 Lynx lynx lynx Lynx lynx lynx
c_ll_vl_0107 Lynx lynx wrangeli Lynx lynx neglectus
c_1l_vl 0108 Lynx lynx wrangeli Lynx lynx neglectus
c_ll_vl_0109 Lynx lynx wrangeli Lynx lynx neglectus
c_ll_vl_0110 Lynx lynx wrangeli Lynx lynx neglectus
c_ll_vl_0112 Lynx lynx wrangeli Lynx lynx neglectus
c_ll_vl_0113 Lynx lynx wrangeli Lynx lynx neglectus
c_ll_vl_0128 Lynx lynx wrangeli Lynx lynx neglectus
c_ll_vl1 0132 Lynx lynx wrangeli Lynx lynx neglectus
c_ll ya_0138 Lynx lynx wrangeli Lynx lynx wrangeli
c_ll_ya_0139 Lynx lynx wrangeli Lynx lynx wrangeli
c_ll_ya 0140 Lynx lynx wrangeli Lynx lynx wrangeli
c_ll_ya 0142 Lynx lynx wrangeli Lynx lynx wrangeli
c_ll_ya 0143 Lynx lynx wrangeli Lynx lynx wrangeli
c_ll_ya_0145 Lynx lynx wrangeli Lynx lynx wrangeli
c_ll_ya_0146 Lynx lynx wrangeli Lynx lynx wrangeli
c_ll_ya_0147 Lynx lynx wrangeli Lynx lynx wrangeli
c_lr_zz_0001 Lynx rufus Lynx rufus
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Norway Yes Low-medium Library_preparation_1

Norway Yes Low-medium Library_preparation_1

Norway Yes Low-medium Library_preparation_1

Norway Yes Low-medium Library_preparation_1

Norway Yes Low-medium Library_preparation_1
Mongolia (Omnogovi) Yes Low-medium Library_preparation_2

Mongolia (Omnogovi) Yes Low-medium Library_preparation_2
Bialowieza Primeval Forest Yes Low-medium Library_preparation_1
Bialowieza Primeval Forest Yes Low-medium Library_preparation_1
Biatowieza Primeval Forest Yes Low-medium | Library_preparation_1
Biatowieza Primeval Forest No NA Library preparation 5
Bialowieza Primeval Forest No NA Library preparation 5
Bialowieza Primeval Forest No NA Library preparation 5
Bialowieza Primeval Forest No NA Library preparation 5
Bialowieza Primeval Forest Yes Low-medium Library_preparation_1
Bialowieza Primeval Forest Yes Low-medium Library_preparation_1
Biatowieza Primeval Forest No NA Library preparation 5
Biatowieza Primeval Forest Yes Low-medium Library_preparation_1
Knyszyn Primeval Forests Yes Low-medium | Library_preparation_1
Knyszyn Primeval Forests Yes Low-medium Library_preparation_1
Mongolia (Central/Khentii aymag) Yes Low-medium | Library_preparation_2

Mongolia (Central/Khentii aymag) Yes Low-medium Library_preparation_2
Tuva Republic Yes Low-medium Library_preparation_2

Tuva Republic Yes Low-medium Library_preparation_2

Tuva Republic Yes Low-medium Library_preparation_2

Tuva Republic Yes Low-medium Library_preparation_2

Tuva Republic Yes Low-medium Library_preparation_2

Tuva Republic Yes Low-medium | Library_preparation_2

Ural Mountains Yes Low-medium Library_preparation_1

Ural Mountains Yes Low-medium | Library_preparation_1

Ural Mountains Yes Low-medium Library_preparation_1

Ural Mountains Yes Low-medium Library_preparation_1

Ural Mountains Yes Low-medium Library_preparation_1

Ural Mountains Yes Low-medium Library_preparation_1
Primorsky Krai Yes Low-medium Library_preparation_1
Primorsky Krai Yes Low-medium Library_preparation_1
Primorsky Krai Yes Low-medium | Library_preparation_1
Primorsky Krai Yes Low-medium Library_preparation_1

Primorsky Krai Yes Medium-high Library_preparation_3
Primorsky Krai Yes Low-medium Library_preparation_1
Primorsky Krai Yes Low-medium Library_preparation_1
Primorsky Krai Yes Low-medium Library_preparation_1
Yakutia Republic Yes Low-medium Library_preparation_1
Yakutia Republic Yes Low-medium Library_preparation_1
Yakutia Republic Yes Low-medium Library_preparation_1
Yakutia Republic Yes Low-medium | Library_preparation_1
Yakutia Republic Yes Low-medium Library_preparation_1
Yakutia Republic Yes Low-medium | Library_preparation_1

Yakutia Republic Yes Medium-high | Library_preparation_3
Yakutia Republic Yes Low-medium Library_preparation_1

Na Yes Medium-high | Library_preparation_4
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HiSeq2000,v3 5,25445 Yes 12°8'49.62"E 61°232.66"N Male
HiSeq2000,v3 5,09435 Yes 8°24'42.53"E 59°23'55.42"N Male
HiSeq2000,v3 5,21795 Yes 8°43'38.54"E 60°39'53.79"N Female
HiSeq2000,v3 5,53956 Yes 8°582.81"E 60°16'28.74"N Female
HiSeq2000,v3 5,36419 Yes 9°1'43.70"E 60°8'40.04"N Male
HiSeq2000,v4 6,79024 Yes 101°2'52.00"E | 43°13'30.00"N Male
HiSeq2000,v4 5,63946 Yes 101°2'52.00"E | 43°13'30.00"N Female
HiSeq2000,v4 6,51928 Yes 23°35'43.68"E| 52°57'15.72"N Male
HiSeq2000,v4 6,61355 Yes 23°50'35.00"E [ 52°49'22.81"'N Female
HiSeq2000,v4 6,43528 Yes 23°43'12.86"E| 52°47'48.32"N Female
HiSeq2000,v3 NA Yes 23°23'39.63"E| 52°50'33.07'N Female*
HiSeq2000,v3 NA Yes 23°50'35.00"E| 52°4922.81"N NA
HiSeq2000,v3 NA Yes 23°50'35.00"E| 52°4922.81"N Female*
HiSeq2000,v3 NA Yes 23°45'52.35"E| 52°39'54.96"N Male*
HiSeq2000,v4 6,44556 Yes 23°30'51.37"E| 52°53'30.49"N Male
HiSeq2000,v4 6,38699 Yes 23°56'43.94"E 52°46'6.68"N Male
HiSeq2000,v3 NA Yes 23°36'41.72"E| 52°39'40.52"N Female*
HiSeq2000,v4 6,376 Yes 23°44'36.44"E| 52°40'50.61"N Male
HiSeq2000,v4 6,05977 Yes 23°2825.76"E 53°5'26.62"N Male
HiSeq2000,v4 6,10897 Yes 23°39'32.61"E 53°6'16.21"N Female
HiSeq2000,v4 7,33784 Yes 108°16'23.00"E[ 47°23'55.00"N Female
HiSeq2000,v4 7,71857 Yes 108°41'1.00"E | 47°37'48.00"N Male
HiSeq2000,v4 8,10689 Yes 96°32'00.0"E 51°29'00.0"N Female
HiSeq2000,v4 7,80348 Yes 96°32'00.0"E 51°29'00.0"N Male
HiSeq2000,v4 8,0083 Yes 96°32'00.0"E 51°29'00.0"N Female
HiSeq2000,v4 7,73842 Yes 96°32'00.0"E 51°29'00.0"N Female
HiSeq2000,v4 7,76115 Yes 96°32'00.0"E 51°29'00.0"N Female
HiSeq2000,v4 8,05401 Yes 96°32'00.0"E 51°29'00.0"N Male
HiSeq2000,v4 11,0239 Yes 59°38'33.00"E 56°2'53.00"N Female
HiSeq2000,v4 11,7718 Yes 60°7'49.94"E 55°8'58.01"N Male
HiSeq2000,v4 12,3771 Yes 60°7'49.94"E 55°8'58.01"N Male
HiSeq2000,v4 13,1596 Yes 59°47'19.00"E| 55°10'54.00"N Male
HiSeq2000,v4 12,6612 Yes 59°0'1.97"E 55°02.00"N Male
HiSeq2000,v4 13,3973 Yes 57°21'45.00"E | 54°59'58.00"N Female
HiSeq2000,v4 6,50257 Yes 136°2821.71"E|  44°56'8.45"N Female
HiSeq2000,v4 11,8787 Yes 135°34'45.07"E| 45°17'37.84"'N Female
HiSeq2000,v4 6,04097 Yes 136°43'52.76"E[ 45°39'59.98"N Male
HiSeq2000,v4 7,07492 Yes 132°54'50.74"E|  49°0'53.30"N Male
HiSeq X-10 28,9235 Yes 137°0'33.44"E| 45°5125.99"N Female
HiSeq2000,v4 8,36169 Yes 137°0'33.44"E| 45°5125.99"N Male
HiSeq2000,v4 7,96396 Yes 137°25'50.84"E| 45°5427.11"'N Male
HiSeq2000,v4 8,31332 Yes 137°25'50.84"E[ 45°5427.11"N Male
HiSeq2000,v4 7,94849 Yes 132°4'9.98"E 59°54'3.71"N Male
HiSeq2000,v4 7,97872 Yes 129°12'17.68"E[ 61°1121.23"N Male
HiSeq2000,v4 8,15324 Yes 129°9'42.35"E 61°9'33.70"N Male
HiSeq2000,v4 8,29523 Yes 136°10'36.67"E| 66°53'17.09"N Male
HiSeq2000,v4 7,8525 Yes 136°10'36.67"E[ 66°53'17.09"N Male
HiSeq2000,v4 8,26097 Yes 129°26'43.23"E| 61°53'35.84"N Male
HiSeq X-10 22,9182 Yes 130°40'44.70"E[ 60°46'34.41"N Male
HiSeq2000,v4 8,07335 Yes 127°18'16.14"E|  60°45'5.54"N Female
HiSeq X-10 25,6619 No NA NA NA
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Table S2. Climatic, habitat, historical records, taxonomic description and estimated current

Ne of the studied Lynx [ynx populations.
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Population Climate' Land cover’ Demography’
N(.)rth-FTaétern Poland Cold, without dry Temperate Broadleaf
1 |((Bialowieza and Knyszyn season, warm & Mixed Forests Bottlenecked
Primeval Forests (BPF & KPF)) |summer
Temperate, without
Temperate Broadleaf
2 |[Balkans dry season, warm & Mixed Forests Bottlenecked
summer
Cold, without dry
T if
3 |Carpathian Mountains season, warm emperate Conifer Bottlenecked
Forests
summer
4 |Latvia scezls(i))nwjfz:: o Temperate Broadleaf Health
’ & Mixed Forests Y
summer
Cold, without d
5 |Norway 01 WIROWL ALY 1B real Forests/Taiga |Bottlenecked
season, cold summer
1d, with
6 |Kirov region, Russia Cold, without dry Boreal Forests/Taiga [Healthy
season, cold summer
Cold, without dry
7 |Ural Mountains, Russia season, warm Boreal Forests/Taiga |Healthy
summer
3 Tuva. (the Republic of Tyva), Cold, dry winter, Temperate Conifer Healthy
Russia cold summer Forests
Yakuti lic of Sakha), 1d, inter, .
9 |2 u.tla (Republic of Sakha) Cold, dry wllnter Boreal Forests/Taiga [Healthy
Russia very cold winter
1d, inter, T Broadleaf
10 (Primorsky Krai, Russia Cold, dry winter emPerate roadlea Healthy
warm summer & Mixed Forests
11 |Mongolia (Omnogovi) Arid, desert, cold SDherler)tlsaIél%;z(erlc Healthy
Mongolia (Central/Khentii Cold, d inter. Temperate
12 . mag(; co(; d )suxl;lyn‘:,er en Grasslands, Savannas |Healthy
ymag & Shrublands
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Human impact data®
o Lynx population reached minimum at the turn of 19th and 20th century, restricted to BPF (Bieniek

et al. 1998)
« Heavy extirpation at BPF; 20yrs of practical lynx absence 1890-1914 (Jedrzejewski et al. 1996)

« Short bottleneck 1960-1970, followed by recovery of the population helped by immigrating
» Considered as the most endangered population of the Eurasian Iynx due to its isolation, past

bottleneck and currently decreasing numbers (Von Arx et al. 2004)
« At the turn of 19th and 20th centuries the population was extirpated from most of its range, with
only 15 - 20 individuals surviving

» Recovered to 50 — 70 individuals in 1950 — 1960s and reached up to 280 lynx in 1974
« Considered large but isolated

« Intense persecution at the turn of 19th and 20th centuries

« Romania: Extermination policiy between 1891 - 1921 left around 100 indivdiuals in 1930. Recovery
after protection in 1933, with 10-fold increase in the following 25 years and around 500 lynxes
estimated in 1950 (Kratochvil 1968)

« Slovakia: Extermination policiy in the period 1883-1936 (Hell and Slamecka 1996). Partially

rotected since then resulting in 400 to 550 individuals in 1960s -1990s and 200 individuals currentl
gmwm‘%mW
« Started to decline at the end of 17th century
« Significant decline at the beginning of the 20th century; with 30 lynx counted by rangers in 1933
« Population recovery starting 1945, and increasing steadily after 1960 (Andersone et al. 2003)
« Recent status assessed as favourable, range fully recovered and 600 - 800 individuals estimaated at

present (Basrade et al. 2016)
o [346-1931 large carnivore extermination pOlle Ied o dramatic reduction of IYHX numbers with Tew

survivors left in central Norway for 40 yrs (1926-1965) (Linnell et al. 2010)

« In 1960s the recovery of the population started from few core remnant areas, and little contribution
of immigrants from Russia (Rueness et al. 2002)

« Similar dinamves in neiehbourine Sweden: onlv 30 to 100 individuals left in the countrv between

« 50 to 400 lynx harvested yearly between 1930 and 1980 (Kozlovskiy, 2003)
« Population dynamics fluctuate by 7-8 folds with peaks every 16-17 years (Kozlovskiy, 2003)

« Recorded population fluctuations since 1934 with fur harvest peaking during 1940s (300 skins
yearly) and a decline towards 1970s (Malafeev et al. 1986)

« 100 individuals harvested anually ~1845 (Kogan 1933)

« High numbers suggested by harvest records between 1927-1988

« Population decline between 1969-1983 (Only 2 skins harvested)

o Maximum harvest during 1941-1949 (526 skins) (Smirnov, 1997)

« Cyclic population fluctuations with peaks every 10-13 years

« 20-730 fur harvested during 1930-1990 with highest numbes reported in 1930 (Mordosov 2003)
« On the border of the 19th and 20th centuries Siberia gave 10,000 pelts annually (Brass 1911)

o Described as abundant and widely distributed

« Peak yearly harvest during 1930-1940s with decline towards 1980 (Matyushkin et al. 2003)

« 400-1200 individuals harvested yearly during 1920s (Heptner and Sludskiy, 1972)

« 1500 individuals harvested anually ~1845 (Kogan 1933)
« Very heavy exploitation of lynx at the beginning of 20th century with up to 4000 skins exported
annually (Matyushkin et al. 2003)
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Subspecies® Estimated Ne| Ne_0.5(Jack-Knife on samples) |[Ne_0.95(Jack-Knife on samples)
Lllynx 46,8 24,4 271,8
L.l.balcanicus NA NA NA
L.l.carpathicus 11 3,1 87,7
L.llynx INF 64 INF
L.llynx 29 15 133,1
L1lynx 1093,9 229,2 INF
L.1lynx INF INF INF
L.lwrangeli /
L.1kozlovi INE INE INE
L.l.wrangeli 32,7 11 INF
L.lwrangeli/L.1 168 14,9 INE
. neglectus
L.l isabellinus

45,3 12,3 INF

L1 wrangeli
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Table S3. Z score values from ThreePop analyses. The test population is indicated in the upper-left
cell, with western populations displayed in rows and eastern populations in columns. A) Tuva as the

test population. B) Yakutia as the test population.
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A)

Tuva Mongolia  |Yakutia Primorsky Krai
Ural mountains -39,5 3,49 -49,07
Kirov -34,5 5,93 -47,4
Carpathian Mountains -5,56 14,74 -7,8
B)

Yakutia Mongolia  |Tuva Primorsky Krai
Ural mountains 56,91 133,06 20,43
Kirov 62,24 135,24 22,88
Carpathian Mountains 61,72 114,2 33,94




Delta(K=2) 177988180,8
Delta(K=3) 4,373180862
Delta(K=4) 0,135164532
Delta(K=5) 1,405316641
Delta(K=6) 1,919383265
Delta(K=7) 1,732917785
Delta(K=38) 1,558812815
Delta(K=9) 0,1360717
Delta(K=10) 0,369484886
Delta(K=11) 0,594390785
Delta(K=12) 0,263857417
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Table S4. Delta values for different K values calculated following Evanno (2005).
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Table S6. Diversity values (r, and O), Tajima’s D, and Ne (and confidence interval) for L. /ynx popu-

lations.
Ne_0.5 (Jack- | Ne_0.95 (Jack-
Population ‘l:it:::z: Pi Tajima's D | Ne Knife on Knife on
samples) samples)
Yakutia 4,50E-04 5,27E-04 | 2,50E-05 32,7 11 INF
Urals 3,95E-04 4,51E-04 | 2,32E-05 INF INF INF
Tuva 4,89E-04 | 5,45E-04 | 1,74E-05 INF INF INF
Primorsky Krai 4,25E-04 5,01E-04 | 2,60E-05 46,8 14,9 INF
Norway 2,66E-04 | 3,41E-04 | 3,67E-05 29 15 133,1
NE-Poland 2,86E-04 | 3,67E-04 | 3,93E-05 46,8 24,4 271,8
Mongolia 4,63E-04 | 5,36E-04 | 2,15E-05 45,3 12,3 INF
Latvia 3,74E-04 | 4,38E-04 | 2,54E-05 INF 64 INF
Kirov 3,58E-04 4,64E-04 | 4,12E-05 | 1093,9 229,2 INF
Carpathians 3,15E-04 3,74E-04 | 2,75E-05 11 3,1 87,7
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Table S7. Mitogenomic diversity in Eurasian Lynx populations.

Population | N |#Hap| S Hd (sd) | n (sd) (%o) K [Tajima's DFu&LiF
Yakutia 8 5 19| 0,86 (0,11) | 0,46 (0,28) [ 7.61 0.1979 0.55
Kirov 15 5 22| 0,7(0,11) 0,54 (0,3) 8.86 12.752 1.55
Primorsky Krai| 8 3 11 | 0,68 (0,12) | 0,34 (0,21) 5.61 16.065 1.24
Tuva 6 2 1 | 0,33 (0,22) | 0,02 (0,03) | 0.33 -0.933 -0.7
Mongolia 8 5 51 0,86(0,11) | 0,13 (0,09) | 2.18 0.5884 0.85
Carpathianm. | 6 1 0 0 (0) 0(0) 0 NA NA
Latvia 6 3 | 9]073(0,16) | 0,28(0,18) | 46 | 09949 | 1.36
NE-Poland 13 2 7 | 0,15(0,13) | 0,07 (0,05) 1.08 -1,982* -2.44
Norway 17 2 1 0,12 (0,1) | 0,01 (0,01) | 0.12 -11.639 -1.48
Balcans 3 1 0 0 (0) 0(0) 0 NA NA
Ural m. 6 3 22| 0,6(0,22) | 0,45(0,28) [ 7.33 -14.981 -1.2
Total 96 24 89 | 0,93 (0,01) 1(0,5) 16.31 | -0.1929 0.71
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Table S8. List of mitogenome haplotypes.
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ABSTRACT

The Eurasian lynx (Lynx lynx) is one of the most widely distributed felids in the
world. However, most of its populations are nowadays declining following a trend that
started a few millennia ago. Historical declines have been especially severe in Europe,
and particularly in Western Europe, from where the species disappeared during the
last few centuries. Here, we analyze the whole genome sequence of an Eurasian lynx
inhabiting the Iberian Peninsula 2,500 ya, to gain insights into the phylogeographic
position and genetic status of this extinct population. Also, we contextualize previous
ancient data in the light of the new phylogeographic studies for the specie. Our
results suggest that the Iberian population is part of an extinct European lineage
closely related and probably ancestral to current Carpathian-Baltic lineages. Also,
this sample holds the lowest Eurasian lynx diversity reported so far, similar to the
highly endangered Iberian lynx. A combination of historical factors, such as a founder
effect while colonizing the peninsula, together with intensified human impacts during
the Holocene in the Cantabrian strip, could have led to a genetic impoverishment of
the population and precipitated its extinction. Mitogenomic lineages distribution in
space and time supports the long-term coexistence of several lineages of Eurasian
lynx in Western Europe with fluctuating ranges. While the mitogenomic lineage
related to the one currently found in Balkans and Caucasus was predominant
during the Pleistocene, another lineage related to the one currently distributed in
Central Europe prevailed during the beginning of the Holocene. The use of ancient
genomics has proven to be a useful tool to understand the biogeographic pattern of
the Eurasian lynx in the past and to provide background knowledge and baselines to
assist conservation actions.
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INTRODUCTION

The genus Lynx diverged from the lineage of Asian cats in the genera Catopuma and
Pardofelis between 8 and 10 Mya (Li et al., 2016). There are 4 extant Lynx species,
the bobcat (L. rufus) and Canadian lynx (L. canadensis) in North America and the
Eurasian lynx (L. lynx) and the Iberian lynx (L. pardinus) in Eurasia (Sunquist &
Sunquist, 2002). The Eurasian lynx has a vast distribution area, covering from Korea
to France (where it has been reintroduced) (Breitenmoser et al., 2015). A first range-
wide analysis of mitochondrial and microsatellite diversity suggested the existence of
three main lineages, Asian, European, and Southern (Rueness et al., 2014), but more
recent studies based on whole mitochondrial genomes and genome-wide nuclear
data revealed a more complex history (Lucena-Perez et al., 2020; Lucena-Perez et
al. i prep.). The Eurasian lynx has, at least, six mitochondrial haplogroups diverging
between 97-86 and 17-15 kya, with the three most divergent lineages occurring
in Balkans, Caucasus, and the rest of the distribution (Lucena-Perez et al., 2020;
Lucena-Perez et al. w prep.). However, genome-wide nuclear variation suggest that
the populations have homogenized to some extent by gene flow in Europe, resulting
in two main nuclear genetic clusters: East (Asia), and West, which would include
southern populations (Balkans and Caucasus) (Lucena-Perez et al., 2020; Lucena-
Perez et al. in prep.). Genetic patterns differed among lineages: while Asian populations
are quite homogeneous across a wide geographic range and show an isolation by
distance pattern, western and central European ones usually show higher genetic
differentiation and lower levels of genetic diversity than those in Asia (Lucena-Perez et
al., 2020). Southern populations show completely opposite patterns. While Caucasus
1s highly diverse, Balkans show the lowest diversity reported so far for the species
(Lucena-Perez, et al. i prep.). Differences in genetic patterns among extant Eurasian
lynx populations are a consequence of their contrasting demographic trajectories.

The Eurasian lynx originated in Asia and was once distributed along Europe, where it
arrived around the early Late Pleistocene (Werdelin, 1981; Kurten & Werdelin, 1984;
Kahlke, 1999). Western and central European populations progressively disappeared
during the last few centuries, with most populations being already extirpated by the
1950s (Kratochvil, 1968). While several authors considered that the pre-collapse,
historical range of the Eurasian lynx never encompassed the Iberian Peninsula
(Kratochvil, 1968), Clavero & Delibes (2013) reviewed historical records to conclude
that the species had been present in the northern fringe of the Iberian Peninsula up
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to, at least, the early 19th century. This interpretation of written records was later
confirmed by the genetic identification in the Iberian Peninsula of ancient Eurasian
lynx remains (Rodriguez-Varela et al., 2016).

Here, we analyse the whole genome sequence of an Eurasian lynx that inhabited
the northern Iberian Peninsula in ancient times, ca. 2,500 ya, to gain insights into
the Eurasian lynx population inhabiting the Iberian Peninsula, which was the
westernmost within the historical distribution range of the species. In particular,
we analyse the relationship of this sample with contemporary populations and its
genomic diversity, based both on the nuclear genome and the mitogenome, with
the aim of reconstructing its phylogeographic history, and assess whether genomic
factors could have contributed to the extinction of this population.

MATERIALS AND METHODS

Samples

The ancient Eurasian lynx sample was collected at Sima de Pagolusieta, Gorbea,
Vizcaya, Spain, and was stored as part of the collection of the ARANZADI
Natural History collection. This sample was previously described in Altuna (1980),
and molecularly identified as Lynx lynx by Rodriguez-Varela (2016). Accordingly,
the sample was processed following current recommendations for damaged and
contaminated material in a dedicated ancient DNA laboratory (Evolutionary
Adaptive Genomics Group, Potsdam University, Germany). We used ~10 mg of
bone powder for digestion at 37°C during ~18h in 1 ml extraction buffer (0.25mg/
ml Proteinase k in 0.45M EDTA). After digestion, DNA was extracted according
to the protocol of Dabney et al. (2013), maximizing DNA recovery thanks to an
increased ratio of sample to binding buffer (1:13). 20pl of DNA extract was used to
construct a single - stranded indexed Illumina library following (Gansauge & Meyer,
2013). Briefly, DNA extract was treated with uracil-DNA glycosylase (UDG) and
endonuclease VII, removing postmortem damage. Then, DNA was denaturalized and
ligated to a biotinylated oligo at the 3’end. The immobilization using Streptavidin-
coated beads allows repairing the blunt ends of the molecules and the subsequent
ligation of the P5 adapter. To avoid clonality due to PCR amplification, the resulting
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library was amplified doing a qPCR to evaluate the concentration and set up the
number of amplification cycles accordingly. Using AccuPrime Pfx DNA polymerase
(ThermolFisher) we amplified and indexed the library incorporating an index in both
P5 and P7 adapters. Due to low concentration we had to reamplify the ancient library
using IS5 and IS6 primers, which led to an excess of heteroduplicates. Heteroduplexes
were removed in a single-cycle-PCR using 0,5ul of the amplified library in a total
of 20ul (Meyer & Kircher). The indexed library was quantified using Qubit 2.0
fluorometer (ThermoFisher Scientific) and 2200 TapeStation Instrument, and pooled
in an equimolar ratio for sequencing. The library was sequenced in the Swedish
Museum of Natural History in an Illumina HiSeq X instrument, after doing some
test runs in Illumina MiSeq sequencing platform, and checking library complexity
using Preseq (http://smithlabresearch.org/software/preseq/). Contemporary data

was used from previous studies (Lucena-Perez et al., 2020; Lucena-Perez et al. in
prep.).

Quality of all libraries was analysed using FastQC (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc). The ancient sample was mapped to 2.8 Gb Iberian
lynx (L. pardinus) reference genome (Abascal et al., 2016) exactly as in Lucena-Perez
et al. (2020) and Lucena-Perez et al. (in prep.) with the aim of assessing its structure
patterns together with contemporary samples with similar data (PCA, individual-
based ancestry). Also, the ancient Iberian sample together with 12 Eurasian lynx
from six different populations covering most of the Eurasian lynx range were mapped
to the 2.5 Gb domestic cat (Felis catus) reference genome v. 9.0 (GCF_000181335.3)
(Buckley et al., 2020) using bwa aln 7.17 (Li & Durbin, 2009). We use this strategy to
calculate heterozygosity as ancient DNA has certain features that can inflate diversity
estimates (i.e. DNA damage, contamination, short reads) that are handled better
using bwa-aln due to its stringency with mismatches during mapping and suitability
for short reads. Before this, overlapping reads were merged using SeqPrep (https://
github.com/jstjohn/SeqPrep), with default parameters. Bam files were filtered
for mapping quality above 30 (Li & Durbin, 2009), and read groups were added
(https:/ /broadinstitute.github.io/picard). Then, we merged runs coming from the
same individual using samtools (Li et al., 2009), marked duplicates using picard-tools
(https:/ /broadinstitute.github.io/picard), and realigned using GATK (McKenna et
al., 2010).
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Coverage, mapping statistics, and read length distribution was calculated using
samtools (Li et al., 2009). Endogenous content was measured as the number of reads
mapped to the reference excluding duplicates divided by the total number of reads
sequenced. We used mapDamage (Jonsson et al., 2013) to confirm the authenticity of
the ancient sample based on the excess of C to T substitutions at the end of the reads.

We also sexed the Iberian sample by calculating the ratio of depth of coverage in
X chromosome to Al autosome. This method was validated using contemporary
samples of known sex.

Radiocarbon dating

2 gr of sample were sent to Centro Nacional de Aceleradores for radiocarbon dating
through accelerator mass spectrometry.

Mitogenome

The mitogenome sequence of the sample was reconstructed as previously reported
for contemporary samples (Lucena-Perez et al., 2020). Briefly, reads were mapped
to the L. /ynx mitochondrial reference genome, SNPs were called using Freebayes
in haploid mode and a consensus sequence was generated, with sites not covered
by any read or with low-quality genotypes coded as N. The calling procedure was
done conjunctly with the previously analysed samples. Repetitive regions RS2 and
RS3 (positions 16096-16382 and 16908-174, respectively; Sindici¢ et al., 2012), were
excluded from the analysis.

Consensus mitogenome sequence was aligned and collapsed into distinct haplotypes
using the pegas R package (Paradis, 2010). The number of segregating sites (S),
haplotype diversity (Hd), nucleotide diversity (rr) and the mean number of pairwise
nucleotide differences (k) were calculated using the PopGenome (Pfeifer et al., 2014)
and ape (Paradis, Claude & Strimmer, 2004) R packages. Phylogenetic relationships
among haplotypes were inferred by constructing a median-joining haplotype network
(Bandelt, Forster & Rohl, 1999) in PopART (Leigh & Bryant, 2015), and Maximum-
likelihood phylogenetic trees with RAxML 8.2.11 (Stamatakis, 2014) within the
Geneious Prime, under a GTR model with a gamma distribution of rates across sites
and a proportion of invariant sites (GTRGAMMALI), with node support estimated
with 100 non-parametric bootstrap replicates. The inferred tree was visualised and
formatted with FigTree v1.4.3 (https://github.com/rambaut/figtree).
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We also reanalysed the mtDINA haplotypes reported by Rodriguez-Varela (Rodriguez-
Varela et al., 2015, 2016) based on two fragments of the cytochrome b gene
(79+74=153 bp) and two fragments of the control region (93+91= 184 bp), along
with overlapping bases in our mitogenome haplotypes. Sequence alignments were
constructed and manually edited to remove gaps, and ML trees were constructed as
described above for mitogenome haplotypes.

PCA & individual ancestry

Principal component analysis (PCA) and individual base admixture proportions
were calculated using the data from Lucena-Perez et al. (2020) and Lucena-Perez et
al. (in prep.), mapped using bwa-mem to Iberian lynx genome. We only considered
intergenic regions, representing 61% of the nuclear genome (~1.5 Gb) to focus on
neutral evolution. We also filtered out low complexity and low mappability regions
previously identified in Abascal et al. (2016).

We used ANGSD (Kim et al., 2011; Li, 2011) and NGSTools/ngsPopGen/ngsCovar
(Fumagalli, 2013; Fumagalli et al., 2013) to calculate principal components (PCA)
directly from genotype posterior probabilities. Two different PCA were calculated with
and without the Iberian sample. The PCA represented here is the contemporary PCA
with a projection of the Iberian coordinates to avoid distortion in the contemporary
PCA driven by ancient data. The filters used were: -uniqueOnly 1 —remove_bads 1 —
only_proper_pairs 1 —baq 1 ~C 50 -minMap(Q) 30 -min(Q) 20 —doCounts 1 —minInd
(number of individuals in the population/2) —setMaxDepth (AVR depth for the
population + (0.95*AVR depth for the population)) —setMinDepth (AVR depth for
the population - (0.95*AVR depth for the population)) -skipTriallelic 1) =SNP_pval
le-3. PCA was plotted using scatterplot3js from threejs library in R (http://bwlewis.
github.io/rthreejs/).

Also, Individual-based admixture proportions based on genotype likelihoods were
calculated using ANGSD (Kim et al., 2011; Li, 2011), and NGSadmix (Li, 2011;
Skotte, Korneliussen & Albrechtsen, 2013) with the same filters mentioned before.
The analysis was run from K=2 to K=10 to assess the sequential clustering of the
populations with an increasing number of genetic groups, and replicated 10 times
each run to evaluate convergence. The results were plotted using R (R Core Team,

2019).
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Diversity

Diversity was measured as individual observed heterozygosity calculated using data
mapped to the domestic cat genome with bwa-aln. To avoid depth bias, which is likely
to affect diversity estimates, we subsampled contemporary data to ~4.6x, i.e. depth
of the Iberian sample, using samtools (Li et al., 2009). We estimated heterozygosity
by running ANGSD (Li, 2011; Korneliussen et al., 2013), and then realSF'S for each
individual (Korneliussen et al., 2013). The site frequency spectrum (SFS) was used
as input for obtaining heterozygosity values in non-overlapping windows, using first
ANGSD to get the post-probability estimates and then thetaStat (Fumagalli et al.,
2014) with a window size of 500 kb. The filters used were: -uniqueOnly | -remove_
bads 1 -only_proper_pairs 1 -baq 1 -C 50 -minMapQ) 30 -minQ) 20 -doCounts. As
post-mortem damage is usually represented in the form of transitions CG to TA,
and can inflate diversity estimates artificially (Hansen et al., 2001) we calculated
heterozygosity relying only on transversions.
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RESULTS

Ancient sample details, and sequencing

Shotgun sequencing of the ancient Iberian sample resulted in a total of 711 950 164
reads. Duplication level was 27%, and fragment size mode was 40 bp, after excluding
adapters and merging the reads. Percentage of endogenous content was 28 and 32%
when mapping to domestic cat and Iberian lynx reference genomes, respectively.
After trimming, mapping and removing duplicates, depth of coverage was 5,6 when
mapped to Iberian lynx and 4,6x when mapped to domestic cat.

The processed ancient Iberian sample was a male, as inferred from a ratio of depth
of coverage between X to Al chromosome of 0.458. Radiocarbon dating estimated
the sample to be from 2570+/-30 BP. Accordingly the sample shows typical damage
pattern C to T at the ends of the reads (Fig. 1).

A total of 3461 reads mapped to the reference Eurasian lynx mitogenome sequence,
yielding an average depth of 24.5x (SD = 7.8x). The original sequence was 16987
bp long and included 2 ambiguous bases (Ns), whereas the sequence finally aligned
after deletion of control region RS1 and RS2 sequences was 16,448 bp long and
contained no Ns.
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Fig. 1. Authentication of ancient DNA data using MapDamage. A) Cytosine deamination patterns.
X-axis indicates the individual nucleotide position of the reads. Plots show the proportion of T where
the reference genome possesses a G (red) and proportion of A where the reference possesses a G (blue).
C to T changes are typical of ancient damage patterns. Plot on the right represents the fragment
length distribution determined by the merging of the two reads. Minimum red length for mapping
used was 30bp, resulting in a truncation of the plot.
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Phylogeography and genetic status of the Iberian Eurasian lynx

Most of the ancestry of the Iberian sample belongs to the European lineage, as
revealed by PCA and individual-based clustering analysis (Fig. 2). Still the uppermost
supported level of structure (K=2, Evanno, Regnaut, & Goudet, 2005) supports
ancestry proportions similar to those from Caucasus, with partial Asian ancestry for
the Iberian sample (Fig. 2). This is confirmed by subsequent partitions in the structure
analysis (K=3, K=4, K=5), in which the Iberian sample exhibits a larger proportion
of the ancestry shared with individuals from Caucasus, followed by other European
populations such as Kirov and Carpathians. Also, for these partitions the Iberian
sample is the only one showing Asian ancestry. 3D PCA including PC1, PC2, and
PC3 support an intermediate position of the Iberian sample among the European
samples, slightly closer to Caucasian samples but well separated from all other extant
populations.

PC1 (6.43%) / PC2 (3.41%)

0.
Iberia Carpathians ~ Caucasus  Tuva Vladivostok 0.
Norway NE-Poland Kirov Mongolia 0.
Balkans Latvia Urals Yakutia 0
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Fig. 2. Relationship among individuals based on nuclear autosomal intergenic genotypes. The ancient
Iberian sample occupies a central position within European populations closer to Asian lineage. First
axis (with a 6.43 % of the variance explained) separates eastern and western populations, while the
second axis (with 3.41%) separates populations within Europe. Below individual ancestry proportions
are determined for K=2, K=3, K=4, and K=5. Populations are sorted from west to east. When
the clustering separates a population, colour code is maintained between PCA and individual
ancestry proportion plot. The uppermost supported level of admixture 1s K=2, followed by K=5.
K=4 yield two different results separating either Caucasian and Balkans populations, or Norway and
Caucasian-Balkans. The Iberian individual is represented on the left and it has been widened allowing
visualization.
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Observed heterozygosity of the Iberian sample is the lowest among analysed
samples, including those from the highly eroded Balkans population (Fig. 3). Precisely,
considering only transversions, the Iberian sample observed heterozygosity is 1.le-
05, about 50% (40-60%) of that of Balkans individuals.
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O 2e-05 == Fig. 3. Observed heterozygosity for the individuals analysed.
Standard errors were calculated by bootstrapping over 500
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Mitogenome

The alignment of the mitogenome sequence of the Iberian sample from northern
Spain to previously reported sequences reveal a novel haplotype (H32), which
clustered (100% bootstrap support) with haplogroup HG2, currently distributed in
the Carpathians and the Baltic region (Fig. 4). H32 haplotype appears as an external
short branch within the HG2, consistent with its ancient dating and likely reflecting
an ancestral position with respect to the rest of the haplotypes in HG2. Such a basal
and ancestral position is confirmed by the network analyses, where H32 appears in
the branch leading to HG2, separated by only one mutation of the closest haplotype
within this haplogroup and by 15 mutations from the closest haplotype in a different
haplogroup (H9 in Northern HG3) (Fig. 4).

The analysis of cytochrome b and control region including data from Rodriguez-
Varela et al. (2016; 2015) results in lower resolution due to a small number of variable
sites (11 variable sites, vs. 104 in the mitogenome alignment). Major mitogenomic
haplogroups receive low support or are collapsed with this reduced dataset (Fig. 5).
The sequence obtained by Rodriguez-Varela for the same sample analysed here is
identical to ours (H32 identical to their haplotype 1), and collapsed with our haplotypes
H4-H6, H16-18, H20-24 (HG4 and HGY), only observed in Asian samples) and
with H12-13 (part of our HG3, currently recorded in the Latvia and NE-Poland).
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Fig. 4. ML tree depicting the phylogenetic relationships of the ancient H32 mitogenome to other extant
mitogenomes reported by Lucena et al. (2020). The haplogroups inferred from whole mitogenome
sequences are indicated along with their current distribution. On the right, ML phylogenetic tree
inferred with RaXML. Numbers above branches indicate the bootstrap support of the corresponding
node. On the left, Median-joining haplotype network reconstructed with PopART. The arrow identifies
the haplotype reconstructed from the Iberian sample.

This same haplotype is retrieved from samples from Serpenteko (Navarra, Spain),
Coulet des Roches (Pyrenees, France) and two localities in Denmark. Although the
phylogeographic ascription of this haplotype 1s thus ambiguous with this reduced
length dataset, this haplotype is clearly related to the Carpathian-Baltic haplogroup
and not to the Eastern haplogroups, based on whole mitogenome sequences.
Other ancient short haplotypes group with either our northeastern HG3, currently
distributed in Kirov, Norway, Urals and Yakutia (R-V’s haplotype 4 recorded in
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Sueve, Asturias, Spain), or with unresolved relationships to HG3, 4 and 5 (R-V’s
haplotype 2, retrieved from a sample from Cueva de los Cinchos, Asturias, Spain).
The rest of ancient haplotypes form a separate well supported clade clustering with,
but with unresolved relationships to, Balkan and Caucasian haplogroups HG1 and
HG6, respectively, suggesting an additional haplogroup closely related to other extant
southern haplogroups, anciently distributed across Italy, Iberia, and Denmark.
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Fig. 5. Phylogenetic relationships among ancient and modern cyth+CR haplotypes. Ancient haplotypes
reported by Rodriguez-Varela (identified with RV prefix) are aligned to overlapping sequences in
current mitogenomes reported by Lucena et al. (2020) and the ancient mitogenome haplotype
reported here. A maximume-likelihood tree was constructed with RAxML. The haplogroups inferred
from whole mitogenome sequences are indicated along with their current distribution. Numbers
above branches indicate the bootstrap support of the corresponding node. For ancient haplotypes the
origin (colour) and period (shape) of the samples carrying the haplotype is shown (only shown once for
samples with same origin and period). On the right a map showing the different sites.
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DISCUSSION

The successful sequencing of an individual of the now extinct Iberian Eurasian lynx
population helps to elucidate the relationships of this population with the extant
populations and sheds light on some of the possible reasons of its extinction.

Eurasian lynx populations were genetically homogeneous until 100 kya, when they
entered a demographic decline that promoted divergence among populations (Lucena-
Perez et al., 2020; Lucena-Perez et al. i prep.). In Europe, Eurasian lynx arrived around
the early Late Pleistocene (Werdelin, 1981; Kurten & Werdelin, 1984; Kahlke, 1999),
matching the time of the emergence of different mitochondrial lineages (Lucena-Perez
et al., 2020; Lucena-Perez et al. i prep.). The ancient Iberian mitogenome sequenced
here do not reveal a new Iberian mitochondrial lineage, but rather clusters with Central
European mitogenomes as part of a haplogroup currently distributed in Carpathians,
Urals, Kirov, Latvia and NE-Poland (HG2, after Lucena-Perez et al. 2020), where
it occupies a basal position suggestive of an ancestral status. The emergence of this
haplogroup was coincident with a global climate cooling (48-54 kya; Kindler et al., 2014),
and it has been suggested that it diverged in the Carpathians refugium and then spread
over the central and northern part of continent (Lucena-Perez et al., 2020). Our results
and previous data by Rodriguez-Varela reanalysed here suggest a wider presence of
HG2 and of an extinct lineage related to modern southern haplogroups (HG1, HG6) in
the Mediterranean area and across central parts of Europe, Denmark, Italy and Iberia.
Lynx with southern haplotypes are generally older (11 - 28 kya; with the exception of
one sample from Denmark dated in the Late Atlantic period (about 6 kya) and one
from Navarra, Spain dated 0,4 kya), than those ancient lynx showing central European
haplotypes (1.7 - 8 kya). The absence of records of the Central European lineage in
western Europe during the Pleistocene is suggestive of a partial replacement of the
southern-like lineage by the central Europe lineage after the Holocene, which may have
coexisted and admixed, as suggested by modern nuclear genome data (Lucena-Perez
et al., 2020). The observed pattern is also compatible with long-term coexistence of
both lineages in Europe, or even lack of clear phylogeographic structure before the
Holocene, as suggested for other temperate mammals (Valdiosera et al., 2008; Horn et
al., 2014; Rey-Iglesia et al., 2017, 2019; Ersmark et al., 2019; Garcia-Vazquez, Pinto
Llona & Grandal-d’Anglade, 2019). It must be noted, though, that these inferences are
hampered by the limited information content of the fragments analysed, and that a
more complete and robust assessment of the past history of Eurasian lynx will require
whole mitogenomic sequences and, ideally, genome-wide nuclear data from additional
ancient and historical sequences.
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Differentiation analysis based on nuclear data also supports a clustering of the Iberian
Eurasian lynx individual together with other European populations. The Iberian sample
shares ancestry mostly with Central and Southern populations in Europe, and to a
lesser extent to Asian ones. Accordingly it occupies an intermediate position in the PCA
among European populations, between Caucasus, Carpathian, other Central European
populations, but also closer to Asian samples than other European ones. As no other
population shows a similar ancestry pattern or clusters with the Iberian sample in the
PCA, we suggest that this Iberian individual may represent a lineage with no extant
representation, or a representative of a lineage ancestral to modern ones, which still
shows the traces of ancient Asian ancestry.

The extremely low observed heterozygosity (1.1e-03) supports a genetic drift acting upon
the population, due to either low effective populations size maintained in time, or a sharp
decline in the population. This diversity is half of the one observed in the eroded Balkans
population and similar to that of the extremely eroded Iberian lynx (L. pardinus), even
though this ancient Iberian population was still not affected by the last 2 kya of human
impact and land use change in the Cantabrian Strip. The genetic diversity of the ancient
Iberian sample is similar to that found in the Andgjar Iberian lynx population (8.9e-6
to 1.54e-05, n=18), which in turn is similar to the values reported for threatened species
such as the snow leopard (Panthera uncia) or the Tasmanian devil (Sarcophilus harrisii)
(Abascal et al., 2016; Lucena-Perez et al., 2020). Although this different extremely low
diverse lineage could have emerged due to different processes, we think that a series of
historical and anthropogenic factors could be behind this pattern.

The Iberian Peninsula represents the westernmost population of the species distribution,
and it is probably one of the latest territories to be occupied by Eurasian lynx (Altuna,
1980; Sommer & Benecke, 2006). Most authors claim that the Eurasian lynx reached the
Iberian Peninsula during the Pleistocene-Holocene boundary (Altuna, 1980; Sommer &
Benecke, 2006), and actually, the first molecular record of the species in Iberia is dated
in the very late Pleistocene, 12-11.8 kya (haplotype RV3) (Rodriguez-Varela et al., 2016).
However, the fact that the Iberian lynx occupied the Iberian Peninsula at that time
together with the difficulty of discriminating between the two lynx inhabiting Europe
during the Late Pleistocene and the Holocene based on the morphology of the remains
(Boscaini et al., 2016), claim for caution regarding the date of arrival of the Eurasian
lynx in the Iberian Peninsula. Nevertheless, during this boundary, also the brown bear
(Ursus arctos), which was apparently absent from the Iberian Peninsula from 20 kya to 10
kya, 1s recorded in the fossil records again (Garcia-Vazquez, Pinto Llona & Grandal-
d’Anglade, 2019). Many different explanations proposed in the literature for the absence
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of bears in pre-Holocene periods (Garcia-Vazquez, Pinto Llona & Grandal-d’Anglade,
2019), such as the glacier dynamics in the Pyrenean-Cantabrian basins (Jambrina-
Enriquez et al., 2014), and the occupations of warmer areas by humans (Straus, Bicho
& Winegardner, 2000), may also explain the late arrival of lynxes. Both bears and lynxes
may have benefited from the expansion of boreal forest creating suitable habitat in areas
of low human occupation during the Holocene (Carrion et al., 2010). Regardless of the
exact date of arrival to the peninsula by Eurasian lynx, it seems likely that it followed a
series of bottlenecks during westward expansion, which continued during its occupancy
of the narrow Cantabrian Coast corridor. Therefore, we expect that genetic diversity
was lower in this small peripheral western population. Indeed, the Eurasian lynx in the
Iberian Peninsula inhabited a relatively small area that could have remained isolated
from the rest of the European populations.

Anthropogenic pressures could have contributed to the isolation and decline of the
Eurasian lynx in the Iberian Peninsula since the arrival of the species, increasing
more and more throughout time. The remains analysed here were found at Sima de
Pagolusieta in an area that has been occupied by hominids since the Middle Pleistocene,
in such density that had an impact on carnivores communities inhabiting there
during that period (Villaluenga et al., 2012). More recently, during the Pleistocene-
Holocene boundary, human activities in the Cantabrian strip intensified, producing an
overhunting on potential lynx prey such as the red deer (Cervus elaphus), Iberian Ibex
(Capra pyrenaica) and roe deer (Capreolus capreolus) (Marin-Arroyo, 2013). Human impact
strengthened after the introduction of agriculture and farming during the initial phases
of the Neolithic, around 5 kya in the region (Pefia-Chocarro et al., 2005; Cubas et al.,
2016, 2020; Pérez-Diaz et al., 2018). Lynx habitat, i.e. forest, suffer mayor regression
due to human activities in the north of the Iberian Peninsula starting around 6 kya with
an intensification at the transition from Roman to Germanic period around 2 kya (Kaal
et al., 2011). This trend continued during middle and modern ages, when forest were
cleared for shipbuilding, and also summer grasslands exploitation after the introduction
of large distance transhumance (Valbuena-Carabana et al., 2010; Garcia-Ruiz et al.,
2020). Also, Eurasian lynx in the peninsula have suffered from direct persecution due
to conflicts with cattle (Clavero & Delibes, 2013). More recently, the introduction of the
industry in the area and the subsequent urbanization and migration from other areas,
could have finally led to the extinction of the remaining lynx populations (Vilallonga,
1998).

In summary, the use of ancient genomics provided insights into the evolutionary history
of the Eurasian lynx in Europe. Our work suggests that a combination of human direct
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(prosecution) and indirect impacts (on habitats and prey communities), together with
historical factors (1.e. little habitat availability, small population size, low genetic diversity),
enhanced the genetic impoverishment of the population, and could have contributed to
precipitate the extinction of the westernmost population of Eurasian lynx.
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Table S1. Detailed information about the L. /ynx samples analysed in this study.
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) Assigned

Sample Dataset Population date
a_ll pv_0223 ancient Basque Country 2,570+/-30BP|
c_ll_ba_0224| contemporary Balkans region 2017
c_ll_ba_0226| contemporary Balkans region 2017
c_ll_ba_0227| contemporary Balkans region 2018
c_ll_ba_0228 | contemporary Balkans region 2012
c_1l ba_0229| contemporary Balkans region 2012
c_ll_ba_0230| contemporary Balkans region 2016
c_ll ba_0233| contemporary Balkans region 2019
c_ll_ca_0240| contemporary Caucasus 2016
c_ll_ca_0241| contemporary Caucasus 2019
c_ll ca_0242| contemporary Caucasus 2019
c_ll_ca_0243| contemporary Caucasus 2019
c_ll ca_0244| contemporary Caucasus 2012
c_ll_ca_0245| contemporary Caucasus 2010
c_ll_ca_0247| contemporary Caucasus 2016
c_ll ca_0248| contemporary Caucasus 2012
c_ll_ca_0252| contemporary Caucasus 2019
c_ll ca_0254| contemporary Caucasus 2016
c_ll_ca_0259| contemporary Caucasus 2008
c_ll_ca_0260| contemporary Caucasus 2018
c_ll_cr_0205| contemporary Carpathian montains 2007
c_ll_cr 0206 | contemporary Carpathian montains 2007
c_ll_cr_0207 contemporary Carpathian montains 2007
c_ll_cr_0208 | contemporary Carpathian montains 2010
c_ll_cr 0209 | contemporary Carpathian montains 2011
c_ll_cr 0211| contemporary Carpathian montains 2011
c_ll_cr 0212 | contemporary Carpathian montains 2012
c_ll ka 0184 contemporary | Mongolia (Central/Khentii aymag) 2016
c_ll_ka_0186| contemporary | Mongolia (Central/Khentii aymag) 2015
c_ll_ka_0188| contemporary | Mongolia (Central/Khentii aymag) 2015
c_1l ka 0189 contemporary | Mongolia (Central/Khentii aymag) 2015
c_ll_ki_0086 | contemporary Kirov region NA
c_ 1l ki 0088 contemporary Kirov region NA
c_ll_ki_0090 | contemporary Kirov region 2011
c_1l_ki_0091 contemporary Kirov region 2011
c_ll_ki_0092 | contemporary Kirov region 2011
c_ll_ki_0093 | contemporary Kirov region 2011
c_ 1l ki 0094 contemporary Kirov region 2011
c_ll_ki_0095 | contemporary Kirov region 2011
c_ll_ki_0096 | contemporary Kirov region 2011
c_ll_ki_0097 | contemporary Kirov region 2011
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Original | Original

. . Mitoge | Nuclear| depth | depth

Reference Sex | Latitude | Longitud nome | WG Lynx Felis

pardinus | catus

This study M | -2,7800 | 43,1006 Yes Yes 5,6 4,62
Lucena-Perezetal. inprep| F | 20,7739 | 41,4805 Yes Yes 31,9 NA
Lucena-Perez etal. in prep| F | 20,9602 | 41,5038 Yes Yes 15,0 NA
Lucena-Perezetal. inprep | F | 20,8176 | 41,3752 Yes Yes 16,5 8,97
Lucena-Perez et al. in prep | M | 20,9369 | 41,6342 Yes Yes 26,8 NA

Lucena-Perez etal. in prep | M | 20,7937 | 41,4794 Yes Yes 21,1 11,27
Lucena-Perez etal. in prep | M | 20,7937 | 41,4794 Yes Yes 19,8 NA
Lucena-Perez et al. in prep | M NA NA Yes Yes 21,0 NA
Lucena-Perez etal. in prep | M | 42,4921 | 41,4559 Yes Yes 35,7 NA

Lucena-Perezetal. inprep| F | 46,3772 | 41,8718 Yes Yes 22,2 12,09
Lucena-Perez etal. in prep| F | 44,9274 | 40,0347 Yes Yes 22,4 12,21
Lucena-Perez et al. in prep | M | 47,8371 | 41,5720 Yes Yes 26,9 NA
Lucena-Perez etal. inprep| F | 47,8938 | 41,7332 Yes Yes 18,9 NA
Lucena-Perezetal. inprep| F | 46,6723 | 42,3942 Yes Yes 9,2 NA
Lucena-Perez et al. in prep | M | 44,3492 | 41,6888 Yes Yes 13,1 NA
Lucena-Perez etal. in prep| F | 42,8088 | 43,0395 Yes Yes 11,4 NA
Lucena-Perezetal. inprep| F | 43,2502 | 43,1969 Yes Yes 17,3 NA
Lucena-Perez et al. in prep | M | 42,0562 | 41,5716 Yes Yes 14,7 NA
Lucena-Perez etal. in prep | M | 46,3864 | 42,6917 Yes Yes 12,4 NA
Lucena-Perezetal. in prep| M | 46,4468 | 42,1021 Yes Yes 15,7 NA
Lucena-Perez et al. 2020 F | 19,7585 | 49,6714 Yes Yes 8,0 4,96
Lucena-Perez etal. 2020 | M | 25,5994 | 45,6407 Yes Yes 7,5 NA
Lucena-Perez et al. 2020 F | 22,2012 | 45,3975 Yes Yes 8,7 NA
Lucena-Perez et al. 2020 F | 22,2989 | 49,7508 Yes Yes 7,6 NA
Lucena-Perez et al. 2020 F | 22,2012 | 45,3975 Yes Yes 8,6 NA
Lucena-Perez et al. in prep | M | 26,9146 | 46,5670 No Yes 23,8 NA
Lucena-Perez etal. 2020 | M | 22,4348 | 49,7078 Yes Yes 19,2 9,94
Lucena-Perez et al. 2020 | M | 108,6364 | 48,3786 Yes Yes 7,0 NA
Lucena-Perez et al. 2020 F |108,6364| 48,3786 Yes Yes 6,9 NA
Lucena-Perez etal. 2020 | M | 110,4864 | 48,6225 Yes Yes 6,0 NA
Lucena-Perez et al. 2020 | M | 110,5047 | 49,6247 Yes Yes 59 NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 F | 50,3964 | 59,8147 Yes Yes 21,9 11,43
Lucena-Perez etal. 2020 | M | 50,3964 | 59,8147 Yes Yes 6,1 4,05
Lucena-Perez et al. 2020 F | 50,3964 | 59,8147 Yes Yes 53 NA
Lucena-Perez etal. 2020 | M | 50,3964 | 59,8147 Yes Yes 53 NA
Lucena-Perez etal. 2020 | M | 50,3964 | 59,8147 Yes Yes 5,8 NA
Lucena-Perez etal. 2020 | M | 48,4164 | 60,8122 Yes Yes 53 NA
Lucena-Perez etal. 2020 | M | 48,4164 | 60,8122 Yes Yes 6,1 NA
Lucena-Perez et al. 2020 F | 48,4164 | 60,8122 Yes Yes 6,0 NA
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c_ll_ki_0098 | contemporary Kirov region 2011
c_ll_ki_0099 | contemporary Kirov region 2011
c_1l ki 0100 | contemporary Kirov region 2011
c_1l_ki_0101 contemporary Kirov region 2011
c 1l ki 0102 contemporary Kirov region 2011
c_ll_la_0044 | contemporary Latvia 2010
c_1l_la_0045 contemporary Latvia 2009
c_ll_la_0047 | contemporary Latvia 2009
c_1l_la_0048 contemporary Latvia 2010
c_ 1l la_0052 contemporary Latvia 2010
c_ll la_0053 | contemporary Latvia 2010
c_ll la_0054 | contemporary Latvia 2010
c_1l_no_0063| contemporary Norway NA
c_ll_no_0064| contemporary Norway NA
c_1l_no_0065| contemporary Norway 2007
c_1l_no_0065| contemporary Norway 2007
c_ll_no_0068| contemporary Norway NA
c_1l_no_0069| contemporary Norway NA
c_ll_no_0070| contemporary Norway NA
c_1l_no_0071| contemporary Norway NA
c_1l_no_0072| contemporary Norway NA
c_ll_no_0074| contemporary Norway NA
c_ll_no_0075| contemporary Norway 2008
c_ll_no_0076| contemporary Norway 2008
c_1l_no_0077| contemporary Norway 2008
c_1l_no_0078| contemporary Norway 2008
c_ll_no_0079| contemporary Norway 2008
c_1l_no_0080| contemporary Norway 2008
c_ll_no_0081| contemporary Norway 2008
c_1l_no_0082| contemporary Norway 2008
c_ll_og 0181 | contemporary Mongolia (Omnogovi) 2015
c_ll_og 0187 | contemporary Mongolia (Omnogovi) 2015
c_ll_po_0001| contemporary Bialowieza Primeval Forest 2001
c_ll_po_0002| contemporary Bialowieza Primeval Forest 1994
c_1l_po_0003| contemporary Bialowieza Primeval Forest 2002
c_1l_po_0004| contemporary Bialowieza Primeval Forest NA
c_ll_po_0005| contemporary Bialowieza Primeval Forest NA
c_1l_po_0007| contemporary Bialowieza Primeval Forest NA
c_ll_po_0010| contemporary Bialowieza Primeval Forest NA
c_1l_po_0011| contemporary Bialowieza Primeval Forest 2007
c_ll_po_0014| contemporary Bialowieza Primeval Forest 2008
c_ll_po_0017| contemporary Bialowieza Primeval Forest NA
c_ll_po_0019| contemporary Bialowieza Primeval Forest 2010
c_ll_po_0105| contemporary Knyszyn Primeval Forests 2004
c_1l_po_0106| contemporary Knyszyn Primeval Forests 2006
c_ll_po_0150| contemporary Bialowieza Primeval Forest 2015
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Lucena-Perez et al. 2020 F | 48,4164 | 60,8122 Yes Yes 5,8 NA
Lucena-Perez et al. 2020 F | 48,4164 | 60,8122 Yes Yes 6,0 NA
Lucena-Perez et al. 2020 | M | 46,7272 | 61,1939 Yes Yes 6,2 NA
Lucena-Perez et al. 2020 F | 46,7272 | 61,1939 Yes Yes 6,3 NA
Lucena-Perez et al. 2020 M | 46,7272 | 61,1939 Yes Yes 6,1 NA
Lucena-Perez et al. 2020 | M | 22,5279 | 56,6426 Yes Yes 7,7 NA
Lucena-Perezetal inprep| F | 27,5770 | 56,3144 No Yes 24,3 NA
Lucena-Perez et al. 2020 F | 28,1454 | 56,3767 Yes Yes 6,9 NA
Lucena-Perez et al. 2020 F | 22,8189 | 57,3586 Yes Yes 53 NA
Lucena-Perez et al. 2020 M | 22,5967 | 57,3506 Yes Yes 6,8 NA
Lucena-Perez et al. 2020 F | 22,8168 | 57,0459 Yes Yes 7,8 NA
Lucena-Perez et al. 2020 M | 25,5718 | 57,6727 Yes Yes 8,2 NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 F | 21,3435 | 69,5098 Yes No 23,7 NA
Lucena-Perezetal. inprep| F | 21,3435 | 69,5098 Yes Yes 23,7 NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | M | 12,3611 | 64,5075 Yes Yes 5,4 NA
Lucena-Perez etal. 2020 | M | 10,6792 | 63,8246 Yes Yes 5,8 NA
Lucena-Perez et al. 2020 M | 10,9543 | 63,5673 Yes Yes 5,1 NA
Lucena-Perez et al. 2020 | M | 12,1471 | 61,3841 Yes Yes 53 NA
Lucena-Perez et al. 2020 M 8,4118 59,3987 Yes Yes 5,1 NA
Lucena-Perez et al. 2020 F 8,7274 60,6649 Yes Yes 5,2 NA
Lucena-Perez et al. 2020 F 8,9674 | 60,2747 Yes Yes 5,5 NA
Lucena-Perez et al. 2020 M | 9,0288 60,1445 Yes Yes 5,4 NA
Lucena-Perez et al. 2020 | M | 101,0478| 43,2250 Yes Yes 6,8 NA
Lucena-Perez et al. 2020 F |103,7781| 48,6367 Yes Yes 5,6 NA
Lucena-Perez et al. 2020 | M | 23,5955 | 52,9544 Yes Yes 6,5 NA
Lucena-Perez et al. 2020 F | 23,8431 | 52,8230 Yes Yes 6,6 NA
Lucena-Perez et al. 2020 F | 23,7202 | 52,7968 Yes Yes 6,4 NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 M | 23,5143 | 52,8918 Yes Yes 6,4 NA
Lucena-Perez et al. 2020 | M | 23,9455 | 52,7685 Yes Yes 6,4 NA
Lucena-Perez et al. 2020 | NA NA NA Yes No NA NA
Lucena-Perez et al. 2020 | M | 23,7435 | 52,6807 Yes Yes 6,4 NA
Lucena-Perez et al. 2020 | M | 23,4738 | 53,0907 Yes Yes 6,1 NA
Lucena-Perez et al. 2020 F | 23,6591 | 53,1045 Yes Yes 6,1 NA
Lucena-Perezetal. in prep| M | 23,6017 | 52,7633 No Yes 24,0 NA
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c_ll_to_0190 [ contemporary | Mongolia (Central/Khentii aymag) 2016
c_1l to_0191| contemporary | Mongolia (Central/Khentii aymag) 2015
c_1l_tu 0153 | contemporary Tuva Republic 2015
c_ll_tu_0154| contemporary Tuva Republic 2015
c_1l tu 0157 | contemporary Tuva Republic 2015
c_ll_tu_0158| contemporary Tuva Republic 2015
c_1l tu_0159| contemporary Tuva Republic 2015
c_1l_tu 0165| contemporary Tuva Republic 2014
c_ll_tu_0166| contemporary Tuva Republic 2014
c_ll ur 0194 contemporary Ural Mountains 2016
c_ll_ur_0195| contemporary Ural Mountains 2016
c_ll ur 0196 contemporary Ural Mountains 2016
c_ll ur 0199 contemporary Ural Mountains 2016
c_ll_ur_0200| contemporary Ural Mountains 2016
c_Il ur 0202 | contemporary Ural Mountains 2016
c_ll_ur_0203| contemporary Ural Mountains 2016
c 1l vl 0107 contemporary Primorsky Krai 2010
c_1_vl_0108 contemporary Primorsky Krai 2013
c_1_vl 0109 contemporary Primorsky Krai 2013
c_ll vl 0110 [ contemporary Primorsky Krai 2014
c 1l vl 0112 contemporary Primorsky Krai 2014
c 1l vl 0113 contemporary Primorsky Krai 2015
c_ll.vl 0114 | contemporary Primorsky Krai 2014
c 1.vl 0128 contemporary Primorsky Krai 2014
c_ll vl 0132 contemporary Primorsky Krai 2014
c_ll_vl 0137 | contemporary Primorsky Krai 2014
c_1l_ya 0138 contemporary Yakutia Republic 2015
c_ll_ya 0139| contemporary Yakutia Republic 2015
c_ll_ya_0140| contemporary Yakutia Republic 2015
c_1l ya 0141 contemporary Yakutia Republic 2015
c_ll_ya 0142| contemporary Yakutia Republic 2015
c_1l_ya 0143 | contemporary Yakutia Republic 2015
c_ll_ya 0145| contemporary Yakutia Republic 2015
c_ll_ya 0146 | contemporary Yakutia Republic 2015
c_1l ya 0147 contemporary Yakutia Republic 2015
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Lucena-Perez et al. 2020 F |108,2731| 47,3986 Yes Yes 7,3 NA
Lucena-Perez et al. 2020 M [108,6836| 47,6300 Yes Yes 7,7 NA
Lucena-Perez et al. 2020 F | 96,5333 | 51,4833 Yes Yes 8,1 NA
Lucena-Perezetal. inprep| F | 96,5333 [ 51,4833 No Yes 22,4 NA
Lucena-Perez et al. 2020 | M | 96,5333 | 51,4833 Yes Yes 7,8 NA
Lucena-Perez et al. 2020 F | 96,5333 | 51,4833 Yes Yes 8,0 NA
Lucena-Perez et al. 2020 F | 96,5333 | 51,4833 Yes Yes 7,7 NA
Lucena-Perez et al. 2020 F | 96,5333 | 51,4833 Yes Yes 7,8 NA
Lucena-Perez et al. 2020 M | 96,5333 | 51,4833 Yes Yes 8,1 NA
Lucena-Perez et al. 2020 F | 59,6425 [ 56,0481 Yes Yes 11,0 NA
Lucena-Perez et al. 2020 | M | 60,1306 | 55,1494 Yes Yes 11,8 NA
Lucena-Perez et al. 2020 M [ 60,1306 | 55,1494 Yes Yes 12,4 NA
Lucena-Perez et al. 2020 | M | 59,7886 | 55,1817 Yes Yes 13,2 NA
Lucena-Perez et al. 2020 M [ 59,0006 | 55,0006 Yes Yes 12,7 NA
Lucena-Perezetal. in prep| F | 60,8922 | 54,3800 No Yes 23,7 NA
Lucena-Perez et al. 2020 F | 57,3625 | 54,9994 Yes Yes 13,4 NA
Lucena-Perez et al. 2020 F |136,4727| 44,9357 Yes Yes 6,5 NA
Lucena-Perez et al. 2020 F 1355792 45,2938 Yes Yes 11,9 NA
Lucena-Perez et al. 2020 M [136,7313| 45,6667 Yes Yes 6,0 NA
Lucena-Perez et al. 2020 | M |132,9141| 49,0148 Yes Yes 7,1 NA
Lucena-Perez et al. 2020 F |137,0093| 45,8572 Yes Yes 28,9 14,10
Lucena-Perez et al. 2020 M ([137,0093| 45,8572 Yes Yes 8,4 5,24
Lucena-Perezetal. in prep| F [137,6066| 47,2945 No Yes 23,8 NA
Lucena-Perez et al. 2020 M ([137,4308| 45,9075 Yes Yes 8,0 NA
Lucena-Perez et al. 2020 | M | 137,4308| 45,9075 Yes Yes 8,3 NA
Lucena-Perezetal. in prep| F |133,4556( 51,3910 No Yes 25,8 NA
Lucena-Perez et al. 2020 M [132,0694| 59,9010 Yes Yes 7,9 4,82
Lucena-Perez et al. 2020 | M | 129,2049| 61,1892 Yes Yes 8,0 NA
Lucena-Perez et al. 2020 M [129,1618| 61,1594 Yes Yes 8,2 NA
Lucena-Perezetal.inprep| F [136,1769| 66,8881 No Yes 23,9 NA
Lucena-Perez et al. 2020 | M | 136,1769| 66,8881 Yes Yes 8,3 NA
Lucena-Perez et al. 2020 M [136,1769| 66,8881 Yes Yes 7,9 NA
Lucena-Perez et al. 2020 | M | 129,4453| 61,8933 Yes Yes 8,3 NA
Lucena-Perez et al. 2020 M [130,6791| 60,7762 Yes Yes 22,9 12,32
Lucena-Perez et al. 2020 F |127,3045| 60,7515 Yes Yes 8,1 NA
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Table S2. Observed heterozygosity of all individuals analysed and standard deviation calculated over
500 Kb windows.

Sample Populations Observed heterozygosity|Standard_deviation
a_ll_pv_0223 | Ancient_Basque_Country 9,97E-06 1,96E-07
c_1l_ba_0227 Balkans 1,59E-05 4,22E-07
c_ll ba_0229 Balkans 1,94E-05 4,65E-07
c_1l_ca 0241 Caucasus 2,57E-05 4,67E-07
c_ll ca 0242 Caucasus 3,56E-05 5,23E-07
c_ 1l _cr 0205 Carpathians 3,12E-05 5,61E-07
c ll cr 0212 Carpathians 2,62E-05 3,79E-07
c_ll_ki_0090 Kirov 3,17E-05 3,74E-07
c_ll_ki_0091 Kirov 3,47E-05 5,23E-07
c 1l vl 0112 Primorsky_Krai 3,50E-05 3,78E-07
c Il vl 0113 Primorsky_Krai 4,88E-05 5,68E-07
c_ll_ya 0138 Yakutia 4,31E-05 6,12E-07
c_ll_ya 0146 Yakutia 3,80E-05 3,73E-07
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ABSTRACT

The study of ancient DNA can greatly improve the reconstruction of the evolutionary
history of a species or population by providing a snapshot of the past that may reveal
patterns and processes that might remain undetected with modern samples. Here,
we use ancient whole genome data to characterize the Iberian lynx (Lynx pardinus)
population inhabiting the Iberian Peninsula 2-4 kya (n=3), and we compare it with
the two populations remaining by 2000, Andtjar (n=18) and Donana (n=12). The
ancient population, whichis relatively homogeneous and closer to Andgjar population,
harboured lower diversity than the highly eroded contemporary populations, being
the lowest diversity ever reported for a mammal. The increase in diversity in the
species 1s concomitant with an inferred gene flow event with European Eurasian lynx
that is equally recorded in the two remnant Iberian lynx populations. The signal of
introgression into Iberian lynx is higher from current western than eastern Eurasian
lynx populations, but is similar across the former. A 2 kyo Eurasian lynx from the
Iberian Peninsula showed less shared allele with current Iberian lynx than modern
European Eurasian lynx populations, indicating that this particular Eurasian lynx
lineage was not involved in the recent admixture process. Also, we found an increasing
signal of introgression through time, with more recent individuals showing more
shared alleles with Eurasian lynx. The admixture with Eurasian lynx could have
increased the extremely low genetic diversity of the species, but with unknown
consequences on fitness and demography.
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INTRODUCTION

Evolutionary, demographic, and genetic processes in natural populations are usually
inferred from the analysis of contemporary genetic data. Traditionally, methods for
monitoring genetic changes relied on neutral genetic markers, mostly microsatellites,
and mitochondrial DNA, and focused on comparing the extant genetic status among
closely-related populations and/or species (e.g Casas-Marce, Soriano, Lopez-Bao, &
Godoy, 2013). This approach has two main limitations. First, patterns in a few neutral
markers (e.g. microsatellites) do not necessarily reflect genome-wide patterns, and
especially those of the most relevant functional variation. Recent developments on next
generation sequencing technics have partially overcome this limitation by making the
genome sequencing of non-model species more affordable, enabling more accurate
estimates of genome-wide diversity as well as the assessment of adaptive and deleterious
variation (Murchison et al., 2012; Li et al., 2014; Abascal et al., 2016; Feng et al., 2019).
Second, the evaluation of one target population in comparison with a closely related
population or species provide some inferences about the evolutionary processes that
could have occurred in the population of interest, but does not provide direct evidences
that the process inferred produced the pattern observed. Unnoticed demographic
common history, or unknown differences in post-split demographic trends could lead to
partial or inaccurate inferences. To overcome this limitation, the study of historical and
ancient DNA provides a better approach for reconstructing the evolutionary process by
providing comparison of the same population through time (Leonard, 2008; Navascués,
Depaulis & Emerson, 2010; Diez-del-Molino et al., 2017; Leonardi et al., 2017). This
approach has been extensively used in humans (e.g. Nielsen et al., 2017; Racimo,
Sankararaman, Nielsen, & Huerta-Sanchez, 2015), and also in some non-model extant
and extinct species, such as bears (e.g. Barlow et al., 2018; Valdiosera et al., 2007), wolfs
(e.g Skoglund, Ersmark, Palkopoulou, & Dalen, 2015), mammoths (e.g. Palkopoulou
et al., 2018; Palkopoulou, Mallick, Skoglund, Enk, Rohland, Li, Omrak, Vartanyan,
Poinar, Gotherstrom, et al., 2015; Rogers & Slatkin, 2017), hyena (e.g. Westbury et al.,
2020), horses (e.g. Fages et al., 2019; Gaunitz et al., 2018; Librado et al., 2015), and
lynx (e.g. Casas-Marce et al., 2017; Rodriguez-Varela et al., 2015, 2016). In many of
these examples, the analysis of ancient DNA data allowed the calibration of the loss of
genetic diversity through time and the evaluation of the relative contribution of human
impacts or climate change to the demographic decline or extinction of the species.
However, even though there is a tendency to assume that ancient populations harbour
higher diversity than contemporary ones, there are a number of processes that could
lead to the opposite pattern. For instance, events of admixture or gene flow with closely
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related populations or species may lead to a global increase in genetic diversity, even in
populations undergoing dramatic demographic declines. Indeed, the restoration of gene
flow has been widely proposed and eventually implemented to increase genetic diversity
in highly eroded 1solated populations, with the expectation that this will also result in
increased fitness and improved demographic trends (1.e. a proper genetic rescue).

The Iberian lynx (Lynx pardinus) was recognized as the most endangered felid in the word
(Nowell & Jackson, 1996), and was classified by the IUCN as critically endangered in
2002, 2006, 2008 red lists, until 2015, when thanks to conservation actions the species was
downlisted to endangered (Rodriguez & Calzada, 2015). The availability of resources,
such as ancient, historical and modern samples and an annotated genome (Abascal
et al., 2016; Casas-Marce et al., 2017), and the profound knowledge of the species
accumulated during decades of studies make of this species an outstanding model to
study the consequences of a demographic declines in the genome. In fact, a previous
work has reconstructed the loss of mitogenomic -using ancient and historical data-, and
microsatellite diversity -using historical data-, and the increase in genetic differentiation
of the populations that accompanied the decline and isolation of populations (Casas-
Marcé et al, 2017). However, methodological challenges and costs associated with
sequencing of ancient (subfossil), or historical (museum) material prevented then the
analysis of whole genome sequences.

Here, we report an unexpected increase in genetic diversity thought time in the Iberian
lynx by using whole genome data from three ancient individuals that inhabited the
Iberian Peninsula from 2 to 4 kya, compared to whole genome data from contemporary
populations, and relate this increase with an admixture event with its sister and species,
the Eurasian lynx (Lynx lynx).

MATERIALS AND METHODS

Samples

Ancient DNA data was obtained from Iberian lynx archeological and paleontological
remains (Table SI). We tested 20 ancient samples selected based on sequencing
performance of the 58 samples analysed in Casas-Marce et al. (2017). Data from
modern samples was obtained from Lucena-Perez et al. submitted. For this project we
used 30 contemporary Iberian lynx, from two different populations, Andgjar (n=18)
and Doflana (n=12), 12 Eurasian lynx from six different populations distributed in
a west-east gradient (Balkans, Carpathians, Kirov, Caucasus, Yakutia and Primorsky
Krai, n=2 for every population, Table S2), and one bobcat to be used as outgroup for
ancestral state identification and admixture analysis.
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Laboratory methods

All laboratory work was carried out in dedicated ancient DNA facilities at the
University of Potsdam, following established procedures to prevent contamination
with modern or synthetic DNA (Fulton, 2012). We performed 70 DNA extractions
from 20 archeological samples, selected based on mitogenome sequence yield (Casas-
Marcé et al, 2017). Negative controls were included in all experiments. We drilled
the remains to get a variable amount of bone powder up to a maximum of 50 mg,
For Algarve and Catalonia sample extraction, we pre-treated the samples with 1
ml 0.5% bleach for 15 min at room temperature to minimize DNNA contamination
(Korlevi¢ et al., 2015). Bone powder was digested for ~18 h at 37°C in 1 ml extraction
buffer (0.45M EDTA, 0.25mg/ml Proteinase K) with constant rotation. DNA in the
resulting supernatant was purified following Dabney et al. (2013), which maximize
degraded DINA recovery by increasing the ratio of binding bufter to sample (13:1).

DNA extracts were converted into sequencing libraries using the single-stranded
protocol described in (Gansauge & Meyer, 2013). Prior to library preparation DNA
extracts were treated with UDG (uracil-DNA glycosylase) and endonuclease VIII
to remove deoxyuracils resulting from postmortem DNA damage. Then double-
stranded DNA was denatured and a biotinylated adapter oligo was ligated to the
3’end of each molecule. Resulting products were immobilized on Streptavidin-
coated beads to repair blunt ends, and the P5 adapter was ligated to the template
molecule. We performed a qPCR to evaluate library concentration and used this
information to estimate the minimal number of amplification cycles to use in the
indexing PCR to avoid clonality. Indexing of single-stranded libraries incorporated an
index sequence next to the P7 and P5 adapter using PCR with AccuPrime Pfx DNA
polymerase (ThermolFisher) for its ability to read over uracil (Seguin-Orlando et al.,
2015). Indexed libraries were quantified using Qubit 2.0 fluorometer (Thermolisher
Scientific) and 2200 TapeStation Instrument, and pooled in an equimolar ratio.

A test sequencing to evaluate endogenous content was done using Illumina MiSeq
sequencing platform, producing 2x70pb paired-end (PE) reads. Out of the 70 libraries
prepared, 4 libraries, coming from 3 samples (Fig. 1 A), showed an endogenous content
above 10%. These libraries were checked for complexity using Preseq software
(http://smithlabresearch.org/software/preseq/), before major sequencing using
[lumina HiSeq X sequencing platform in the Swedish Museum of Natural History.
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Data processing

Contemporary and ancient data were processed following the same pipeline.
Whole genome re-sequencing data was quality-checked using FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc). Overlapping reads were
merged using SeqPrep (https://github.com/jstjohn/SeqPrep), with default
parameters. Merged reads coming from ancient samples, and merged and unmerged
contemporary data were mapped to the 2.8 Gb Lynx pardinus genome (Abascal et al.,
2016), and the 2.5Gb Felis catus genome v9.0 (GCF_000181335.3) (Buckley et al.,
2020) using bwa aln 7.17 (Li & Durbin, 2009). After filtering reads with mapping
quality above 30 and sorting using samtools (Li et al., 2009), we added read groups
(https:/ /broadinstitute.github.io/picard), merged sequencing runs on an individual
basis (L1 et al., 2009), marked duplicates using picard-tools (https://broadinstitute.
github.io/picard), and realigned using GATK (McKenna et al., 2010). Coverage,
mapping statistics, and read length distributions were calculated using samtools (Li
et al., 2009). The authenticity of the ancient data was checked by the small fragment
length distribution, and the existence of ancient DNA damage -excess of C to T
substitutions at the ends of the reads-, as revealed by mapDamage (Jonsson et al.,
2013) (Fig. S1). Mapping to Iberian lynx reference genome was used for structure
and diversity analysis, while mapping to domestic cat reference genome was used for
ABBA-BABA tests to avoid previously reported reference bias (Sheng et al., 2019).
For all our analysis we excluded the previously identified low complexity and low
mappability regions in lynx or in cat, as well as X and Y chromosome when specified
(Abascal et al., 2016; Buckley et al., 2020).

We also sexed the samples by calculating the ratio of depth of coverage in X
chromosome to Al autosome. This method was validated using contemporary
samples of known sex.

Population structure

Principal component analysis (PCA) was done for contemporary Iberian lynx data
using ANGSD. To avoid coverage depth bias, we subsampled high coverage Iberian
lynx samples coming from (Abascal et al., 2016) to ~6x using samtools (Li et al.,
2009). Then, we calculated the genotype posterior probabilities using ANGSD (Li,
2011; Kim et al., 2011) and NGSTools/ngsPopGen/ngsCovar (Fumagalli, 2013;
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Fumagalli et al., 2013) with the following filters (-uniqueOnly I -remove_bads 1
-only_proper_pairs 1 -baq 1 -C 50 -minMapQ) 30 -minQ) 20 -doCounts 1 ~minInd
(number of individuals in the population/2) —setMaxDepth (3*sqrt(average (AVR)
depth for the population)) -skipTriallelic I =SNP_pval le-3. To infer the ancestral
state we used a fasta sequence of L. rufus covering 97% of our bases obtained
after mapping reads to the Iberian lynx genome, calling variants using SAMtools
mpileup (q-30) (Li et al., 2009), and pseudohaploidizing using pu2fa (-C45) (https://
github.com/Paleogenomics/Chrom-Compare). To incorporate ancient data, we
did 3 separate PCA including one ancient sample at each time. Then we projected
each individual ancient PCA, i.e. contemporary and ancient coordinates, onto the
coordinates obtained in the PCA using only contemporary data using (Procrustes
analysis, following Borg and Groenen 1997), using the package MCMCpack (Martin,
Quinn & Park, 2011) in R (R Core Team, 2019). Finally, we plotted the mean of
all the transformed and the original contemporary coordinates, and the ancient
coordinates together.

Genotype likelihoods calculated with ANGSD (Kim et al., 2011; Li, 2011) were used
for a genomic structure analysis using NGSadmix (Li, 2011; Skotte, Korneliussen &
Albrechtsen, 2013), with the same filters used for PCA analysis. NGSadmix was run

10 times from K=1 to K=5, and the results were plotted using R. Optimal K was
evaluated following (Evanno, Regnaut & Goudet, 2005), using CLUMPAK.

Nuclear genomic diversity

Two measures of genetic diversity per site (nucleotide diversity (r), and Watterson
estimator (6)) was calculated for each population using ANGSD (Li, 2011;
Korneliussen et al., 2013; Korneliussen, Albrechtsen & Nielsen, 2014), and realSFS
(Korneliussen et al., 2013). To account for differences in coverage and sampling
size between contemporary and ancient samples we subsampled the contemporary
samples to a depth similar to the ancient one, and ran the analysis for 5 different
groups of 3 random individuals in the contemporary populations (subsamples).
Using thetaStat (Korneliussen et al., 2013), we performed a sliding-window approach
with a window size set to 50,000 bp and a step size of 10,000. All filters described
for PCA were also used for diversity calculation except =SNP_pval (not applicable).
We calculated mean diversity weighted by the informative sites of each window, and
standard deviation by bootstrapping over windows as implemented in boot package
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for R (Canty & Ripley, 2017), to account for the correlation among nearby sites due
to linkage disequilibrium (LD). Finally, we computed the average of all iterations for
the contemporary populations and calculated the standard deviation.

We calculated individual heterozygosity by following the same procedure used for
population diversity until the SFS calculation, but in an individual-by-individual
basis instead of population-wise. Individual heterozygosity is the second value of the
SFS when calculated for a diploid individual. To account for differences in diversity
due to variation in depth of coverage among samples we plotted the correlation
between heterozygosity and depth.

To check whether diversity differences were conspicuous along the genome, we
calculated average diversity (rr, and 6, ) across different genomic features representing
neutral vs. evolutionary constrained regions, namely intergenic regions, coding gene
promoters, 5’UTR, CDS, introns, 3’UTR, long-non-coding RINA promoters, long-
non-coding RNA exons, long-non-coding RNA introns, non-coding RNA (mostly
miRNAs, snRNAs and snoRNAs), and ultra-conserved-non-coding-elements
(UCNE), for the ancient and the contemporary populations. To avoid biases due
to differences in sample size we randomly selected one of the five contemporary
iterations of size n=3 for this analysis. Standard deviation was calculated using a
bootstrapping procedure implemented in the R package boot (Canty & Ripley,
2017) with 100 iterations. Besides, we tested whether topological widows with largest
differences in diversity (rr, and 8,) in contemporary versus ancient comparisons were
enriched or depleted in CDS sites. To do so, we calculated differences in diversity
between the ancient and the contemporary population by windows and calculated
mean and standard deviation of the difference distribution. Diversity outliers
windows were defined as windows with a difference diversity value lower than mean
- 2*%standard deviation. Then, we calculated the percentage of CDS sites for each
window, and compared the distribution and mean of CDS percentage in outliers vs.
non-outlier windows.

Admixture between species
We tested for admixture between Iberian lynx and Eurasian lynx populations with

the D statistic (Green et al., 2010; Durand et al., 2011), using the data mapped to

the domestic cat genome to avoid reference bias, especially in the ancient samples
(Barlow et al., 2018; Giinther & Nettelblad, 2019). This method uses haploidized
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sequences of 4 individuals: two sister populations (P1 and P2), a potential source of
introgression (P3), and an outgroup (P4) that help establishing the ancestral alleles
(A). Then, it identifies how many derived alleles (B) are shared between P1 or P2 and
the donor P3, leading to two different patterns: ABBA — derived allele shared by P2
and P3; and BABA — derived allele shared between P1 and P3. The D statistics then
is calculated as [sum(ABBA) — sum(BABA)] / [sum(ABBA) + sum(BABA)]. Under
incomplete lineage sorting we expect that ABBA occurred at the same frequency as
BABA and hence, D value would be 0. Excess of ABBA, or BABA are interpreted as
admixture between P2-P3, and P1-P3, respectively.

For our analysis we first used Consensify to generate a haploidized sequence (Barlow
et al., 2020). This method 1s specially developed for reducing biases resulting from
differences in sequencing coverage and lab protocols in low to medium coverage
samples. We then tested for admixture using different meaningful topologies. We
performed a total of ~9000 comparisons testing different combination of one ancient
Iberian lynx and a single ancient Eurasian lynx inhabiting the Iberian peninsula 2
kya, and contemporary Eurasian and Iberian lynx populations. For all D statistics
test, we used the domestic cat (Felis catus) as an outgroup. Significance was assessed
using a weighted block jack-knife (Durand et al., 2011).

RESULTS

Genome sequencing of the ancient Iberian lynx samples

Shotgun sequencing of the ancient samples resulted in a total of 428,036,688,
889,284,660, and 854,907,829 reads for Algarve, Catalonia and Anduajar respectively.
Fragment size mode was around 40bp for all samples after excluding adapters and
merging the reads (Fig. S1). Samples showed and endogenous content (calculated
as the number of unique mapped reads from the total of sequenced reads) of 18%,
21%, and 13% for Algarve, Catalonia, and Andujar sample, when mapped to lynx
and 15%, 18% and 12% when mapped to cat. Duplication level (calculated as the
number of duplicates from the number of reads mapped) was 59%, 41%, and 32%
when mapped to lynx and cat. After trimming, mapping and removing duplicates,
depth of coverage was 2.3x (Algarve), 4.3x (Catalonia) and 2.5x (Andgjar), and
1.8 (Algarve), 3.5 (Catalonia), and 2 (Andajar) when mapped to Iberian lynx and
domestic cat reference genomes, respectively.
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Two of the processed ancient Iberian samples were a male (Andtjar and Catalonia)
and one a female (Algarve), as inferred from a ratio of depth of coverage between X
to Al domestic cat chromosome (0.4, 0.5 and 0.9, respectively). Casas-Marce et al.
(2017) reported the dates of the samples to be 2,710 BP for the Catalonian, 4,845 BP
for the Andujar, and 2,070 BP for the Algarve sample, accordingly all samples show
typical damage pattern C to T at the ends of the reads (Fig. S1).

Description of the ancient Iberian lynx population

PCA analysis and individual-based clustering confirm the relative homogeneity of the
ancient samples, hereafter the “ancient population” due to the limited geographical
or temporal structure in ancient lynx data, when analysed together with Andgjar and
Donana contemporary populations (Fig. 1C-D).

Ancient samples are closer to Andjar population, both in the PCA and individual-
based clustering analysis (Fig. 1C-D). When K=3 in the individual-based clustering
analysis, the ancient populations emerged as a separate cluster in all runs, with
more or less shared ancestry with Andajar contemporary population depending on
the run considered (Fig. 1C). However, we observe that PC3 separates the ancient
Catalonian sample (dated 2710 ya) from the other two Iberian lynx samples (Algarve,
2070 ya; Andtjar 4845 ya) (Fig. 1D), an evidence of some ancient geographical or
temporal population structure. This ancient structure is, in any case, shallower than
that observed nowadays between the two contemporary populations Anddjar and
Donana. And even shallower than the structure observed within Anddjar population,
as shown by the dispersion of contemporary Andajar samples in PC2 and PC3,
and subsequent partitions on the individual clustering analysis, which split Andajar
contemporary population at K=4 and Dofana populations at K=5, but maintain the
ancient populations as a single cluster (Fig. S2).

Unexpectedly, ancient Iberian lynx genomic diversity is lower than that of the
contemporary populations, for both rand 6, (Fig. 1 B),independently of the subsample
considered and of whether transitions are included or not in the analysis (Fig. 1B, S3).
Precisely, 6, diversity is 9.50e-06 in the ancient population, which represents 62%,
and 38% of 6, in Dofiana and Andujar, respectively (6, Ancient=5,24e-05, 85%,
and 51% of Donana and Andujar respectively when considering both transversions
and transitions), and ancient 7 diversity is 1,08e-05, which represents 55% of Dofiana
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Fig. 1. A. Contemporary and ancient sampling, with the number of individuals sampled in brackets.
Ancient Iberian lynx distribution is shown in grey and contemporary
B. Diversity of the ancient population (n=3), and different iterations
contemporary populations Anddjar and Doflana considering only transversions. C. Relationships
among individuals based on individual-based clustering. Results are shown for K=2 and K=3. For
K=2 all runs converge, while for K=3 runs results in two different solutions represented here. D.
Principal component analysis. PC1-PC2, and PC2-PC3 results are shown, including the percentage
of the variance explained by each axis (in brackets). Color code is maintained in the map and PCA
results.

distribution is shown in black.
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163



03 | CAPITULO

and 32% of Andijar diversity (r Ancient=6,19e-05, 89% and 52% when including
transitions and transversions), with subtle differences among distinct contemporary
subsamples (Fig. S3).

Genetic diversity differences between ancient and contemporary populations are

similar among features for both wr, and 6., irrespective of whether they are selectively-

w
constrained (e.g. CDS), or neutral (e.g. intergenic or introns) (Fig. 2A). Also, windows
with the largest diversity differences between the ancient and any of the contemporary

pops are not enriched for coding regions, either for 7 or 6, (Fig. 2B).
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features for contemporary (Dofiana, and Anddjar) and ancient populations. B. CDS percentage for
outlier diversity difference windows compared to non-outlier ones. Outliers windows were defined
as those windows that showed values of diversity difference lower than average diversity difference-
2%standard deviation. Comparisons include Ancient vs. Dofiana and vs. Andtjar, for both , and 8,
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Also, individual diversity, i.e. observed heterozygosity, shows pattern similar to
population diversity. The heterozygosity of ancient individuals ranges from 95% to
33% of that observed in Dofiana individuals, and from 51% to 18% of the Andujar
individuals, depending on the samples considered (Fig. S4). Although we detect a
positive correlation between observed heterozygosity and depth of coverage, the
difference in diversity among Iberian lynx populations is not explained by differences
in coverage, as all samples were subsampled to similar depth (Fig. S4).

Admixture between species

Contemporary Iberian lynx samples show a significant excess of shared derived
alleles with Eurasian lynx relative to ancient samples, supporting a gene flow event(s)
between Eurasian lynx and Iberian lynx in the last 2 ky (Fig. 3A). This gene flow event(s)
permeated the whole contemporary Iberian lynx distribution, as the admixed alleles
in contemporary individuals are equally distributed between the two contemporary
populations (Fig. 3B). Among the plausible Eurasian lynx contemporary populations
involved in the admixture process, we find that western European lynx share more
alleles with contemporary Iberian lynx than Eurasian lynx from Asia (Fig. 3C). We also
find a relative homogeneity in admixture levels within western or eastern Eurasian
lynx populations (Fig. S5A, S5B). All in all, our results indicate that contemporary
Iberian samples admixed with Eurasian lynx during the last 2 kya.

To investigate further the timing and the source of admixture we used an ancient
Eurasian lynx that inhabited the Iberian Peninsula 2 kya (Lucena-Perez, i prep.). We
find that contemporary Iberian lynx samples share more alleles with contemporary
Eurasian lynx than with the ancient Eurasian lynx inhabiting the Iberian Peninsula
(Fig. S5C). Also, the ancient Iberian lynx samples do show evidence of admixture
with contemporary Eurasian lynx but less so with the ancient Eurasian lynx from
Iberia: more alleles are shared with western contemporary individuals than with the
ancient Eurasian lynx, the latter being similar to those of the eastern contemporary
populations (Fig. S5D, S5E). Also, we found varying levels of admixture in our ancient
Iberian lynx samples, with the most ancient sample from Andujar (4.8 kya) showing
less shared alleles with Eurasian lynx than samples from Catalonia (2.7 kya) and

Algarve (2 kya), further supporting a trend for more recent samples showing more
introgression (Fig. S5F, S5G).
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Fig. 4. Results of D statistical tests. Red and grey points show significant and non-significant D values,
respectively. In the right, the three different tree topology tested (A-C), with an arrow indicating the
gene flow exchange if it was significant.

DISCUSSION

Here, we describe the genetic patterns of three ancient individuals of Iberian lynx
based on whole genome data, and we report an unexpected low genetic diversity in
ancient Iberian lynx population. Also, we find evidence of gene flow with Western
Eurasian a lynx population that was concomitant with, and thus may explain, the
observed increase in Iberian lynx genetic diversity within the last 2 ky.

The Iberian lynx, a species currently endemic to the Iberian peninsula, had a wider
distribution throughout the Mediterranean biogeographic region, including the
North of Italy and France, during the Pleistocene and the beginning of the Holocene
(Rodriguez et al., 2011; Rodriguez-Varela et al., 2015; Boscaini et al., 2016; Casas-
Marce et al., 2017). Since 100 kya, the species has been declining, with a series of
population bottlenecks, the last one occurring during the 20th century (Abascal et al.,
2016). As a result, the species was by the beginning of the 21st century confined to two
small populations in Southern Spain — Andtjar and Donana. Although the species
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was claimed to have no mitochondrial diversity since the Late Pleistocene (Rodriguez
et al., 2011), a more recent study using whole mitogenome data from ancient (from
43 kya to 2 kya, n=10), historical (since 1770 till 1990, n=245) and contemporary
samples (1990 till 2013, n=172 ) showed a low ancient diversity that was further
reduced by the decline and fragmentation occurring during the last few centuries
(Casas-Marce et al., 2017). Also, nuclear microsatellite diversity was progressively
reduced since 1770 in most populations and globally, but genetic diversity was not
assessed for ancient samples due to methodological constrains. As a result of small
long-term population sizes and demographic declines, contemporary Iberian lynx

populations have one of the lowest diversity in whole genome data reported to date
(Abascal et al., 2016).

With this information we predicted that loss of genetic diversity during the last
millennia must have also occurred in the nuclear genome. However, the genome-wide
genetic diversity found in ancient Iberian lynx samples is lower than that in extant
populations, and to our knowledge the lowest ever reported for any mammal (Fig
4). Ancient genetic diversity is lower than the one reported for critically endangered
species such as baiji (Lipotes vexillifer) and even highly endangered populations like
the one of Channel Island fox in San Miguel (Urocyon littoralis). This low ancient
diversity suggests small long-term population sizes throughout the species history,
likely associated to small ranges, low densities, and recurrent bottlenecks.

The observation of a larger current diversity in Iberian lynx requires a process that
increases diversity along the genome occurring in the last 2 ky. Here, we provide
conclusive evidence of admixture between Eurasian lynx and Iberian lynx occurring
during the last 2 kya that was at least concomitant with, and the most likely ultimate
cause of, the inferred increase in genetic diversity in Iberian lynx. Signatures of this
admixture are found equally in the two remnant populations ~Andujar and Donana-,
suggesting that it was prior to their divergence around 200 ya (Casas-Marcé et al,
2017). We also found evidence of increasing admixture throughout time with the
oldest Iberian sample (4.8 kya) showing less share alleles with Eurasian lynx than
samples from Catalonia (2.7 kya) and Algarve (2 kya). All European populations,
but not Asian populations, of Eurasian lynx show similar proportions of alleles
shared with Iberian lynx. However, the one ancient Eurasian sample inhabiting the
Iberian Peninsula 2 kya shows levels of allele sharing with contemporary Iberian lynx
individuals lower than current European populations, indicating that this particular
Eurasian lynx lineage was not involved in the recent admixture process (Fig. S5).
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The Eurasian lynx inhabited Western Europe, including Mediterranean coastal
regions, during the Late Pleistocene and the Holocene, reaching the Iberian peninsula
during the Pleistocene-Holocene boundary (Altuna, 1980; Sommer & Benecke, 2006;
Rodriguez-Varela et al., 2016). During the Pleistocene and at least until 3.7 kya, the
Iberian lynx distribution included northern Iberia, southern France and even north-
western Italy (Rodriguez-Varela et al., 2015; Boscaini et al., 2016), where the two lynx
species have been recorded at the same site (Arene Candide, north Italy) during the
Last Glacial Maximum (Cassoli & Tagliacozzo, 1994; Rodriguez-Varela et al., 2015).
The plausible past coexistence of the Eurasian and Iberian lynx could have resulted in
interbreeding, as widely observed among felids (Li et al., 2016, 2019). However, how
1s it possible than a 2 ky Eurasian lynx in the Iberian Peninsula show less evidence of
admixture with Iberian lynx than modern European populations? Although we can
only speculate about this result, some explanations might be behind the pattern. First,
both species may have remained ecologically separated in different biogeographic
regions: Iberian lynx in Mediterranean and sub-Mediterranean areas and Eurasian
lynx in Eurosiberian Atlantic areas (Clavero & Delibes, 2013; Rodriguez-Varela et al.,
2016). Second, the Eurasian lynx in Iberia might be a different lineage from those
occupying the rest of Europe during the last few millennia. Evidences based on ancient
DNA support two different events of colonisation of western Europe: first, during
the Late Pleistocene a migration by Eurasian lynx carrying a southern mitogenomic
lineage, related to the one in Balkans and Caucasus; second, in the beginning of the
Holocene, a colonization with lynx carrying haplotypes related to the ones found in
Central European, Asiatic and Baltic populations today (Lucena-Pérez et al, i prep.).
Modern nuclear genome data suggest that theses mitochondrial lineages, probably
originated during periods of isolation in glacial refugia, became largely admixed in
Europe in postglacial periods (Lucena-Perez et al., 2020). The fact that all modern
populations, from Balkans to Carpathian show similar signals of admixture indicates
that the source was this admixed ancestral population, prior to their subsequent
differentiation during the Holocene, largely driven by genetic drift. The Eurasian lynx
sample from the Iberian Peninsula might be part of a population that entered Iberia
prior to the admixture of the two lineages in Europe, and remained isolated there.

The admixture with the Eurasian lynx seems to have played a prominent role in the
history of the Iberian lynx, as previously suggested by Abascal et al. (2016) and recently
confirmed by Li et al. (2019). The species, whose effective population size has been
relatively low throughout its history, may have periodically increased its diversity by
pulses of admixture with the Eurasian lynx. The fitness consequences of the inferred
admixture events between the Eurasian and the Iberian lynx are hard to predict.
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Theoretically, we expect that the introduction of new alleles via gene flow in a population
could lead to an increase or decrease in the fitness of the individuals of the populations,
depending on different variables, such as the genetic load of the populations involved
in the process, the time of divergence of the two populations, or the existence of local
adaptations (Frankham et al., 2011). The admixture between the two lynx species could
lead to an increase in fitness given that the two species show the same chromosomal
number and large chromosomal reorganizations are presumably very scarce (Abascal
et al., 2016), and admixture have been extensive and common in the history of the
species since their divergence (Abascal et al., 2016; Li et al., 2019). Also, new alleles
could increase the Iberian lynx low genetic diversity for adaptation to environmental
change, 1.e. evolutionary potential. However, we are dealing with two different species,
that evolved mostly in allopatry, and present notable morphological, behavioural and
ecological differences (Sunquist & Sunquist, 2002; Nowak, 2005), which could lead to
outbreeding depression. As the Iberian lynx has dramatically declined during the last
2 kya, likely due to direct and indirect human impacts and with likely but unknown
contribution of genetic factors, the evaluation of the impact of the recent admixture
on the species is impossible.

In conservation genetics theory and practice, establishing gene flow with a closely-
related genetically healthier population is seen as a mitigation strategy that can
decrease extinction risks through the restoration of genetic diversity and the reduction
in inbreeding levels (Hedrick & Fredrickson, 2010; Hedrick & Garcia-Dorado, 2016).
This type of conservation action, known as genetic rescue, is usually taken as an urgent
and extreme measure, as it has some risk derived from the possibility of outbreeding
depression, i.e. that the admixture results in a reduction of fitness due to either the
influx of maladaptive alleles or the disruption of co-adapted gene complexes or fixation
of chromosomal variants (Frankham et al., 2011). Nevertheless, accumulated evidences
have shown that genetic rescue has more positive than negative effects in general, with
the reduction of inbreeding depression usually compensating possible outbreeding
risks (Frankham, 2015). Using a closely related species as the source of novel alleles has
remained mostly out of discussion due to anticipated outbreeding depression. However,
increasing evidences suggest that natural introgression is a far more common and
widespread process than previously thought, to the point that current species cannot
longer be pictured as hermetic static compartments, but rather as dynamic entities
interconnected with others by episodic events of introgression. With this background,
genetic rescue across species should be carefully considered in those extreme cases in
which species persistence is severely compromised by genetic factors and no source
population of the same species exists.
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Looking backwards to plan the future

Currently Iberian lynx is being managed at a species level to reduce inbreeding
and maximize genetic diversity. Genetic rescue of the eroded Dofiana population
in recent years by the genetically healthier Andgjar, via translocation, has restored
diversity and apparently increased fitness (Lopez-Zamora i prep.). Also, the admixed
captive population has restored the diversity of the species close to historical levels
(Kleinman-Ruiz et al., 2019), and the species has increased from 100 individuals in
two populations at the beginning of this century to almost 1000 distributed in the two
remnant and several reintroduced populations, that are being genetically managed to
preserve genetic diversity and reduce inbreeding. However, even though genetic factors
might no longer be a risk for the species short-term viability if genetic management
continues, its long-term viability, as determined by its adaptive potential, will remain
relatively low due to a low intrinsic genetic diversity. Our results reporting admixture
with Eurasian lynx over the last 2 kya, encourage interspecific hybridization to be
carefully considered as a measure to restore the adaptive potential of the specie.
Furthermore, plans to reintroduce Eurasian lynx in the Pyrenees are being discussed,
along with the introduction of Iberian lynx in Catalonia, relatively close to Pyrenees
area, what would make natural hybridization eventually possible. As the outcome
and associated risks are unknown, we call for a careful consideration of interspecific
gene flow both as a mitigation strategy and a threat for species survival.
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Fig. S1. Authentication of ancient DNA data using MapDamage. On the left, cytosine deamination
patterns. X axis indicates the individual nucleotide position of the reads. Plots show the proportion of
T where the reference genome possesses a G (red) and proportion of A where the reference possesses
a G (blue). Cto T chanqcs are typical of ancient damage patterns. Plot on the right represents the
fragment length distribution determined by the merging of the two reads. Minimum red length for
mapping used was 30bp, resulting in a truncation of the plot.
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names on top, with number of samples into brackets.
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Fig. S5. Results of D statistical tests. Red and grey points show significant and non-significant
D values, respectively. In the right, the three different tree topology tested (A-G). LI=Lynx
lynx, Fe=IFelis Catus. L1 west included the following populations: Kirov, Caucasus, Balkans, and
Carpathians, while LI east included Vladivostok, and Yakutia.
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Table S1. List of ancient samples used in this study.
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Table S2. List of contemporary iberian lynx and Eurasian samples used in this study. Assigned birth
date (Iberian lynx) or sampling year (Eurasian lynx). Date=birth date (Iberian lynx); date=sampling

date (Eurasian lynx).

Sample Specie Population Date Reference Sex
c_lp_sm_0325 | L. pardinus Anddgjar 1999 Lucena-Perez etal. in prep| F
c_lp_sm_0140 | L. pardinus Anddgjar 2000 Abascal et al. 2016 M
c_lp_sm_0138 | L. pardinus Anddgjar 2002 Abascal et al. 2016 M
c_lp_sm_0161 | L. pardinus Andujar 2002 Lucena-Perez etal. inprep| F
c_lp_sm_0134 | L. pardinus Anddgjar 2004 Lucena-Perez et al. in prep| F
c_lp_sm_0155 | L. pardinus Anddgjar 2004 Lucena-Perez etal. in prep| F
c_lp_sm_0156 | L. pardinus Anddgjar 2004 Lucena-Perez et al. in prep| F
c_lp_sm_0186 | L. pardinus Anddjar 2004 Abascal et al. 2016 M
c_lp_sm_0359 | L. pardinus Andgjar 2004 Abascal et al. 2016 M
c_lp_sm_0185 | L. pardinus Anddjar 2005 Abascal et al. 2016 M
c_lp_sm_0208 | L. pardinus Anddjar 2005 Lucena-Perezetal. in prep| F
c_lp_sm_0213 | L. pardinus Anddjar 2005 Lucena-Perezetal. in prep| F
c_lp_sm_0206 | L. pardinus Anddtjar 2006 Lucena-Perezetal. in prep| F
c_lp_sm_0221 | L. pardinus Anddtjar 2006 Lucena-Perez et al. in prep| M
c_lp_sm_0226 | L. pardinus Anddjar 2006 Lucena-Perez et al. in prep| M
c_lp_sm_0276 | L. pardinus Anddtjar 2006 Lucena-Perezetal. in prep| F
c_lp_sm_0298 | L. pardinus Anddtjar 2007 Abascal et al. 2016 M
c_lp_sm_0320 | L. pardinus Anddtjar 2008 Lucena-Perezetal. in prep| F
c_lp_sm_0450 | L. pardinus Anddtjar 2009 Lucena-Perez et al. in prep | M
c_lp_do_0007 | L. pardinus Dofana 1987 Abascal et al. 2016 M
c_lp_do_0144 | L. pardinus Dofana 2000 Lucena-Perez et al. M
c_lp_do_0141 | L. pardinus Dofana 2001 Lucena-Perez etal. in prep | M
c_lp_do_0163 | L. pardinus Dofana 2001 Lucena-Perez et al. in prep| F
c_lp_do_0162 | L. pardinus Dofiana 2002 Lucena-Perez et al. in prep| F
c_lp_do_0173 | L. pardinus Dofana 2003 Abascal et al. 2016 M
c_lp_do_0153 | L. pardinus Dofana 2004 Abascal et al. 2016 M
c_lp_do_0300 | L. pardinus Donana 2007 Lucena-Perez et al. in prep| M
c_lp_do_0333 | L. pardinus Donana 2008 Lucena-Perez etal. in prep| F
c_lp_do_0335 | L. pardinus Dofiana 2008 Lucena-Perezetal. inprep| F
c_lp_do_0443 | L. pardinus Donana 2010 Abascal et al. 2016 M
c_lp_do_0444 | L. pardinus Dofiana 2010 Lucena-Perez etal. inprep| F
c_ll ba 0229 L. lynx Balkans 2012 Lucena-Perez et al. in prep| M

c_ll_ba_0227 L. lynx Balkans 2018 Lucena-Perez etal. inprep| F
c_ll_cr_0205 L. lynx Carpathians 2007 Lucena-Perez et al. 2020 F
c_ll_cr_0212 L. lynx Carpathians 2012 Lucena-Perez etal. 2020 | M
c_ll_ca_0241 L. lynx Caucasus 2019 Lucena-Perez etal. inprep| F
c_ll_ca_0242 L. lynx Caucasus 2019 Lucena-Perez etal. inprep| F
c_ll_ki_0090 L. lynx Kirov 2011 Lucena-Perez et al. 2020 F
c_Il_ki_0091 L. lynx Kirov 2011 Lucena-Perez etal. 2020 | M
c 1l_vl_0112 L. lynx Primorsky Krai 2014 Lucena-Perez et al. 2020 F
c_1_vl_0113 L. lynx Primorsky Krai 2015 Lucena-Perez et al. 2020 M
c_1l ya_0138 L. lynx Yakutia 2015 Lucena-Perez etal. 2020 | M
c_ll ya_0146 L. lynx Yakutia 2015 Lucena-Perez etal. 2020 | M
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ABSTRACT

Demographic bottlenecks generally reduce genetic diversity through more intense
genetic drift, but their net effect may vary along the genome due to the local effects
of recombination, mutation and selection. Here, we analysed the changes in genetic
diversity following a bottleneck by comparing whole-genome diversity patterns in
populations with and without severe recent documented declines of Iberian (Lynx
pardinus, n=31) and Eurasian lynx (Lynx lynx, n=29). As expected, overall genomic
diversity correlated negatively with bottleneck intensity and/or duration. Correlations
of genetic diversity with several known correlates were observed in non-bottlenecked
populations, but were weaker in bottlenecked populations. Also, the more selectively
constrained features and the X chromosome showed an accumulation of low
frequency alleles in bottlenecked populations, even resulting in higher 6, diversity
than in non-bottlenecked populations. This accumulation seems to be related to
both a higher mutational input in those regions creating a large collection of low-
frequency variants, a few of which increase in frequency during the bottleneck, and
the relaxation of purifying selection, which could affect not only protein structure and
function but also regulation of gene expression. This study provides novel insights
into the genomic and fitness consequence of bottlenecks in wild populations with
relevance for the conservation of endangered species.
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INTRODUCTION

Genetic diversity in populations is the result of the interplay between mutation,
genetic drift, recombination, selection and gene flow (Ellegren & Galtier, 2016;
Ballenghien, Faivre & Galtier, 2017). In demographically stable populations, the site
frequency spectrum (SFS) and genetic diversity varies along the genome and across
genomic features, following variations in the strength of recombination, selection
and mutation, and creating a genomic landscape of genetic diversity. Changes in
effective population size alter the equilibrium patterns of genetic diversity across
the genome expected at stable population sizes. In particular, a demographic
bottleneck (i.e. a sudden reduction in Ne) will increase the action of genetic drift and
cause a general loss of genetic diversity, in a magnitude determined by its severity
and duration (Garza & Williamson, 2001), and will distort the SFS through the
preferential loss of low frequency alleles (Nei & Maruyama, 1975). However, we
might expect that the effect of demographic bottlenecks on genetic diversity will
locally depart from predictions based on equilibrium or simple drift models because
evolutionary forces interact in complex ways between them and with genetic drift
(Duret & Arndt, 2008; Duret & Galtier, 2009; Pratto et al., 2014; Williams et al.,
2015; Terekhanova et al., 2017; Smith, Arndt & Eyre-Walker, 2018; Halldorsson et
al., 2019), A population bottleneck is therefore expected to affect differentially distinct
genomic compartments (i.e. chromosomes, chromosomal regions, or features) as they
differ in these evolutionary forces.

Genetic diversity is ultimately created by mutation and mutation rates vary extensively
along and among chromosomes (Gonzalez-Perez, Sabarinathan & Lopez-Bigas,
2019). For example, it is known that GC-content is positively correlated with genetic
diversity, partly due to the hyper-mutability of CpG dinucleotides (Duret & Arndt,
2008; Duret & Galtier, 2009; Smith, Arndt & Eyre-Walker, 2018). Recombination is
also positively correlated with genetic diversity due to its associated mutagenic effect
(Duret & Arndt, 2008; Duret & Galtier, 2009; Pratto et al., 2014; Terekhanova et al.,
2017; Smith, Arndt & Eyre-Walker, 2018; Halldorsson et al., 2019).

Natural selection impacts genetic diversity at selected sites by either reducing
(purifying or negative selection, and positive selection) or maintaining it (balancing
selection). The effects of selection on diversity may extend to neighbouring linked
neutral sites especially in regions of low recombination, a process often referred
to as hitchhiking or linked selection, resulting in selective sweeps and background
selection driven by positive and negative directional selection, respectively (Cutter
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& Payseur, 2013). Furthermore, the effectiveness of selection may be hampered if
multiple linked loci experience selective pressures simultaneously via Hill-Robertson
interference (Hill & Robertson, 1966; Felsenstein, 1974).

A reduction in Ne would impact regions under selection leading to two predictions.
Firstly, variants with selection coefficients lower than the inverse of Ne will behave as
effectively neutral (Kimura, 1962) which results in the accumulation of moderately
deleterious variation in small populations due to the relaxation of purifying selection
(Charlesworth, Morgan & Charlesworth, 1993). Secondly, in small populations, higher
rates of inbreeding and the increase in frequency of (partially) recessive deleterious
variants may facilitate their elimination by selection (i.e. purging) (Hedrick, 1994;

Garcia-Dorado, 2012; Hedrick & Garcia-Dorado, 2016).

Despite the increasing interest of the study of the evolutionary consequences of
bottlenecks for the conservation of biodiversity, the lack of the required resources, such
as a reference genome, and/or appropriate samples, in most endangered species has
limited progress. We find, on one hand, a few empirical studies assessing differences
in diversity along the genome in stable populations of non-model organisms (e.g.
Corcoran et al., 2017; Dutoit, Burri, Nater, Mugal, & Ellegren, 2016; Wang, Street,
Scofield, & Ingvarsson, 2016), and on the other, simulations exploring the dynamics
of diversity in non-equilibrium scenarios, including demographic bottlenecks (Torres
et al., 2020), but to our knowledge there are no empirical studies analysing the
changes in the genomic landscape of diversity following a population bottleneck on
wild conservation-relevant populations.

Here we characterize the changes in the genomic landscape of diversity brought
about by a demographic bottleneck in the two lynx species present in Eurasia, the
highly endangered Iberian lynx (Lynx pardinus) and the broadly distributed Eurasian
lynx (Lynx lynx). By taking advantage of the recent de novo assembled and annotated
Iberian lynx reference draft genome (Abascal et al., 2016) we measure genetic diversity
across chromosomes, chromosomal regions, and genomic features, in populations
with contrasting recent demographic histories. To do so, we assess genomic diversity
patterns in populations that best represent an ancestral unaffected (i.e. pre-bottleneck)
for each species or lineage (from now on referred to as non-bottlenecked populations,
NB); and we compare them with those of genetically eroded populations of the
same lineage (bottlenecked populations, B). We also assess the role of recombination,
mutation, and selection in shaping post-bottleneck diversity patterns by comparing
local values between regions or features with contrasting genetic diversity dynamics.
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MATERIALS & METHODS

Study populations

The Iberian lynx was recognized as the most endangered felid in the world (Nowell
& Jackson, 1996). In 2002, when the species was classify as critically endangered,
there were only two remnant populations with less than 100 individuals that diftered
on genetic patterns and demographic history (Rodriguez & Delibes, 2003; Ferreras
et al., 2010; Palomares et al., 2011; Casas-Marce et al., 2017). The highly eroded
Donana population was isolated during two centuries at an estimated Ne of 20
individuals, reaching 10 in the last few decades (Casas-Marce et al., 2013, 2017). In
contrast, Andujar is the remnant of the Eastern Sierra Morena population, which
remained large and genetically connected with other populations until ca 1980, being
genetically close to the historical Iberian lynx population (Casas-Marce et al., 2017).

Unlike the Iberian lynx, the Eurasian lynx, is one of the most broadly distributed
felids in the world (Breitenmoser et al., 2015). In Europe there are differences between
populations in terms of neutral genetic differentiation and diversity (Lucena-Perez et
al., 2020). Particularly, NE-Poland and the Scandinavian populations went through
pronounced declines and remained isolated from other lynx populations during the
last century, resulting in currently low genetic diversity and high differentiation. On
the contrary, eastern European populations, represented here by the Kirov population,
remained well connected and relatively large, and represents the population of the
European lineage with the highest genetic diversity (Ratkiewicz et al., 2014; Lucena-
Perez et al., 2020).

Sampling, DNA extraction, library preparation & sequencing

Whole genome resequencing data were obtained from 60 Iberian and Eurasian lynx
(Fig. 1, Table S1). We sampled and processed 20 Iberian samples, which together
with available sequence data from 11 additional individuals (Abascal et al., 2016),
resulted in a total of 31 Iberian lynx from the two populations: Andgjar (n=19),
Donana (n=12). We used 29 whole-genome sequences from Eurasian lynx (Lucena-
Perez et al., 2020) from three different populations: Kirov region, Russia (n=13),
NE-Poland (Biatowieza and Knyszyn Primeval Forests) (n=8), and Norway (n==8).
We determined the ancestral state and calculated divergence using one bobcat (Lynx
rufus) and one Canada lynx (Lynx canadensis) genome as in Lucena-Perez et al. (2020).
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Fig. 1. Sampling and global diversity (1t
and 6,) of the five studied populations..
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Samples were digested overnight using proteinase K and DNA was extracted using
NucleoMag B-beads (NucleoMag DNA from tissue kit) in LEM-EBD facilities (Seville,
Spain). gDNA samples were used for preparing Illumina sequencing compatible
paired-end libraries. The libraries were prepared, quantified and sequenced in
Mlumina HiSeq2000 flowcell v3 (Illumina Inc.), in 2x101bp paired-end mode,

following standard Illumina procedures at Centro Nacional de Analisis Genémico
(CNAG-CRG, Barcelona, Spain).

Quality control, trimming & mapping

Iberian and Eurasian lynx data was quality-controlled using FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc), and adaptors were removed when
necessary using SeqPrep (https://github.com/jstjohn/SeqPrep). All short-read
sequence data were mapped to a 2.8Gb Iberian lynx LYPAI.0 genome assembly
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(Abascal et al., 2016) using BWA-MEM (L1, 2013) with default parameters. We added
read groups to each sample using picard-tools (https://broadinstitute.github.io/
picard/) and merged the bam files from the same individual with SAMtools merge (L1
et al., 2009). We marked PCR duplicates using picard-tools (https://broadinstitute.
github.io/picard/) and performed a local realignment and a base quality recalibration
of the data using GATK 3.4 (McKenna et al., 2010). We calculated overall mapping
stats using SAMtools flagstat (Li et al., 2009) and average depth using SAMtools
depth (Li et al., 2009). In order to standardized sample depth to avoid any bias,
medium-high depth samples were subsampled to a depth within the range of the
newly sequenced samples, using SAMtools view -s (Li et al., 2009).

Genome annotation

The Iberian lynx reference genome has been annotated for several genomic features,
namely SUTR, CDS, introns, and 5UTR (defined on the principal isoform of each
gene), IncRNAs, and ncRNAs (Abascal et al., 2016). Here, we also included promoters
of protein-coding genes and IncRNA, defined as sequences 1000 bp upstream of the
gene or IncRNA, respectively, and Ultra Conserved Non-Coding Elements (UCNEs).
UCNESs (Dimitrieva & Bucher, 2013) were annotated by translating human coordinates
(https://ccg.vital-it.ch/UCNEbase/) into domestic cat Felis_catus_5.0 coordinates
using LiftOver (http://rohsdb.cmb.usc.edu/GBshape/cgi-bin/hgLiftOver), and
these to lynx LYPA1.0 coordinates using lynx to cat synteny (Abascal et al., 2016). To
define intergenic regions we added a security bufter of +/-1000bp to any annotated
region to avoid the influence of adjacent areas, using bedtools subtract and bedtools
intersect (Quinlan & Hall, 2010). Each single 3UTR, CDS, intron, 5UTR, IncRNA,
ncRINA, promoter (for genes and IncRNA), UCNE, and intergenic region — from
now on, each single unit — was also assigned to chromosomes when possible using
lynx to cat synteny, and excluding from the analysis units that overlapped more than
one chromosome. We annotated as subtelomeric and pericentromeric those contigs
containing more than 1000 bp syntenic to these regions in the domestic cat genome,
1.e. 2Mb away from the telomeres and 10Mb around the centromere, respectively
(Abascal et al., 2016). Then, we calculated the percentage of sites in each unit
overlapping subtelomeric, pericentromeric or interstitial regions (defined as regions
not pericentromeric or subtelomeric), and assigned units to regions where the overlap
was = 75%.
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Genetic diversity per unit

For each population, genetic diversity per site was calculated using ANGSD
(Korneliussen et al., 2013) with the following filters: —uniqueOnly 1 —remove_bads
1 —only_proper_pairs 1 —baq 1 —C 50 —minMapQ) 30 —min() 20 —doCounts 1 —
minInd (number of individuals in the population/2) —setMaxDepth (average [AVR]
depth for the population + [0.95 * stdev depth for the population]) —setMinDepth
(AVR depth for the population — [0.95 * stdev depth for the population]) —skip Triallelic
1). First, we calculated the site allele frequency (SAF) and the site frequency spectrum
(SFS) for each population using ANGSD and NGSTOOLS/realSFS (Korneliussen
et al., 2013). This SFS plus its corresponding SAF were used to calculate nucleotide
diversity (rr), and Watterson theta estimator (6,) per site (Korneliussen et al., 2013).
It must be noted that ANGSD reports values of diversity per site whenever a site
passes the filters, without distinguishing between variable and invariant sites, and that
site diversity 1s not zero even for invariant sites because it considers the likelihood of
all genotypes in the calculation. Then, we calculated diversity per unit by averaging
diversity across sites, considering only informative sites (defined as all sites remaining
after filtering). To avoid biases due to very few informative sites, we only considered
units with more than 50 informative sites and with information for at least 20% of
the positions. Results are presented for autosomes (A), unless otherwise noted. For the
X chromosome, 6, was corrected for the sample size of this chromosome based on
the number of males and females sampled in each population (Lucena-Perez et al.,
2020). Additionally, we excluded the X-chromosome pseudoautosomal region (PAR)
delimited here as 10Mb from the extreme of the chromosome, based on an estimate
of 9 Mb for the domestic cat X-chromosome PAR (Li et al., 2016).

We averaged =n, and 8, for the different populations, chromosomes, regions
(subtelomeric regions vs. pericentromeric regions vs. interstitial), and features
(Intergenic, Gen promoter, SUTR, CDS, Intron, 3UTR, IncRNA promoter, IncRNA
exons, IncRNA intron, ncRNA, UCNE), weighting by number of informative sites.
Then, we used m, and 6, , weighted means to calculate a measure of the SFS skewness
(S) as 1-(n/6,,) (Becher, Jackson & Charlesworth, 2020). Dispersion in diversity
estimates (sd) was calculated by bootstrapping units using the R package boot (Canty
& Ripley, 2017) with 100 iterations. We then computed ratios of diversity in B vs. NB
populations in different chromosomes, regions, and features.
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We also computed =, and 8, X/A diversity ratios for each population, and feature.
Dispersion in X/A ratios was calculated from dispersion in X and dispersion in A,

using a propagation of the uncertainties formula:

VIA stdvA2/AM2 + X stdvA2/XA2 ) * (X/A)N2

Relative diversity differences between B and NB populations across
features

We tested diversity differences across features between pairs of one B population
and its corresponding NB population. By doing so, we take the latter as the closer
representation of the ancestral population, and assume that observed differences
in diversity are mostly due to population contraction in the latter. Comparisons
included Norway vs. Kirov and NE-Poland vs. Kirov for Eurasian lynx, and Dofiana
vs. Andujar for Iberian lynx. We used fix sized adjacent windows on a concatenation
of units of each feature to avoid distortions caused by differences in unit length across
features. Additionally, we subsampled populations within species to the same number
of individuals (i.e. eight for Eurasian, and 12 for Iberian lynx) to avoid biases due to

differences in sample size.

We filtered concatenated sites for each population and feature within each species
so that it contained the same positions in the two populations being compared, and
computed diversity for each population and feature in non-overlapping 1kb windows.
We calculated differences in diversity over these non-overlapping lkb windows to
be able to compute statistical tests without the bias introduced by different features

having different average length. Differences in diversity (8,) were computed as:
(B diversity — NB diversity)/ (B diversity + NB diversity).

A positive 8, means that B population shows more diversity than NB populations and
vice versa. Window diversity, as computed as the arithmetic mean of site diversities
estimated by ANGSD, shows a clearly bimodal distribution, with the lowest mode
(usually 10-5 to 10-7) corresponding to windows with probably no diversity (Fig.
S1). As the average diversity estimated for these windows with no diversity might

still differ in the two populations, rendering irrelevant and probably biased &, we
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transformed 886“,

below their respective empirically determined diversity threshold separating the

and 8t to zero when diversity in both populations dropped

two modes aforementioned (Fig. S1). We plotted 6, and their dispersion calculated
by bootstrapping over windows as implemented in Hmisc package in R (Harrell Jr,
2019) with 1,000 iterations. Also, in order to directly compare the magnitude of the
changes in the density of variable sites with changes in their allele frequencies, we
plotted 8.6, against § . Due to non-normality of the §_ statistic revealed by Shapiro
test, we compared & distribution among different features using a Wilcoxon signed-
rank test for paired samples and applied a strict Bonferroni correction for multiple

tests to assess significance.
Genomic variables

We annotated first units for the following genomic variables: average recombination
rate, divergence — as a proxy of mutation rate —, GC content, and two different
scores related to selection strength (RVIS, and functional site percentage). Then,
non-overlapping lkb windows used for calculating diversity differences were also
annotated or these genomics variables by obtaining their overlap with the previously
annotated units and averaging across overlapping units weighted by the number of

overlapping sites.

For calculating recombination rate we used the domestic cat linkage map (Li et al.,
2016), and cat-lynx synteny (Abascal et al., 2016), averaging the recombination
rate over 2 MB window. Divergence was computed as the number of observed
substitutions between Iberian lynx or Eurasian lynx and bobcat (L. rufus), divided
by the number of informative sites in each unit, based on a genus-wide VCF. To
estimate GC content per unit we used the Iberian lynx LYPA1.0 genome assembly,
or a consensus FEurasian lynx genome (Abascal et al., 2016). Using BEDTools nuc
(Quinlan & Hall, 2010) we parsed a bed file with units coordinates to the reference file,
and estimated the GC percentage of each unit. The level of tolerance to variation of
each gene was estimated by RVIS, a gene-based score computed for human sequence
data that reaches more negative values for intolerant genes (Petrovski et al., 2013).
Lynx genes were annotated using a lynx-to-human orthologs database (Abascal et

al., 2016). For functional sites percentage we annotated the genome based on 2Mb
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windows. For each 2Mb window we summed up the number of sites belonging to
3UTR, CDS, 5UTR, IncRNAs, ncRNAs, promoters, or UCNEs, divided it by 2Mb
and multiplied it by 100. Windows were then intersected with units using bedtools
intersect (Quinlan & Hall, 2010). Testing differences in genomic variables between

windows with contrasting behaviour

First we explored correlations among chromosome size, gene content, recombination,
divergence, GC content, RVIS and functional sites percentage. Chromosome
length, gene content, and recombination data at the chromosome level were
obtained from domestic cat, downloaded from https://www.ncbi.nlm.nih.gov/
genome/?term=txid9685[orgn]|. We plotted, for each of the populations studied, the
correlation between diversity and chromosome size, gene content, recombination,
divergence, GC content, RVIS and functional sites percentage at the chromosome

level.

We then focused on genic ~CDS and introns— and intergenic regions to assess to
which extent differences in diversity between NB and B populations across windows
of the same feature were related to differences in the following genomic variables:
NB diversity (m, 6.,
RVIS and functional sites percentage as a proxy of selection, divergence as proxy

and S) as a proxy of the ancestral diversity, recombination rate,

of mutation rate, and GC content. After rejecting normality of these variables of
interest, we used a Wilcoxon signed-rank test for unpaired samples to test whether
there were significant differences in those variables between windows that showed
higher diversity in B than NB population (5,6, >0.1) compared to the rest of the
windows. Significance was corrected by applying a strict Bonferroni correction to the
p-values. To get an estimation of the effect of these variables we calculated effect size
(r), as implemented in Mangiafico (2020). As we found a generalized effect of NB
diversity, and all genomic variables have a known relationship with diversity, we also
compared windows with no 6,; diversity in either population, i.e. non-diversity non-
diversity windows (ND,-ND windows), versus windows with 8, diversity only in the
B population (ND,-D, windows) (Fig. S1). Again, we used a Wilcoxon signed-rank
test for unpaired samples and Bonferroni correction to assess significant differences.
All statistics were calculated using R (R Core Team, 2019) and results were plot using

ggplot2 R package (Wickham, 2009).
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RESULTS

Bottlenecks reduce genetic species diversity

At the species level, Eurasian lynx shows about twice the genome-wide diversity
of Iberian lynx (Eurasian lynx: m weighted mean (wm)=3.3*10-4; 8, wm=2.8*10-
4); Iberian lynx rwm=1.9*%10-4; 6, wm=1.4*10-4) (Fig. 1). Both species are among
the mammals with the lowest overall genomic diversity reported so far (Abascal et
al., 2016; Lucena-Perez et al., 2020). Within Eurasian lynx, whole genome diversity
statistics are twm=3.4*10-4 and 6, wm=3.3*10-4 in the NB Kirov population, and
these are reduced to 80% and 74% in the B NE-Poland and Norway populations,
respectively, for both m and 6, (Fig. 1, Table 52). In Iberian lynx, the NB Andujar
population is the most diverse (twm=2.5%10-4; 6, wm=1.8%10-4) and diversity is
~52% of this in the B Dofiana population for both 7 and 6, (Fig. 1, Table S2). Based
on the relative diversity with respect to their most diverse population counterpart,
bottlenecks rank from less to more extreme (longer duration and/or smaller Ne) in
the order: NE-Poland, Norway, and Dofiana. All populations show a negative S, an
indication of a generalized scarcity of rare alleles, being more severe in Iberian lynx

(average across populations of S=-0.41 vs. S=-0.28 in Eurasian lynx) (Table S2).

Bottlenecks lead to a larger accumulation
of low frequency variants in the X chromosome

Chromosomes differ in diversity within populations (Fig. S2; Table S4). Largest
diversity differences occur between A and the X chromosome, with the latter showing
lower diversity than A consistently across populations (Fig. S2; Table S3, S4). Global
X/ A ratios range across populations from 0.31 to 0.37 for nX/nA, and from 0.36 to
0.84 for 6, X/6, A (Table S3). While ©X/mA is similar to 6, X/6, A in NB populations
and NE-Poland, 6, X/8 A is larger than nX/mA in the B Dofiana and Norway
populations (Fig. 2). This pattern is consistent across different genomic features,
namely CDS, intergenic and introns (Fig. 2). Also, the relative diversity reduction in
B relative to NB populations is globally similar for autosomes and X chromosome
(rB_X/nNB_X is similar to tB_A/7NB_A); however, the larger (above 1) 6, B_X/
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0, NB_X than 6, B_A/6, NB_A for Norway and Dofiana, when compared to Kirov
and Andujar, respectively, indicates a larger accumulation of low frequency variants
in the X chromosome in B relative to NB populations. Accordingly, S shows negative
values in the NB Andgjar and Kirov, but also in B NE-Poland populations, and
positive in the B Doflana and Norway (Table S2).

Bottlenecks blur expected differences
in diversity among and along autosomes

Among the autosomes, chromosome-wide genetic diversity is positively related
to divergence, GC content, gene content, functional sites percentage, RVIS, and
recombination, and negatively related to chromosome size in all populations of both
species (Fig. S3, Table S4). However, these correlations show lower predictors and
smaller fractions of explained variance (R®) in the B populations, especially so for 8,
(Fig. S3).

Along autosomes, subtelomeric regions show the highest diversity, followed by the
interstitial regions, and the pericentromeric regions (Fig. S4) in all populations.
Subtelomeric regions show 1.52-1.66, and 1.29-1.62 of interstitial w and 6, diversity,
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respectively, with lower ratios of 8 occurring in the B Norway and Dofana
populations, indicating that 6, diversity in B pops is still higher in subtelomeric regions
than in other chromosomal regions, but not as high as win B, or 6, in NB populations
(Table S5). Pericentromeric regions show 0.83-0.94 and 0.87-0.94 of interstitial «
and 6, diversity, respectively, both ratios tending to be higher in B populations that in
their NB counterparts. Skewness of SF'S is moderate and similar across chromosomal
regions in NB pops, but the more extremely bottlenecked populations show more
negative S in subtelomeric regions, indicating a relatively larger overall scarcity of
low frequency alleles.

Diversity across chromosomal regions ranks according to recombination rates
(subtelomeric=3.7cM/Mb, interstitial=3.5M/Mb, and pericentromeric=2.3cM/
Mb), divergence (subtelomeric =7.9¢-03, interstitial=5.5e-03, and
pericentromeric=5.2e-03), and inversely to functional sites percentage
(subtelomeric=3.3, interstitial=6.0, and pericentromeric=6.3). Also, subtelomeric
regions show higher GC content (subtelomeric=0.58, interstitial=0.47 and
pericentromeric=0.48), and higher RVIS (subtelomeric=0.2, interstitial=-0.31 and
pericentromeric=-0.28) (Table S5).

Autosomal diversities in NB and B populations are generally correlated, but the
more extreme the bottleneck, the weaker these correlations became both in terms of
predictor and R? (Fig. S5), reflecting the random effects of genetic drift. In addition,
these correlations are weaker in subtelomeric regions compared to pericentromeric
or interstitial regions (Fig. S5).

Smaller relative diversity reductions in B populations in selectively
constrained features

For all the features considered —namely: intergenic regions, coding gene promoters,
5’UTR, CDS, introns, 3’UTR, long-non-coding RNA promoters, long-non-coding
RNA exons, long-non-coding RNA introns, non-coding RNA (mostly miRNAs,
snRNAs and snoRNAs), and ultra-conserved-non-coding-elements (UCNE)) patterns
of genetic diversity generally follows the anticipated selective pressure (Fig. 3, Table
S6). Taking intergenic as a reference, the most selective constrained features present
the lowest diversity, in particular UCNE (0.19-0.20 and 0.21-0.56 of intergenic 7
and 6, respectively), followed by CDS (1=0.58-0.6; 6,,=0.59-0.79; both relative to
intergenic). Furthermore, regulatory regions such as gene promoters, non-coding
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RNAs, but also 5’UTR and 3’UTR, and even introns, show smaller reductions of
diversity in B populations with respect to NB than intergenic. S is negative for all
populations and features, except for UCNE in Norway and Dofiana, which shows
a high positive value (S=0.53 and S=0.50, respectively), and for CDS in Norway
(5=0.04), suggesting an accumulation of low frequency variants in these constrained
features in the most bottlenecked populations (Table S6). Notably, despite the lower
diversity in B populations than in NB populations in most features, diversity in UCNE

in the B Donana and Norway populations is actually higher than in their reference

NB population (Andtjar and Kirov, respectively) when measured as Watterson’s theta
(6,,), but not as nucleotide diversity (r) (Fig. 3).
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Sliding window analysis of relative diversity differences between NB and B populations
(0,) show the lower overall diversity in the B population as a negative global mean of
8, for most features, both for 7 (8,m) and 6, (8.6,,) (Fig. 4). For intergenic, Dofana-

S

Andgjar shows the more extreme diversity difference, followed by Norway-Kirov,
and finally NE-Poland-Kirov. Regarding other features, and consistently among

comparisons, UCNE’s 8.6, and 8.7, are less negative, and .6

S

became even positive

for the Donana-Anduajar and Norway-Kirov comparisons (Fig. 4). A similar trend
of less negative d values is also noticeable for CDS, and more subtly for 3’UTR,
and 5’UTR, indicating a smaller diversity loss for selectively constrained genomic
features in bottlenecked populations (Fig. 4).
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8.8,, and d m are generally correlated, but § 6, tends to be less negative than 6. for

most features and in the most bottlenecked populations (Donana and Norway). This
pattern is particularly notable for UCNE followed by CDS, 3°UTR and 5’UTR.
Although with lower 8, than intergenic, ncRNA 6.6, tends to be larger than 5.
in the Norway-Kirov comparison, and to a lesser extent in the Donana-Anddjar
comparison (Fig. S6).

Mutational input and selection are
related to changes in diversity in B populations

Windows with 8.8, > 0.1, i. e. with larger 6, in B than in NB populations, show
significantly lower diversity in NB populations (rt, 6, ) and larger $ than the rest of
windows (p-value < 3e-04; strict Bonferroni correction); this pattern is consistent
across comparisons and features, except for CDS in NE-Poland-Kirov that shows
the opposite pattern (Fig. S7, Table S8). The effect sizes of these variables measured
as the correlation coeflicient (r) are larger for Norway-Kirov (range: |0.15]-]0.22]),
followed by Donana-Andujar (range: [0.09|-]0.14]), and finally NE-Poland-Kirov
comparison (|0.01]-]0.04|) (Table S9). Interestingly, the significant effects observed
of other genomic variables like divergence, recombination, or selective constraints
go in the opposite direction to that expected from their positive correlation with
diversity (Fig. S7, Table S8). For instance, windows with 8.8, > 0.1 tend to show
lower NB diversity, but higher divergence, GC content, recombination, and
RVIS. To further test the effect of other genomic variables while eliminating the
influence of NB diversity, we considered only those windows with no 8, diversity
in NB populations and within this subset we compared windows that also lack 6,
diversity in the B population (ND_,-ND_ windows) (Fig. 5) with those that do show
some 6, diversity in the B population (ND,-D, windows). Some of the previous
contrasts, which were only significant for NE-Poland-Kirov when using all windows,
become now significant in all three comparisons, although with small effect sizes
(Fig. 5, Table S10, S11). For instance, ND,-D, windows are in regions with higher
divergence and GC content than ND_,-ND, windows. Also, recombination rate is
significantly higher in ND_ -D, windows, for non-selectively constrained features
in the Norway-Kirov (introns), and Dofiana-Andtjar comparisons (intergenic and
introns). Regarding genomic variables related to selection, RVIS is higher in ND -

DB windows in NE-Poland-Kirov for both CDS and introns and also in introns for
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the Norway-Kirov comparison, i.e. genes with diversity only in the B population
tend to be less intolerant to change. This difference disappears in the most extreme
Dofiana-Andtjar comparison, where genes in ND,-ND, windows are on average
less intolerant to change than in other comparisons, and not significantly different in
tolerance to ND ,-D,, genes. The percentage of functional sites is smaller in ND-D,
windows for non-selectively constrained features in NE-Poland-Kirov (intergenic and
introns) and Donana-Andujar (introns). Differences in genomic variables between
ND_,-ND, and ND_,-D, windows are smaller overall when the bottleneck is more
intense (Norway and Dofiana) and the features are selectively constrained (CDS), as

expected.
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DISCUSSION

Here we present one of the most comprehensive empirical studies of the genomic
consequences of bottlenecks in natural populations. By directly comparing
genomic diversity in Eurasian and Iberian lynx populations with contrasting recent
demography, we assessed how the impact of recent bottlenecks on population genetic
diversity varies across chromosomes, chromosomal regions, and genomic features.
Also, we explored how different genomic variables, such as mutation and selection,
as well as the initial SF'S, might be affecting the different outcomes of genetic drift
and, in consequence, the behaviour of different genomic features and regions under

a demographic decline.

As expected, recent bottlenecks globally reduce the genomic diversity in a magnitude
following the intensity and duration of the bottleneck, as inferred from records and
demographic reconstructions from genetic and genomic data (Abascal et al., 2016;
Casas-Marce et al., 2017; Lucena-Perez et al., 2020). Skewness of the SFS is negative
in all populations, indicating a general scarcity of low frequency variants, which
1s however more pronounced in the Iberian lynx populations, consistent with the
expectation for its smaller effective size at mutation-drift equilibrium.

Diversity reduction in the B populations is conspicuous across the genome, but its
magnitude varied across chromosomes, chromosomal regions and genomic features.
First, overall correlations between the genetic diversities in NB and B populations
across chromosomes and chromosomal regions weaken as bottleneck intensity
increases, especially in subtelomeric regions. The correlations of genetic diversity
with genomic variables like recombination, divergence, or gene content, which
are expected at migration-mutation-selection-drift equilibrium and still observed
in the NB populations, also weaken or disappear in the B populations, and are
especially low in the Iberian lynx comparison. Both observations indicate that, in B
populations, the reduction in mean diversity is accompanied by an increased variance
across chromosomes and chromosomal regions, and that genetic diversity patterns
progressively depart from those expected at equilibrium.

Regarding the X and A comparison, results suggest a larger accumulation of low
frequency alleles in the X chromosome relative to autosomes (X/A ratios) in B
populations. The X chromosome differ from the A in their response to a bottleneck
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because: 1) its effective size is %4 of A, which predicts a ratio of diversity X/A of
0.75 at mutation-drift equilibrium; 11) it has a lower recombination rate; 1i1) it has a
higher mutation rate, and iv) recessive deleterious variation is exposed to selection in
hemizygote individuals (i.e. males in mammals) (Arbiza et al., 2014). Besides, under
population size change scenarios, the dynamics of the two types of chromosomes
might differ, with X diversity undergoing faster changes than autosomal diversity
(Pool & Nielsen, 2007). It is unclear which of these distinctive characteristics is
responsible for the observed marked accumulation of low frequency variants in X
in B populations; however, we suggest a combination the relaxation of selection
and a higher mutational input as the main drivers, as discussed below for selectively
constrained features.

An accumulation of low frequency alleles is also observed in some selectively
constrained features, such as CDS and UCNE in the autosomes. Features that are
subject to unequal selective pressures behave very differently in populations that
underwent different degrees of population size decline. Whereas some features, like
intergenic regions, ncRNA and promoters show a similar relative reduction of 6,
and 7 diversity in B populations, UCNE and CDS and, to a lesser extent, 5’ and 3’
UTR, show a relatively smaller reduction in 8, than in &, which in the extreme case
of UCNE results in higher 6, in the B than in the corresponding NB populations.
The increase in 6, in B populations in selectively constrained features is, in principle,
unexpected from purely random processes, since random genetic drift in bottlenecked
populations would result in the preferential loss of alleles in the low-frequency side
of the spectrum, where most selectively constrained sites will be (Nei & Maruyama,
1975). The pattern observed for the X chromosome and some selectively constrained
features could thus be the consequence of different, non-exclusive and interacting
processes that include genetic drift, mutation and selection.

First, it must be noted that the estimates of genetic diversity, and especially 6,
diversity, are conditioned by both the sample sizes and the SFS. Given our sample
sizes of 16 and 24 genomes, alleles segregating at frequencies lower than these in the
population will be underrepresented in our limited size samples. One consequence is
that their likely loss in bottlenecked populations will remain largely unnoticed. This
is especially true for those regions and features with the highest skew in SFS, i.e. the
most selectively constrained features like UCNE and CDS.
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On the other hand, the possibility of observing an increase in 8, diversity following a
bottleneck will also depend on the SFS and thus on starting diversity. Indeed, we found
that windows within features with higher diversity in B than in NB tend to show lower
diversity in the NB population. It must be noted thought that the correlation of NB
diversity with 8, might be spurious, as NB diversity is included in the calculation of o,
and to some extent trivial, as it suggests that windows with higher diversity tend to lose
diversity whereas those with low diversity are more likely to gain diversity in B populations.
More importantly, as other genomic variables tested tend to be themselves correlated
with equilibrium diversity, such correlations may create indirect correlations of o, with
these when effects go in the same direction, or weaken the correlations when they go in
opposite directions. However, results suggest that the effect of these variables on 8, go in
the opposite direction to that expected from their correlation with equilibrium diversity,
and they are thus reinforced when the effect of diversity is neglected.

That divergence and GC content tend to be higher in windows with larger diversity in B
relative to NB populations could be directly related to a higher mutational input increasing
the density of mutations at low frequency in these windows, Increased mutational input
in these regions could have originated a larger number of alleles segregating at low
frequencies in the pre-bottleneck population and favour the accumulation of de novo
mutations during the bottleneck. Given the relatively short separation of the populations
(.e. likely less than 60 generations in the case of the Eurasian lynx (Lucena-Perez et al.,
2020), and around 40 generations in Iberian lynx (Casas-Marce et al., 2017), assuming a
generation time of 5 years (Lucena-Perez et al., 2018), and their small size in the range
of tens, it is unlikely that a large fraction of the observed accumulation of variants at
low frequencies in the B populations is due to de novo mutations since the start of the
bottleneck. Thus, most of these alleles increasing in frequency during and after the
bottleneck would be pre-existing alleles that remain undetected in the NB populations
and that are now recorded and result in increased 8, in the B population.

Recombination could also contribute to this pattern through its direct mutagenic effect
(Duret & Arndt, 2008; Duret & Galtier, 2009; Pratto et al., 2014; Williams et al., 2015;
Terekhanova et al., 2017; Smith, Arndt & Eyre-Walker, 2018; Halldorsson et al., 2019),
but also through its interaction with selection. Higher recombination will facilitate the
increase in frequency of moderately deleterious variants that behave as neutral in the
bottlenecked population by breaking possible interference with more selected sites (Hill
& Robertson, 1966; Felsenstein, 1974).
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The observed accumulation of 8 in selectively constrained regions could be in part
due to the accumulation of additive deleterious variants due to the relaxation of
purifying selection (Kirkpatrick & Jarne, 2000; Balick et al., 2015). Empirical evidence
for this has been found in domesticated species (Marsden et al., 2016; Makino et al.,
2018), while evidence in humans remains controversial (Lohmueller, 2014; Simons et
al., 2014; Do et al., 2015; Henn et al., 2016; Simons & Sella, 2016). The relaxation
of purifying selection would affect those variants with 1/2Ne_NB <'s < 1/2Ne_B,
1.e. alleles with s between these values would be efliciently selected in the NB but
will behave as neutral in the B population; for example, in the case of Andjar (Ne
= 20) and Donana (Ne = 10) those would have 0.025 <'s < 0.05. However, it must
be noted that while Dofiana has remained at that low size for decades, Andtjar was
much larger a few generations ago, so that the range of s that behave as neutral in
Donana and not in Andtjar may has a much lower inferior limit (Casas-Marce et al.,
2017). The contribution of the relaxation of purifying selection is further supported
by the observation that in shallower demographic declines the smaller relative loss
occurs mainly in genes with high RVIS (i.e. more tolerant to changes). However,
with more extreme bottlenecks the relationship with RVIS weakens and becomes
non significant, suggesting that the relaxation of purifying selection results in the
accumulation of potentially deleterious variants even in highly conserved genes, and
alerting of possible fitness reductions.

Furthermore, empirical and theoretical studies showed that selectively constrained
diversity approaches a new equilibrium faster than neutral diversity (Gordo &
Dionisio, 2005; Song & Steinrticken, 2012; Pennings, Kryazhimskiy & Wakeley,
2014; Brandvain & Wright, 2016). Under this assumption, we might expect that the
CDS and UCNE diversity reach their increased level expected for the new size faster
than intergenic or intronic diversity reach their reduced new equilibrium level.

Possible consequences for the B populations

Our study provides empirical evidences of the conspicuous action of drift across the
genome 1in replicated natural bottleneck scenarios. Comparing three bottlenecks of
different intensity allow us to assess the consistency of the results across replicates, as
well as to account for differences regarding drift intensity.

Our results suggest that overall diversity reductions in bottlenecked populations
affect regulatory elements, such as promoters, or ncRNA, in a similar fashion as
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intergenic regions. This loss of diversity is likely removing pre-existing variation in
the regulation of gene expression. At the population level, the loss of variation in
regulatory elements of transcription likely compromises these populations’ potential
for acclimation to the new environments through phenotypic plasticity.

For other selectively constrained features, our results suggest that overall genetic
diversity reductions in bottlenecked populations are in part counterbalanced by the
accumulation of possible deleterious alleles in functional regions, including genes
highly intolerant to changes (in the most extreme bottlenecks), and extending beyond
coding regions to include UCNE and to a lesser extent 5’UTR and 3’UTR. These
features are essential for efficient transcription and for the post-transcriptional
regulation of gene expression, and variants in both regions have been linked to
several diseases (Hindorfl et al., 2009). Regarding UCNE, an accumulation of
deleterious variation in these regions is likely to affect their prominent function as
regulatory cis elements, especially during development (Marcovitz, Jia & Bejerano,
2016; Polychronopoulos et al., 2017), leading to a reduction in fitness. CDS results
show a similar scenario.

Still, we acknowledge that reduced fitness of the B populations cannot be directly
inferred from our observations, as the increase in frequency of some deleterious
variants might be compensated by the loss of many low frequency ones due to drift.
Also, population contractions allow a more efficient purging of recessive deleterious
alleles, which may compensate the fitness reductions due to the accumulation of
additive alleles. Finally, our results call for extending the analyses of genetic variation
in endangered species to include functional variation beyond coding sequences.
Including regulatory elements will broaden our understanding of the effects of drift
on the genome and allow for a more comprehensive assessment of the possible fitness
reductions in short term and the loss of adaptive potential in the long term.
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Fig. S1. B vs NB diversity plot and quadrant definition. The distribution of window diversity within
populations, as estimated by ANGSD, is markedly bimodal with one mode corresponding to units
that show almost no diversity (i.e. ~10-6), and a second mode, with units that do hold some diversity
(i.e. ~10-4). Therefore, in a graph plotting diversity of B vs. NB we can define four quadrants: units
with no diversity in both populations (ND-ND) vs. units with no diversity in the NB population but
showing diversity in the B population (ND-D), units that show diversity in both populations (D-D), and
units that show diversity in the NB population but no diversity in the B one (D-ND). For some of our
analyses we compare the value of several genomic variables between windows in ND-ND quadrants
versus windows in the ND-D quadrants.
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Fig. S2. Average 6,, and m diversity for different
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obtained from bootstrapping.
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right R?values.
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SUPPLEMENTARY TABLES

Table S1. Detailed information about the Eurasian and Iberian lynx samples analysed in this study.

Sampling
ear (L.1.) or

Sample Specie Population W(i::ip th Source Sex ’ assgnge)d

birth year
(L.p.)
c_ll_no_0075 Lynx lynx Norway 5,43 Lucena-Perez et al. 2020 | M 2008
c_ll_no_0076 Lynx lynx Norway 5,80 Lucena-Perez et al. 2020 M 2008
c_ll_no_0077 Lynx lynx Norway 5,14 Lucena-Perez et al. 2020 M 2008
c_ll_no_0078 Lynx lynx Norway 5,25 Lucena-Perez et al. 2020 M 2008
c_ll_no_0079 Lynx lynx Norway 5,09 Lucena-Perez et al. 2020 M 2008
c_ll_no_0080 Lynx lynx Norway 5,22 Lucena-Perez et al. 2020 F 2008
c_1l_no_0081 Lynx lynx Norway 5,54 Lucena-Perez et al. 2020 F 2008
c_1l_no_0082 Lynx lynx Norway 5,36 Lucena-Perez et al. 2020 M 2008
c_1l_po_0105 Lynx lynx NE-Poland 6,06 Lucena-Perez et al. 2020 M 2004
c_ll_po_0106 [ Lynx lynx NE-Poland 6,11 Lucena-Perez et al. 2020 | F 2006
c_lIl_ki_0090 Lynx lynx Kirov region 6,57 Lucena-Perez et al. 2020 F 2011
c_lIl_ki_0091 Lynxlynx | Kirov region 6,11 Lucena-Perez et al. 2020 M 2011
c_lIl_ki_0092 Lynx lynx Kirov region 5,32 Lucena-Perez et al. 2020 F 2011
c_lIl_ki_0093 Lynx lynx Kirov region 5,29 Lucena-Perez et al. 2020 M 2011
c_Il_ki_0094 Lynx lynx Kirov region 5,85 Lucena-Perez et al. 2020 M 2011
c_lIl_ki_0095 Lynx lynx Kirov region 5,29 Lucena-Perez et al. 2020 M 2011
c_lIl_ki_0096 Lynx lynx Kirov region 6,12 Lucena-Perez et al. 2020 M 2011
c_Il_ki_0097 Lynx lynx Kirov region 6,03 Lucena-Perez et al. 2020 F 2011
c_lIl_ki_0098 Lynx lynx Kirov region 5,78 Lucena-Perez et al. 2020 F 2011
c_ll_ki_0099 Lynxlynx | Kirov region 6,01 Lucena-Perez et al. 2020 F 2011
c_1l_ki_0100 Lynxlynx | Kirov region 6,17 Lucena-Perez etal. 2020 [ M 2011
c_Il_ki_0101 Lynxlynx | Kirov region 6,30 Lucena-Perez et al. 2020 F 2011
c_Il_ki_0102 Lynxlynx | Kirov region 6,07 Lucena-Perez etal. 2020 [ M 2011
c_ll_po_0001 Lynx lynx NE-Poland 6,52 Lucena-Perez et al. 2020 M 2001
c_ll_po_0002 Lynx lynx NE-Poland 6,61 Lucena-Perez et al. 2020 F 1994
c_ll_po_0003 Lynx lynx NE-Poland 6,44 Lucena-Perez et al. 2020 F 2002
c_ll_po_0011 Lynx lynx NE-Poland 6,45 Lucena-Perez et al. 2020 M 2007
c_ll_po_0014 Lynx lynx NE-Poland 6,39 Lucena-Perez et al. 2020 M 2008
c_ll_po_0019 Lynx lynx NE-Poland 6,38 Lucena-Perez et al. 2020 M 2010
c_lp_do_0007 | Lynx pardinus|  Dofiana 6,06 Abascal et al. 2016 M 1987
c_lp_do_0141 | Lynx pardinus|  Dofiana 4,99 This article M 2001
c_lp_do_0144 | Lynx pardinus Dofiana 6,03 This article M 2000
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c_lp_do_0153 | Lynx pardinus Dofiana 6,36 Abascal et al. 2016 M 2004
c_lp_do_0162 | Lynx pardinus|  Dofiana 5,84 This article F 2002
¢_lp_do_0163 | Lynx pardinus Dofiana 5,57 This article F 2001
¢_lp_do_0173 | Lynx pardinus Dofiana 6,30 Abascal et al. 2016 M 2003
¢_lp_do_0300 | Lynx pardinus Dofiana 5,61 This article M 2007
c_lp_do_0333 | Lynx pardinus Dofiana 6,14 This article F 2008
¢_lp_do_0335 | Lynx pardinus Dofiana 5,19 This article F 2008
c_lp_do_0443 | Lynx pardinus Doiiana 6,42 Abascal et al. 2016 M 2010
c_lp_do_0444 | Lynx pardinus Doiiana 5,27 This article F 2010
c_lp_sm_0134| Lynx pardinus Andujar 5,89 This article F 2004
c_lp_sm_0138 | Lynx pardinus|  Andujar 6,61 Abascal et al. 2016 M 2002
c_lp_sm_0140 | Lynx pardinus|  Andujar 6,24 Abascal et al. 2016 M 2000
c_lp_sm_0155 | Lynx pardinus Andujar 5,50 This article F 2004
c_lp_sm_0156| Lynx pardinus Andujar 6,02 This article F 2004
c_lp_sm_0161 | Lynx pardinus Andujar 5,26 This article F 2002
c_lp_sm_0185 | Lynx pardinus|  Andujar 6,30 Abascal et al. 2016 M 2005
c_lp_sm_0186 | Lynx pardinus Andujar 6,46 Abascal et al. 2016 M 2004
c_lp_sm_0206 | Lynx pardinus Andujar 5,66 This article F 2006
c_lp_sm_0208 | Lynx pardinus Andujar 5,32 This article F 2005
c_lp_sm_0213 | Lynx pardinus Andujar 5,46 This article F 2005
c_lp_sm_0221 | Lynx pardinus Andujar 7,60 This article M 2006
c_lp_sm_0226| Lynx pardinus Andujar 5,59 This article M 2006
c_lp_sm_0276 | Lynx pardinus Andujar 5,55 This article F 2006
c_lp_sm_0298 | Lynx pardinus Andujar 6,88 Abascal et al. 2016 M 2007
¢_lp_sm_0320 | Lynx pardinus Andujar 5,57 This article F 2008
c_lp_sm_0325 | Lynx pardinus|  Andujar 5,40 This article F 1999
c_lp_sm_0359 | Lynx pardinus|  Andujar 6,95 Abascal et al. 2016 M 2004
c_lp_sm_0450 | Lynx pardinus|  Andujar 5,48 This article M 2009
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Table S2. Weighted genomic diversity (watterson estimator and nucleotide divesity), Tajima’s D
and SFS skewness (S) for the different populations

Weighted Weighted
mean | Stdvboot mean Stdv boot | Weighted
Watterson | Watterson | nucleotide | nucleotide| Tajima's SES
Species Population | estimator | estimator | diversity | diversity D Skewness | Type chr
L.lynx Kirov 3,35E-04 6,23E-07 4,30E-04 8,38E-07 | 1,41E-02 -0,286 | Autosomes
L.lynx NE-Poland 2,68E-04 | 5,95E-07 3,42E-04 | 8,03E-07 | 1,41E-02 -0,275 | Autosomes
L‘lynx Norway 2,49E-04 6,05E-07 3,17E-04 7,07E-07 | 7,25E-03 -0,273 Autosomes

L.pardinus Andujar 1,76E-04 | 4,37E-07 2,52E-04 6,69E-07 | 1,39E-02 -0,432 | Autosomes
L.pardinus Donfana 9,34E-05 | 3,77E-07 1,30E-04 4,59E-07 | 5,42E-03 -0,393 | Autosomes

L.lynx Kirov 1,37E-04 | 2,05E-06 1,55E-04 | 2,74E-06 | 5,38E-03 -0,128 chrX
L.lynx NE_Poland | 9,72E-05 | 1,88E-06 1,13E-04 | 2,51E-06 | 9,70E-03 -0,160 chrX
L.lynx Norway 2,10E-04 | 3,79E-06 1,17E-04 | 2,81E-06 | -5,40E-03 0,445 chrX
L.pardinus Andujar 6,86E-05 | 1,64E-06 8,92E-05 | 2,50E-06 | 8,71E-03 -0,301 chrX
L.pardinus Dofiana 7,45E-05 | 1,92E-06 | 4,05E-05 | 1,69E-06 | -5,39E-03 0,457 chrX
L.lynx sps. 2,84E-04 3,63E-04 1,18E-02 -0,278 | Autosomes
L.pardinus sps.| 1,35E-04 1,91E-04 9,64E-03 -0,412 | Autosomes
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Table S3. X/A ratio for watterson estimator and nucleotide diversity, and associated error.

222

Error ratio

Ratio X/A | Error ratio | Ratio X/A X/A

Watterson X/A Nucleotide | Nucleotide

Populations| estimator | Watterson | diversity | diversity

Kirov 0,410 0,006 0,360 0,006
NE-Poland 0,362 0,007 0,330 0,007
Norway 0,844 0,015 0,368 0,009
Andujar 0,390 0,009 0,355 0,010
Doiana 0,797 0,021 0,311 0,013
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Table S4. Weighted genomic diversity (watterson estimator and nucleotide divesity), Tajima’s D, S,
mean recombination rate, divergence, GC content, RVIS, and functional sites percentage for different
chromosomes.

Weighted | Weighted

Weighted
Species | Populations Chr Number mean mean Tajigma's SES
of units | Watterson | nucleotide D Skewness
estimator diversity

L.lynX Kirov chrAl 25888 3,18E-04 4,11E-04 1,40E-02 -0,295
L.lynx Kirov chrA2 30793 3,24E-04 4,12E-04 1,28E-02 -0,270
L.lynx Kirov chrA3 22859 3,36E-04 4,27E-04 1,39E-02 -0,274
L.lynx Kirov chrB1 20444 3,27E-04 4,20E-04 1,40E-02 -0,284
L.lynx Kirov chrB2 19676 3,21E-04 4,18E-04 1,49E-02 -0,303
L.lynx Kirov chrB3 25096 3,14E-04 4,00E-04 1,29E-02 -0,274
L.lynx Kirov chrB4 24526 3,34E-04 4,27E-04 1,37E-02 -0,278
L.lynx Kirov chrC1 37667 3,03E-04 3,91E-04 1,37E-02 -0,292
L.lynx Kirov chrC2 18312 3,30E-04 4,24E-04 1,36E-02 -0,285
L.lynx Kirov chrD1 21637 3,55E-04 4,58E-04 1,43E-02 -0,290
Llynx Kirov chrD2 13624 3,92E-04 5,07E-04 | 1,56E-02 -0,292
L.lynx Kirov chrD3 14538 3,63E-04 4,66E-04 1,49E-02 -0,286
L.lynx Kirov chrD4 15194 3,39E-04 4,32E-04 1,33E-02 -0,275
L.lynx Kirov chrE1 20072 3,70E-04 4,73E-04 1,43E-02 -0,277
L.lynX Kirov chrE2 15971 3,79E-04 4,90E-04 1,57E-02 -0,292
Llynx Kirov chrF1 12905 3,96E-04 5,07E-04 | 1,53E-02 [ -0,282
L.lynx Kirov chrF2 8764 3,40E-04 4,42E-04 1,58E-02 -0,301
L.lynx Kirov chrX 10898 1,37E-04 1,55E-04 5,38E-03 -0,128

L.lynx NE_Poland chrAl 25888 2,55E-04 3,29E-04 1,51E-02 -0,287
L.lynx NE_Poland chrA2 30793 2,72E-04 3,57E-04 1,63E-02 -0,314
L.Iynx NE_Poland chrA3 22859 2,74E-04 3,39E-04 1,12E-02 -0,234
L.lynx NE_Poland chrB1 20444 2,58E-04 3,26E-04 1,28E-02 -0,263
L.lynx NE_Poland chrB2 19676 2,49E-04 3,11E-04 1,21E-02 -0,249
L.lynx NE_Poland chrB3 25096 2,48E-04 3,13E-04 1,34E-02 -0,263
L.lynx NE_Poland chrB4 24526 2,56E-04 3,26E-04 1,45E-02 -0,275
L.Iynx NE_Poland chrC1 37667 2,43E-04 3,17E-04 1,52E-02 -0,304
L.lynx NE_Poland chrC2 18312 2,66E-04 3,35E-04 1,23E-02 -0,260
L.lynx NE_Poland chrD1 21637 2,70E-04 3,38E-04 1,36E-02 -0,253
L.lynx NE_Poland chrD2 13624 3,27E-04 4,29E-04 1,79E-02 -0,312
Llynx | NE_Poland | chrD3 14538 2,95E-04 3,75E-04 | 1,52E-02 | -0,273
L.lynx NE_Poland chrD4 15194 2,86E-04 3,57E-04 1,34E-02 -0,245
L.lynx NE_Poland chrEl 20072 3,07E-04 3,96E-04 1,71E-02 -0,290
L.lynx NE_Poland chrE2 15971 2,98E-04 3,77E-04 | 1,38E-02 -0,268
L.lynx NE_Poland chrF1 12905 3,15E-04 4,06E-04 1,53E-02 -0,288

Llynx [ NE_Poland chrF2 8764 2,73E-04 3,47E-04 | 1,40E-02 | -0,270
L.lynx NE_Poland chrX 10898 9,72E-05 1,13E-04 | 9,70E-03 -0,160
L.lynx Norway chrAl 25888 2,47E-04 3,03E-04 | 7,80E-03 -0,228
L.lynx Norway chrA2 30793 2,52E-04 3,26E-04 | 8,52E-03 | -0,295
L.lynx Norway chrA3 22859 2,54E-04 3,29E-04 | 7,97E-03 -0,298
L.lynx Norway chrB1 20444 2,48E-04 3,22E-04 | 8,36E-03 | -0,297
Llynx Norway chrB2 19676 2,52E-04 3,15E-04 | 8,27E-03 -0,248
L.lynx Norway chrB3 25096 2,34E-04 2,88E-04 | 4,05E-03 -0,233
L.lynx Norway chrB4 24526 2,25E-04 2,74E-04 | 4,50E-03 -0,214
L.lynx Norway chrC1 37667 2,32E-04 2,83E-04 | 5,92E-03 -0,219
L.lynx Norway chrC2 18312 2,30E-04 2,87E-04 | 5,87E-03 -0,249
L.lynx Norway chrD1 21637 2,56E-04 3,34E-04 | 6,13E-03 -0,305
L.lynx Norway chrD2 13624 2,66E-04 3,19E-04 | 4,38E-03 -0,203
L.lynx Norway chrD3 14538 2,66E-04 3,45E-04 | 9,63E-03 -0,297
L.lynx Norway chrD4 15194 2,48E-04 3,30E-04 | 7,55E-03 | -0,331
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. Mean

Me,a " . Weighted Mean GC| Mean | percentage

recombination mean .
) content | RVIS | functional
rate divergence !

sites
3,737 5,66E-03 0,444 -0,288 4,245
2,149 5,79E-03 0,509 -0,199 7,206
2,824 5,80E-03 0,482 -0,380 6,316
2,370 5,40E-03 0,432 -0,210 4,281
2,741 5,25E-03 0,458 -0,263 4,955
3,251 5,23E-03 0,468 -0,478 6,287
2,906 5,22E-03 0,469 -0,325 6,596
3,132 5,14E-03 0,471 -0,222 6,537
2,531 5,26E-03 0,447 -0,267 6,973
4,489 5,36E-03 0,505 -0,201 5,128
3,685 5,69E-03 0,471 -0,297 6,127
2,922 5,77E-03 0,485 -0,239 5,769
3,903 5,60E-03 0,497 -0,287 4,613
4,362 5,51E-03 0,531 -0,257 8,150
4,240 6,03E-03 0,537 -0,198 9,271
4,680 5,53E-03 0,487 -0,311 5,999
2,767 5,45E-03 0,455 -0,285 3,448
2,394 4,89E-03 0,440 -0,417 2,025
3,737 5,66E-03 0,444 -0,288 4,245
2,149 5,79E-03 0,509 -0,199 7,206
2,824 5,80E-03 0,482 -0,380 6,316
2,370 5,40E-03 0,432 -0,210 4,281
2,741 5,25E-03 0,458 -0,263 4,955
3,251 5,23E-03 0,468 -0,478 6,287
2,906 5,22E-03 0,469 -0,325 6,596
3,132 5,14E-03 0,471 -0,222 6,537
2,531 5,26E-03 0,447 -0,267 6,973
4,489 5,36E-03 0,505 -0,201 5,128
3,685 5,69E-03 0,471 -0,297 6,127
2,922 5,77E-03 0,485 -0,239 5,769
3,903 5,60E-03 0,497 -0,287 4,613
4,362 5,51E-03 0,531 -0,257 8,150
4,240 6,03E-03 0,537 -0,198 9,271
4,680 5,53E-03 0,487 -0,311 5,999
2,767 5,45E-03 0,455 -0,285 3,448
2,394 4,89E-03 0,440 -0,417 2,025
3,737 5,66E-03 0,444 -0,288 4,245
2,149 5,79E-03 0,509 -0,199 7,206
2,824 5,80E-03 0,482 -0,380 6,316
2,370 5,40E-03 0,432 -0,210 4,281
2,741 5,25E-03 0,458 -0,263 4,955
3,251 5,23E-03 0,468 -0,478 6,287
2,906 5,22E-03 0,469 -0,325 6,596
3,132 5,14E-03 0,471 -0,222 6,537
2,531 5,26E-03 0,447 -0,267 6,973
4,489 5,36E-03 0,505 -0,201 5,128
3,685 5,69E-03 0,471 -0,297 6,127
2,922 5,77E-03 0,485 -0,239 5,769
3,903 5,60E-03 0,497 -0,287 4,613
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L.lynx Norway chrE1l 20072 2,71E-04 3,60E-04 [ 7,75E-03 [ -0,328
L.lynx Norway chrE2 15971 2,67E-04 3,76E-04 1,12E-02 -0,407
L.lynx Norway chrF1 12905 2,92E-04 4,02E-04 1,09E-02 -0,374
L.lynx Norway chrF2 8764 2,68E-04 3,53E-04 [ 8,12E-03 [ -0,317
L.lynx Norway chrX 10898 2,10E-04 1,17E-04 | -5,40E-03| 0,445

L.pardinus| Andujar chrAl 25901 1,53E-04 2,15E-04 | 1,20E-02 | -0,404

L.pardinus| Andujar chrA2 30560 1,57E-04 2,32E-04 1,33E-02 -0,478

L.pardinus| Andujar chrA3 22808 1,60E-04 2,37E-04 | 1,53E-02 | -0,484

L.pardinus| ~Andujar chrB1 20435 1,80E-04 2,50E-04 | 1,22E-02 | -0,390
L.pardinus| Andujar chrB2 19651 1,73E-04 2,42E-04 | 1,32E-02 -0,399
L.pardinus| Andujar chrB3 25079 1,64E-04 2,44E-04 | 1,58E-02 | -0,489
L.pardinus| Andujar chrB4 24456 1,64E-04 2,36E-04 | 1,39E-02 -0,440
L.pardinus| Andujar chrC1 37618 1,55E-04 2,18E-04 | 1,25E-02 [ -0,412
L.pardinus| Andujar chrC2 18292 1,72E-04 2,51E-04 1,45E-02 -0,457

L.pardinus| Andujar chrD1 21525 2,11E-04 3,03E-04 | 1,60E-02 -0,433

L.pardinus| Andujar chrD2 13615 2,06E-04 2,96E-04 | 1,59E-02 | -0,435

L.pardinus| Andujar chrD3 14547 1,93E-04 2,83E-04 | 1,50E-02 -0,466

L.pardinus Andujar chrD4 15121 1,84E-04 2,63E-04 1,43E-02 -0,426

L.pardinus| Andujar chrE1 19928 2,22E-04 3,16E-04 | 1,56E-02 -0,425
L.pardinus| Andujar chrE2 15829 2,15E-04 3,18E-04 | 1,74E-02 | -0,475
L.pardinus| Andujar chrF1 12849 2,27E-04 3,17E-04 | 1,42E-02 -0,392
L.pardinus| Andujar chrF2 8722 1,88E-04 2,55E-04 | 1,15E-02 -0,359
L.pardinus| Andujar chrX 10948 6,86E-05 8,92E-05 | 8,71E-03 -0,301
L.pardinus| Donana chrAl 25901 9,30E-05 1,29E-04 | 5,83E-03 -0,391
L.pardinus| Donana chrA2 30560 9,55E-05 1,33E-04 | 6,49E-03 | -0,395
L.pardinus| Donana chrA3 22808 1,02E-04 1,39E-04 6,47E-03 -0,371
L.pardinus| Donana chrB1 20435 9,13E-05 1,41E-04 | 6,64E-03 [ -0,545
L.pardinus| Donana chrB2 19651 1,08E-04 1,38E-04 [ 5,09E-03 | -0,276
L.pardinus| Donana chrB3 25079 9,42E-05 1,33E-04 | 6,31E-03 -0,412
L.pardinus| Donana chrB4 24456 8,54E-05 1,17E-04 | 4,76E-03 -0,369
L.pardinus| Donana chrCl1 37618 8,44E-05 1,06E-04 2,40E-03 -0,255
L.pardinus| Dofana chrC2 18292 8,74E-05 1,30E-04 | 6,00E-03 -0,485
L.pardinus| Donana chrD1 21525 8,25E-05 1,21E-04 | 3,26E-03 | -0,464
L.pardinus| Donana chrD2 13615 8,82E-05 1,23E-04 | 5,59E-03 -0,397
L.pardinus| Donana chrD3 14547 9,89E-05 1,42E-04 | 7,61E-03 -0,439
L.pardinus| Donana chrD4 15121 7,06E-05 7,77E-05 9,60E-04 -0,101
L.pardinus| Donana chrE1 19928 1,10E-04 1,74E-04 | 9,91E-03 | -0,578
L.pardinus| Donana chrE2 15829 9,80E-05 1,38E-04 | 4,95E-03 -0,404
L.pardinus| Donana chrF1 12849 1,17E-04 1,53E-04 | 3,88E-03 -0,306
L.pardinus| Donana chrF2 8722 1,05E-04 1,59E-04 | 6,67E-03 -0,511
L.pardinus| Donana chrX 10948 7,45E-05 4,05E-05 | -5,39E-03 0,457
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4,362 5,51E-03 0,531 -0,257 8,150
4,240 6,03E-03 0,537 -0,198 9,271
4,680 5,53E-03 0,487 -0,311 5,999
2,767 5,45E-03 0,455 -0,285 3,448
2,394 4,89E-03 0,440 -0,417 2,025
3,739 5,80E-03 0,444 -0,288 4,245
2,151 5,83E-03 0,508 -0,202 7,203
2,821 5,84E-03 0,481 -0,390 6,317
2,372 5,44E-03 0,431 -0,212 4,284
2,738 5,32E-03 0,458 -0,264 4,956
3,253 5,29E-03 0,468 -0,480 6,291
2,900 5,32E-03 0,469 -0,325 6,594
3,127 5,20E-03 0,470 -0,225 6,530
2,527 5,31E-03 0,446 -0,268 6,976
4,479 5,39E-03 0,504 -0,201 5,127
3,685 5,76E-03 0,471 -0,297 6,129
2,914 5,77E-03 0,484 -0,236 5,771
3,901 5,65E-03 0,497 -0,292 4,613
4,361 5,55E-03 0,530 -0,259 8,144
4,239 6,09E-03 0,536 -0,197 9,275
4,681 5,56E-03 0,486 -0,312 6,000
2,779 5,49E-03 0,454 -0,286 3,452
2,386 4,95E-03 0,440 -0,417 2,025
3,739 5,80E-03 0,444 -0,288 4,245
2,151 5,83E-03 0,508 -0,202 7,203
2,821 5,84E-03 0,481 -0,390 6,317
2,372 5,44E-03 0,431 -0,212 4,284
2,738 5,32E-03 0,458 -0,264 4,956
3,253 5,29E-03 0,468 -0,480 6,291
2,900 5,32E-03 0,469 -0,325 6,594
3,127 5,20E-03 0,470 -0,225 6,530
2,527 5,31E-03 0,446 -0,268 6,976
4,479 5,39E-03 0,504 -0,201 5,127
3,685 5,76E-03 0,471 -0,297 6,129
2,914 5,77E-03 0,484 -0,236 5,771
3,901 5,65E-03 0,497 -0,292 4,613
4,361 5,55E-03 0,530 -0,259 8,144
4,239 6,09E-03 0,536 -0,197 9,275
4,681 5,56E-03 0,486 -0,312 6,000
2,779 5,49E-03 0,454 -0,286 3,452
2,386 4,95E-03 0,440 -0,417 2,025




LINCES EN EL PALEARTICO

Table S5. Weighted genomic diversity (watterson estimator and nucleotide divesity), Tajima’s D,
mean recombination rate, divergence, GC content, RVIS, and functional sites percentage for diffe-
rent chromosome regions.

ighi igh
Weighted Stdv boot Weighted Stdv boot | Weighted
. . . Number| mean mean . e
Species | Populations Region ! Watterson . nucleotide | Tajima's
of units [ Watterson . nucleotide ) .
. estimator . . diversity D
estimator diversity
L.lynx Kirov Subtelomeric 16992 5,10E-04 3,43E-06 6,56E-04 4,37E-06 | 1,81E-02
L.lynx Kirov Interstitial 279984 | 3,36E-04 6,30E-07 | 4,32E-04 1,02E-06 | 1,41E-02
Llynx Kirov Pericentromeric | 50990 | 2,93E-04 | 1,59E-06 | 3,76E-04 | 2,42E-06 | 1,26E-02

L.lynx NE_Poland Subtelomeric 16992 4,31E-04 3,04E-06 | 5,60E-04 | 4,34E-06 | 2,00E-02
L.lynx NE_Poland Interstitial 279984 | 2,66E-04 5,80E-07 3,39E-04 7,83E-07 1,40E-02
Llynx NE_Poland | Pericentromeric | 50990 2,48E-04 1,40E-06 | 3,18E-04 | 2,27E-06 | 1,39E-02

L.lynx Norway Subtelomeric 16992 | 3,20E-04 | 3,28E-06 | 5,21E-04 | 4,37E-06 | 1,39E-02
L.lynx Norway Interstitial 279984 | 2,49E-04 | 7,26E-07 | 3,14E-04 | 8,46E-07 | 7,09E-03
L.lynx Norway Pericentromeric | 50990 | 2,35E-04 | 1,89E-06 | 2,96E-04 | 1,95E-06 | 7,02E-03
L.pardinus Andujar Subtelomeric 16651 2,75E-04 | 2,29E-06 | 4,04E-04 | 3,79E-06 | 2,06E-02
L.pardinus Andujar Interstitial 279327 | 1,76E-04 | 4,49E-07 | 2,51E-04 | 6,80E-07 | 1,37E-02

L.pardinus|  Andujar Pericentromeric [ 50958 | 1,53E-04 | 1,23E-06 | 2,22E-04 | 1,78E-06 | 1,37E-02
L.pardinus| Dofiana Subtelomeric 16651 | 1,27E-04 | 1,99E-06 | 2,07E-04 | 2,99E-06 | 8,64E-03
L.pardinus Dofana Interstitial 279327 | 9,37E-05 | 4,26E-07 | 1,31E-04 | 5,28E-07 | 5,55E-03
L.pardinus Dofana Pericentromeric | 50958 8,48E-05 1,06E-06 1,09E-04 1,47E-06 | 3,85E-03
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228

Mean Weighted Mean

SFS recombin Mean GC| Mean functional
Skewness | ation rate di mean content RVIS sites

(cM/Mb) vergence percentage
-0,287 3,705 7,90E-03 0,584 0,290 3,301
-0,286 3,490 5,45E-03 0,471 -0,309 6,035
-0,281 2,261 5,19E-03 0,485 -0,284 6,331
-0,301 3,705 7,90E-03 0,584 0,290 3,301
-0,273 3,490 5,45E-03 0,471 -0,309 6,035
-0,279 2,261 5,19E-03 0,485 -0,284 6,331
-0,629 3,705 7,90E-03 0,584 0,290 3,301
-0,261 3,490 5,45E-03 0,471 -0,309 6,035
-0,259 2,261 5,19E-03 0,485 -0,284 6,331
-0,470 3,705 7,88E-03 0,582 0,279 3,311
-0,427 3,488 5,52E-03 0,471 -0,311 6,033
-0,456 2,255 5,29E-03 0,485 -0,283 6,330
-0,628 3,705 7,88E-03 0,582 0,279 3,311
-0,397 3,488 5,52E-03 0,471 -0,311 6,033
-0,286 2,255 5,29E-03 0,485 -0,283 6,330
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Table S6. Weighted genomic diversity (watterson estimator and nucleotide divesity), Tajima’s D and §
for different features in the autosomes.

Number Wmean | Stdvboot | Wmean | Stdv boot WTajima'

Species | Populations Feature of units Watterson| Watterson nt nucleotide sD N
estimator | estimator | diversity | diversity
Ll Kirov Intergenic 26674 | 3,52E-04 | 1,56E-06 | 4,54E-04 | 1,83E-06 | 1,49E-02 | -0,288
Ll Kirov Gen promoter 6174 3,05E-04 | 2,98E-06 | 3,90E-04 | 4,89E-06 | 1,28E-02 | -0,282
Ll Kirov 5UTR 4012 2,93E-04 | 4,89E-06 | 3,75E-04 | 8,54E-06 | 1,23E-02 | -0,279
Ll Kirov CDS 146653 | 2,10E-04 | 1,00E-06 | 2,62E-04 | 1,40E-06 | 1,08E-02 [ -0,249
Ll Kirov Intron 147927 | 3,20E-04 | 9,03E-07 | 4,11E-04 | 1,30E-06 | 1,29E-02 | -0,284
Ll Kirov 3UTR 5057 2,63E-04 | 4,14E-06 | 3,30E-04 | 4,38E-06 | 9,67E-03 | -0,256
Ll Kirov IncRNA promoter[ 2550 3,30E-04 | 6,03E-06 | 4,27E-04 | 8,77E-06 | 1,51E-02 | -0,294
Ll Kirov IncRNA exons 1726 3,42E-04 | 9,72E-06 | 4,29E-04 | 1,54E-05 | 1,56E-02 | -0,252
Ll Kirov IncRNA intron 1473 3,43E-04 | 1,18E-05 | 4,28E-04 | 1,55E-05 | 1,12E-02 | -0,250
L1 Kirov ncRNA 1839 3,02E-04 | 1,13E-05 | 3,79E-04 | 1,59E-05 | 2,05E-02 | -0,254
L1 Kirov UCNE 3881 7,99E-05 | 3,38E-06 | 8,91E-05| 3,37E-06 | 2,24E-03 | -0,115
L1 [ NE_Poland Intergenic 26674 | 2,83E-04 | 1,35E-06 | 3,61E-04 | 1,71E-06 | 1,45E-02 | -0,276
Ll NE_Poland | Gen promoter 6174 2,43E-04 | 3,39E-06 | 3,09E-04 | 4,18E-06 | 1,66E-02 | -0,272
Ll NE_Poland 5UTR 4012 2,32E-04 | 5,46E-06 | 2,98E-04 | 6,77E-06 | 1,35E-02 | -0,284
L1 NE_Poland CDS 146653 | 1,66E-04 | 1,08E-06 | 2,10E-04 | 1,20E-06 | 1,27E-02 | -0,264
Ll NE_Poland Intron 147927 | 2,56E-04 | 8,07E-07 | 3,25E-04 | 1,08E-06 | 1,35E-02 | -0,272
L1 NE_Poland 3UTR 5057 2,06E-04 | 3,50E-06 | 2,59E-04 | 4,41E-06 | 1,24E-02 | -0,261

LlL NE_Poland |IncRNA promoter| 2550 2,62E-04 5,43E-06 | 3,35E-04 | 7,54E-06 | 1,81E-02 | -0,278
LlL NE_Poland | IncRNA exons 1726 2,75E-04 | 1,02E-05 | 3,56E-04 | 1,53E-05 | 1,62E-02 | -0,292
Ll NE_Poland | IncRNA intron 1473 2,75E-04 1,19E-05 | 3,60E-04 | 1,45E-05 | 1,58E-02 | -0,309

Ll NE_Poland ncRNA 1839 2,34E-04 | 1,16E-05 | 2,97E-04 | 2,07E-05 | 1,12E-02 | -0,270
Ll NE_Poland UCNE 3881 5,99E-05 | 2,31E-06 | 7,24E-05| 3,62E-06 | 5,51E-04 | -0,208
L1 Norway Intergenic 26674 | 2,59E-04 | 1,43E-06 | 3,36E-04 | 2,06E-06 | 8,15E-03 | -0,299
L1 Norway Gen promoter 6174 2,27E-04 | 2,84E-06 | 2,87E-04 | 4,36E-06 | 4,49E-03 | -0,261
L1 Norway 5UTR 4012 2,23E-04 | 5,65E-06 | 2,76E-04 | 7,20E-06 | 5,78E-03 | -0,237
L1 Norway CDS 146653 | 2,04E-04 | 1,19E-06 | 1,95E-04 | 1,31E-06 | -6,38E-03 | 0,045
Ll Norway Intron 147927 | 2,39E-04 | 7,47E-07 | 2,99E-04 | 1,04E-06 | 6,07E-03 [ -0,251
Ll Norway 3UTR 5057 2,08E-04 | 3,72E-06 | 2,46E-04 | 5,08E-06 | 4,34E-03 | -0,180
Ll Norway [IncRNA promoter| 2550 2,37E-04 | 5,09E-06 | 3,13E-04 | 8,29E-06 | 6,08E-03 | -0,318
Ll Norway IncRNA exons 1726 2,40E-04 | 9,34E-06 | 3,33E-04 | 1,16E-05 | 8,80E-03 | -0,392
L1 Norway IncRNA intron 1473 2,54E-04 | 9,13E-06 | 3,17E-04 | 1,45E-05 | 7,26E-03 | -0,250
L1 Norway ncRNA 1839 2,08E-04 | 9,87E-06 | 2,57E-04 | 1,44E-05 | -3,20E-03 | -0,231
L1 Norway UCNE 3881 1,45E-04 | 4,18E-06 | 6,73E-05| 3,05E-06 | -2,78E-02| 0,535
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L.p. Andujar Intergenic 26755 | 1,86E-04 | 9,74E-07 | 2,66E-04 | 1,63E-06 | 1,41E-02 | -0,430
L.p. Andujar Gen promoter 6158 1,59E-04 | 2,86E-06 | 2,31E-04 | 3,65E-06 | 1,78E-02 [ -0,453
L.p. Andujar 5UTR 3984 1,54E-04 | 3,92E-06 | 2,20E-04 [ 5,91E-06 | 1,26E-02 [ -0,429
L.p. Andujar CDS 145973 | 1,13E-04 | 7,68E-07 | 1,60E-04 | 1,32E-06 | 1,47E-02 | -0,418
L.p. Andujar Intron 147559 | 1,66E-04 | 6,38E-07 | 2,38E-04 [ 9,75E-07 | 1,34E-02 [ -0,435
Lp. Andujar 3UTR 5051 1,32E-04 | 2,55E-06 | 1,85E-04 | 3,83E-06 | 1,15E-02 [ -0,397
L.p. Andujar  |IncRNA promoter| 2538 1,78E-04 | 4,67E-06 | 2,56E-04 | 7,51E-06 | 1,77E-02 | -0,437
L.p. Andujar IncRNA exons 1720 1,69E-04 | 8,19E-06 | 2,43E-04 | 1,21E-05 | 1,67E-02 [ -0,440
L.p. Andujar IncRNA intron 1460 1,86E-04 | 7,02E-06 | 2,65E-04 [ 9,19E-06 | 1,47E-02 [ -0,420
L.p. Andujar ncRNA 1857 1,84E-04 | 9,17E-06 | 2,71E-04 | 1,25E-05 | 4,04E-02 [ -0,475
L.p. Andujar UCNE 3881 3,94E-05 | 2,09E-06 | 5,18E-05| 3,03E-06 | 1,39E-02 | -0,313
L.p. Doifiana Intergenic 26755 | 9,73E-05 | 9,48E-07 | 1,39E-04 | 1,54E-06 | 5,84E-03 | -0,431
L.p. Donfana Gen promoter 6158 8,50E-05 | 2,12E-06 | 1,21E-04 | 3,16E-06 | 6,54E-03 | -0,422
L.p. Doifana 5UTR 3984 | 8,28E-05 | 3,31E-06 | 1,11E-04 [ 4,46E-06 | 4,67E-03 [ -0,344
L.p. Doifana CDS 145973 | 7,61E-05 | 6,85E-07 | 8,27E-05 [ 8,53E-07 | -9,82E-04 [ -0,087
L.p. Dofiana Intron 147559 | 8,93E-05 | 4,42E-07 | 1,20E-04 [ 6,91E-07 | 4,71E-03 [ -0,349
L.p. Dofana 3UTR 5051 8,11E-05 | 1,98E-06 | 9,67E-05| 2,40E-06 | 2,32E-03 | -0,192
L.p. Donana |IncRNA promoter| 2538 | 8,46E-05 | 3,62E-06 | 1,39E-04 [ 6,65E-06 | 1,21E-02 [ -0,644
L.p. Donana IncRNA exons 1720 | 7,20E-05 | 4,78E-06 | 1,06E-04 | 9,88E-06 | 6,05E-03 | -0,477
L.p. Donana IncRNA intron 1460 | 9,84E-05 | 4,34E-06 | 1,48E-04 | 6,88E-06 | 6,94E-03 | -0,505
L.p. Dofana ncRNA 1857 1,06E-04 | 7,66E-06 | 1,12E-04 [ 1,09E-05 | -6,63E-03 [ -0,050
L.p. Dofana UCNE 3881 5,35E-05 | 2,44E-06 | 2,67E-05 | 1,70E-06 | -2,31E-02| 0,502
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Table S7. Wilcoxon signed-rank test for paired samples comparing different features to intergenic for
Delta based on watterson estimator and nucleotide diversity.

Comparison Method Featurel Feature2 | p-value Diversity measure
Kirov-Poland | wilcox test 3UTR Intergenic | 1,00E+00 | Nucleotide diversity
Kirov-Poland | wilcox test 5UTR Intergenic | 1,00E+00 | Nucleotide diversity
Kirov-Poland | wilcox test CDS Intergenic | 1,85E-09 | Nucleotide diversity
Kirov-Poland | wilcox test| Gen promoter Intergenic | 1,00E+00 [ Nucleotide diversity
Kirov-Poland | wilcox test Intron Intergenic | 1,00E+00 | Nucleotide diversity
Kirov-Poland | wilcox test| IncRNA exons Intergenic | 1,00E+00 [ Nucleotide diversity
Kirov-Poland | wilcox test| IncRNA intron | Intergenic [ 1,99E-01 | Nucleotide diversity
Kirov-Poland | wilcox test | IncRNA promoter | Intergenic | 1,00E+00 | Nucleotide diversity
Kirov-Poland | wilcox test ncRNA Intergenic | 1,00E+00 [ Nucleotide diversity
Kirov-Poland | wilcox test UCNE Intergenic | 1,44E-05 | Nucleotide diversity
Kirov-Poland | wilcox test 3UTR Intergenic | 1,00E+00 | Watterson estimator
Kirov-Poland | wilcox test 5UTR Intergenic | 1,00E+00 [ Watterson estimator
Kirov-Poland | wilcox test CDS Intergenic | 3,06E-04 | Watterson estimator
Kirov-Poland | wilcox test| Gen promoter Intergenic | 5,80E-01 | Watterson estimator
Kirov-Poland | wilcox test Intron Intergenic | 2,23E-10 | Watterson estimator
Kirov-Poland | wilcox test IncRNA exons Intergenic | 1,00E+00 | Watterson estimator
Kirov-Poland | wilcox test| IncRNA intron Intergenic | 1,00E+00 [ Watterson estimator
Kirov-Poland | wilcox test | IncRNA promoter | Intergenic | 3,62E-03 | Watterson estimator
Kirov-Poland | wilcox test ncRNA Intergenic | 1,00E+00 [ Watterson estimator
Kirov-Poland | wilcox test UCNE Intergenic | 8,56E-13 | Watterson estimator
Kirov-Norway | wilcox test 3UTR Intergenic | 1,00E+00 | Nucleotide diversity
Kirov-Norway | wilcox test 5UTR Intergenic | 3,51E-02 | Nucleotide diversity
Kirov-Norway | wilcox test CDS Intergenic | 1,95E-18 | Nucleotide diversity
Kirov-Norway | wilcox test| Gen promoter Intergenic | 1,00E+00 [ Nucleotide diversity
Kirov-Norway | wilcox test Intron Intergenic | 1,00E+00 | Nucleotide diversity
Kirov-Norway | wilcox test| IncRNA exons Intergenic | 1,00E+00 [ Nucleotide diversity
Kirov-Norway | wilcox test| IncRNA intron | Intergenic [ 1,00E+00 | Nucleotide diversity
Kirov-Norway | wilcox test | IncRNA promoter | Intergenic [ 1,00E+00 | Nucleotide diversity
Kirov-Norway | wilcox test ncRNA Intergenic | 1,00E+00 [ Nucleotide diversity
Kirov-Norway | wilcox test UCNE Intergenic | 3,05E-09 [ Nucleotide diversity
Kirov-Norway | wilcox test 3UTR Intergenic | 3,25E-06 | Watterson estimator
Kirov-Norway | wilcox test 5UTR Intergenic | 2,69E-04 | Watterson estimator
Kirov-Norway | wilcox test CDS Intergenic | 3,63E-124 | Watterson estimator
Kirov-Norway | wilcox test| Gen promoter Intergenic | 1,00E+00 | Watterson estimator
Kirov-Norway | wilcox test Intron Intergenic | 5,73E-07 | Watterson estimator
Kirov-Norway | wilcox test| IncRNA exons Intergenic | 1,00E+00 | Watterson estimator
Kirov-Norway | wilcox test | IncRNA intron Intergenic | 1,00E+00 [ Watterson estimator
Kirov-Norway | wilcox test | IncRNA promoter | Intergenic | 1,00E+00 | Watterson estimator
Kirov-Norway | wilcox test ncRNA Intergenic | 1,00E+00 | Watterson estimator
Kirov-Norway | wilcox test UCNE Intergenic | 5,26E-42 | Watterson estimator
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Andujar-Dofiang wilcox test 3UTR Intergenic | 2,21E-05 | Nucleotide diversity
Andujar-Dofiang wilcox test 5UTR Intergenic | 1,40E-03 | Nucleotide diversity
Andujar-Donand wilcox test CDS Intergenic | 3,11E-64 | Nucleotide diversity
Andujar-Dofiang wilcox test| Gen promoter Intergenic | 1,26E-02 | Nucleotide diversity
Andujar-Dofiang wilcox test Intron Intergenic | 1,21E-14 | Nucleotide diversity
Andujar-Donand wilcox test| IncRNA exons Intergenic | 1,00E+00 | Nucleotide diversity
Andujar-Dofiang wilcox test| IncRNA intron | Intergenic [ 1,00E+00 [ Nucleotide diversity
Andujar-Dofiang wilcox test | IncRNA promoter | Intergenic | 1,44E-01 [ Nucleotide diversity
Andujar-Dofiang wilcox test ncRNA Intergenic | 1,00E+00 | Nucleotide diversity
Andujar-Donang wilcox test UCNE Intergenic | 4,87E-14 | Nucleotide diversity
Andujar-Dofiang wilcox test 3UTR Intergenic | 1,19E-21 | Watterson estimator
Andujar-Dofiand wilcox test 5UTR Intergenic | 1,15E-08 | Watterson estimator
Andujar-Donand wilcox test CDS Intergenic | 3,70E-177| Watterson estimator
Andujar-Dofiang wilcox test Gen promoter Intergenic | 1,34E-01 | Watterson estimator
Andujar-Dofiand wilcox test Intron Intergenic | 1,64E-72 | Watterson estimator
Andujar-Dofiand wilcox test [ IncRNA exons Intergenic | 1,00E+00 | Watterson estimator
Andujar-Donand wilcox test| IncRNA intron | Intergenic | 1,00E+00 | Watterson estimator
Andujar-Dofiang wilcox test | IncRNA promoter | Intergenic [ 1,00E+00 [ Watterson estimator
Andujar-Dofiand wilcox test ncRNA Intergenic | 1,00E+00 | Watterson estimator
Andujar-Dofiand wilcox test UCNE Intergenic | 1,09E-44 | Watterson estimator
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Table S8. Wilcoxon signed-rank test comparing 6.6, > 0.1 windows vs. 6,6, < 0.1 windows for

NB 6, NB mr, NB S, divergence, recombination, GC content, functional site percentage, and RVIS.

Features considered for the analysis are intergenic, introns and CDS.

Feature i ! ti Interpretation |Estimate| Statistic | p-value
i u i i isti -valu
Comparison Method sable | 1 thesis

Kirov-Poland | wilcox.test CDS |divergence| greater [[d<0,1]<[d>0,1]| 4,6E-04 | 2,4E+07 | 3,0E-25

Kirov-Poland | wilcox.test CDS | divergence less [d<0,1] > [d>0,1]| 4,6E-04 | 2,4E+07 | 1,0E+00

TUITCTTUTTAT

Kirov-Poland wilcox.test CDS sites greater [d<0,1]<[d>0,1] -5,4E-02 | 3,5E+06 | 6,9E-01
Dercentage

Kirov-Poland | wilcox.test CDS sites less [d<0,1] > [d>0,1] | -5,4E-02 | 3,5E+06 | 3,1E-01
nercentace

Kirov-Poland wilcox.test CDS GC content] greater [d<0,1] < [d>0,1] 2,1E-02 | 2,4E+07 | 1,3E-22

Kirov-Poland wilcox.test CDS GC content| less [d<0,1] > [d>0,1]| 2,1E-02 | 2,4E+07 | 1,0E+00

Kirov-Poland | wilcox.test | CDS Nd‘;f};‘;ise greater | [d<0,1] < [d>0,1]| -3,3E-06 | 2,3E+07 | 4,5E-07
Kirov-Poland | wilcox.test | CDS Nd‘;il:r‘;;ise less  |[d<0,1] > [d>0,1]| -3,3E-06 | 2,3E+07 | 1,0E+00
Kirov-Poland | wilcox.test | CDS reco;l::inat greater | [d<0,1] < [d>0,1]| 2,5E-01 | 2,0E+07 | 1,3E-07
Kirov-Poland | wilcox.test | CDS reco;z:inat less  |[d<0,1] > [d>0,1]| 2,5E-01 | 2,0E+07 | 1,0E+00
Kirov-Poland | wilcox.test CDS RVIS greater | [d<0,1] <[d>0,1]| 1,8E-01 | 1,5E+07 | 2,9E-14
Kirov-Poland | wilcox.test CDS RVIS less [d<0,1] > [d>0,1]| 1,8E-01 | 1,5E+07 | 1,0E+00

Kirov-Poland wilcox.test CDS Skewness greater [d<0,1]<[d>0,1] -4,8E-03 | 2,0E+07 | 1,0E+00

Kirov-Poland wilcox.test CDS Skewness less [d<0,1] > [d>0,1] -4,8E-03 | 2,0E+07 | 1,3E-04

Watt

Kirov-Poland | wilcox.test | CDS SUCISON | o eater | [d<0,1] < [d>0,1]| -2,8E-05 | 2,3E+07 | 8,9E-10
estimator
Watterson

Kirov-Poland | wilcox.test CDS . less [d<0,1] > [d>0,1]| -2,8E-05 | 2,3E+07 | 1,0E+00
estimator

Kirov-Poland | wilcox.test |Intergenic|divergence| greater |[d<0,1]<[d>0,1]| 2,1E-04 | 1,7E+10 | 0,0E+00

Kirov-Poland | wilcox.test |Intergenic|divergence less [d<0,1] > [d>0,1]| 2,1E-04 | 1,7E+10 | 1,0E+00

Kirov-Poland | wilcox.test |Intergenic|GC content| greater [[d<0,1] < [d>0,1]| 9,0E-03 | 1,7E+10 [ 0,0E+00

Kirov-Poland | wilcox.test |Intergenic|GC content| less [d<0,1] > [d>0,1]| 9,0E-03 | 1,7E+10 | 1,0E+00

Nucleotid

Kirov-Poland | wilcox.test |Intergenic| . oicc| greater |[d<0,1] < [d>0,1]| -4,1E-05 | 1,4E+10 | 1,0E+00
diversity
Nucleotid

Kirov-Poland | wilcox.test |Intergenic| o corccl  less  [[d<0,1] > [d>0,1]| -4,1E-05 | 1,4E+10 [9,2E-197
diversity
binat

Kirov-Poland | wilcox.test |Intergenic recoir;lnma greater | [d<0,1] < [d>0,1]| 1,7E-01 | 1,3E+10 | 1,5E-99
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binat
Kirov-Poland | wilcox.test | Intergenic|"*° > less [ [d<0,1] > [d>0,1]| 1,7E-01 | 1,3E+10 | 1,0E+00
ion
Kirov-Poland | wilcox.test |Intergenic| Skewness greater | [d<0,1] <[d>0,1]| 8,4E-03 | 1,6E+10 |1,6E-232
Kirov-Poland | wilcox.test |Intergenic| Skewness less [d<0,1] > [d>0,1]| 8,4E-03 | 1,6E+10 | 1,0E+00
. | Watterson
Kirov-Poland | wilcox.test |Intergenic estimator greater | [d<0,1] < [d>0,1]] -3,3E-05 | 1,4E+10 | 1,0E+00
Watt:
Kirov-Poland | wilcox.test |Intergenic| o o oonf less  |[d<0,1] > [d>0,1]| -3,3E-05 | 1,4E+10 | 7,6E-71
estimator
Kirov-Poland | wilcox.test Intron |divergence| greater |[d<0,1]<[d>0,1]| 3,2E-04 | 6,1E+09 |1,1E-231
Kirov-Poland | wilcox.test Intron | divergence less [d<0,1] > [d>0,1]| 3,2E-04 | 6,1E+09 | 1,0E+00
Kirov-Poland | wilcox.test Intron sites greater | [d<0,1] < [d>0,1]| -1,3E-01 | 1,2E+09 | 1,0E+00
RAERARS AR
Kirov-Poland wilcox.test Intron sites less [d<0,1]>[d>0,1] -1,3E-01 | 1,2E+09 | 2,3E-09
nercontaoo
Kirov-Poland | wilcox.test Intron |GC content| greater |[[d<0,1] <[d>0,1]| 1,5E-02 | 6,2E+09 | 0,0E+00
Kirov-Poland | wilcox.test Intron |GC content| less [d<0,1] > [d>0,1]| 1,5E-02 | 6,2E+09 | 1,0E+00
Nucleotid
Kirov-Poland | wilcox.test | Intron | ool oreater |[[d<0,1] < [d>0,1]| -34E-05 | 5,2E+09 | 1,0E+00
diversity
Nucleotid
Kirov-Poland | wilcox.test | Intron | oo onCel less  |[d<0,1] > [d>0,1]| -3,4E-05 | 5,2E+09 | 9,9E-55
diversity
binat
Kirov-Poland | wilcox.test | Intron reco:)lnma greater | [d<0,1] < [d>0,1]| 3,0E-01 | 5,2E+09 |3,0E-149
binat
Kirov-Poland | wilcox.test | Intron | CCOmOMAjess [[d<0,1] > [d>0,1]| 3,0E-01 | 5,2E+09 | 1,0E+00
ion
Kirov-Poland | wilcox.test Intron RVIS greater | [d<0,1] <[d>0,1]| 4,7E-02 | 2,9E+09 | 1,0E-14
Kirov-Poland | wilcox.test Intron RVIS less [d<0,1] > [d>0,1]| 4,7E-02 | 2,9E+09 | 1,0E+00
Kirov-Poland | wilcox.test Intron | Skewness greater | [d<0,1] < [d>0,1]| 5,5E-03 | 5,8E+09 | 2,2E-64
Kirov-Poland | wilcox.test Intron | Skewness less [d<0,1] > [d>0,1]| 5,5E-03 | 5,8E+09 | 1,0E+00
Watt:
Kirov-Poland | wilcox.test | Intron | o oo™l oreater [ [d<0,1] < [d>0,1]| -6,4E-05 | 5,4E+09 | 1,0E+00
estimator
Watterson
Kirov-Poland | wilcox.test Intron estimator less [d<0,1] > [d>0,1] | -6,4E-05 | 5,4E+09 | 1,9E-15
Kirov-Norway | wilcox.test CDS |divergence| greater |[[d<0,1] <[d>0,1]| -5,4E-05| 4,6E+07 | 9,9E-01
Kirov-Norway [ wilcox.test CDS | divergence less [d<0,1] > [d>0,1] | -5,4E-05 | 4,6E+07 | 1,3E-02
Kirov-Norway wilcox.test CDS sites greater [d<0,l]<[d>0,l] -2,2E-05| 7,8E+06 | 5,7E-01
novcontaoo
Kirov-Norway wilcox.test CDS sites less [d<0,1]>[d>0,1] -2,2E-05 | 7,8E+06 | 4,3E-01
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Kirov-Norway [  wilcox.test CDS [GCcontent| greater [[d<0,1] <[d>0,1][ -5,2E-04 | 4,7E+07 | 6,4E-01

Kirov-Norway | wilcox.test CDS  |GC content less [d<0,1] > [d>0,1] | -5,2E-04 | 4,7E+07 | 3,6E-01

Nucleotid
Kirov-Norway | wilcoxtest | CDS | oo ¢l greater |[d<0,1] < [d>0,1]| -1,1E-05 | 3,5E+07 | 1,0E+00
diversity
Kirov-Norway | wilcox.test | CDS Nucleotide] . | [d<0,1] > [d>0,1]| -1,1E-05 | 3,5E+07 |4,5E-160
diversity
binat
Kirov-Norway | wilcoxtest | CDS reco:;nma greater | [d<0,1] < [d>0,1]| -1,1E-01 | 4,0E+07 | 1,0E+00
binat
Kirov-Norway | wilcox.test | CDS recoir:nma less  |[d<0,1] > [d>0,1]| -1,1E-01 | 4,0E+07 | 8,3E-05
Kirov-Norway | wilcox.test CDS RVIS greater | [d<0,1] < [d>0,1]| -4,3E-02 | 2,9E+07 | 1,0E+00
Kirov_Norway wilcox.test CDS RVIS less [d<0,1]>[d>0,1] -4,3E-02 | 2,9E+07 | 4,3E-03

Kirov-Norway | wilcox.test CDS Skewness | greater |[d<0,1] <[d>0,1]| 1,9E-02 | 5,7E+07 |1,2E-126

Kirov-Norway [ wilcox.test CDS Skewness less [d<0,1] > [d>0,1]| 1,9E-02 | 5,7E+07 | 1,0E+00

Watt

Kirov-Norway | wilcox.test | CDS SREISON - oreater | [d<0,1] < [d>0,1]| -1,3E-05 | 3,5E+07 | 1,0E+00
estimator
Watterson

Kirov-Norway | wilcoxtest | CDS | "8 00N less |[d<0.1] > [d>0,1]| -13E-05 | 3,5E+07 |1,1E-160

Kirov-Norway | wilcox.test |[Intergenic|divergence| greater |[d<0,1] <[d>0,1]| -6,9E-06 | 2,5E+10 [ 9,8E-01

Kirov-Norway [ wilcox.test [Intergenic|divergence less [d<0,1] > [d>0,1] | -6,9E-06 | 2,5E+10 | 2,4E-02

Kirov-Norway | wilcox.test |[Intergenic|GC content| greater | [d<0,1] < [d>0,1]| -1,1E-03 | 2,5E+10 [ 1,0E+00

Kirov-Norway | wilcox.test [Intergenic|GC content less [d<0,1] > [d>0,1]| -1,1E-03 | 2,5E+10 | 5,1E-13

Nucleotid

Kirov-Norway | wilcox.test |Intergenic| o cc| greater |[d<0,1] <[d>0,1]| -1,7E-04 | 1,7E+10 | 1,0E+00
diversity
. | Nucleotide

Kirov-Norway | wilcox.test |Intergenic .. = less [d<0,1] > [d>0,1] | -1,7E-04 | 1,7E+10 | 0,0E+00
diversity
binat

Kirov-Norway | wilcox.test |Intergenic reco:;nma greater | [d<0,1] < [d>0,1]| -8,1E-02 | 2,0E+10 | 1,0E+00
binat

Kirov-Norway | wilcox.test |Intergenic recoir:nma less  |[d<0,1] > [d>0,1]| -8,1E-02 | 2,0E+10 | 1,3E-47

Kirov-Norway | wilcox.test |[Intergenic| Skewness [ greater |[d<0,1] <[d>0,1]| 4,3E-02 | 3,2E+10 [ 0,0E+00

Kirov-Norway [ wilcox.test |Intergenic| Skewness less [d<0,1] > [d>0,1] | 4,3E-02 | 3,2E+10 | 1,0E+00
Watt:
Kirov-Norway | wilcox.test |Intergenic| = o0 [ greater |[d<0,1] < [d>0,1]| -2,0E-04 | 1,7E+10 | 1,0E+00
estimator
. | Watterson
Kirov-Norway | wilcox.test [Intergenic estimator less [d<0,1] > [d>0,1] | -2,0E-04 | 1,7E+10 | 0,0E+00

Kirov-Norway | wilcox.test Intron |divergence| greater |[d<0,1] <[d>0,1]| -3,2E-06 | 9,4E+09 | 9,1E-01
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Kirov-Norway | wilcox.test Intron | divergence less [d<0,1] > [d>0,1] | -3,2E-06 | 9,4E+09 | 9,5E-02
Kirov-Norway | wilcox.test Intron sites greater [d<0,1] < [d>0,1]| 3,6E-02 | 2,1E+09 | 4,4E-03
nercentage
Kirov-Norway | wilcox.test Intron sites less [d<0,1] > [d>0,1]| 3,6E-02 | 2,1E+09 | 1,0E+00
nercentage
Kirov-Norway | wilcox.test Intron |GC content| greater [d<0,1] < [d>0,1]| 2,2E-04 | 9,4E+09 | 2,2E-01
Kirov-Norway | wilcox.test Intron |GC content| less [d<0,1] > [d>0,1]| 2,2E-04 | 9,4E+09 | 7,8E-01
Nucleotid
Kirov-Norway | wilcoxtest | Intron | oo €| greater |[d<0,1] <[d>0,1]| -1,1E-04 | 6,5E+09 | 1,0E+00
diversity
Nucleotid
Kirov-Norway | wilcoxtest | Intron | oo ¢ less  |[d<0,1] > [d>0,1]| -1,1E-04 | 6,5E+09 | 0,0E+00
diversity
binat
Kirov-Norway | wilcox.test | Intron reco_’::nma greater | [d<0,1] < [d>0,1]| -9,1E-03 | 8,3E+09 | 9,5E-01
i
binat
Kirov-Norway | wilcoxtest | Intron |- oM ess  |[d<0,1] > [d>0,1]| -9,1E-03 | 8,3E+09 | 5,4E-02
ion
Kirov-Norway | wilcox.test Intron RVIS greater [d<0,1] < [d>0,1]| 3,4E-02 | 5,0E+09 | 1,2E-13
Kirov-Norway wilcox.test Intron RVIS less [d<0,l]>[d>0,l] 3,4E-02 | 5,0E+09 | 1,0E+00
Kirov-Norway | wilcox.test Intron | Skewness greater | [d<0,1] <[d>0,1]| 3,5E-02 | 1,2E+10 | 0,0E+00
Kirov-Norway | wilcox.test Intron | Skewness less [d<0,1] > [d>0,1]| 3,5E-02 | 1,2E+10 | 1,0E+00
Watt
Kirov-Norway | wilcoxtest | Intron | & 0% greater |[d<0,1] < [d>0,1]| -3,6E-05 | 6,5E+09 | 1,0E+00
estimator
Watterson
Kirov-Norway | wilcox.test Intron estimator less [d<0,1] > [d>0,1]| -3,6E-05 | 6,5E+09 | 0,0E+00
Andujar- . .
wilcox.test CDS divergence| greater [[d<0,1] <[d>0,1]{ -1,6E-05 | 3,0E+07 | 7,9E-01
Dofiana
Andujar- . .
wilcox.test CDS divergence less [d<0,1] > [d>0,1]| -1,6E-05 | 3,0E+07 | 2,1E-01
Dofiana
Andujar- 1 icoxtest | CDS sites greater | [d<0,1] < [d>0,1]| -1,5E-02 | 5,2E+06 | 6,2E-01
DOﬁana nercentage
Andujar- | oxtest | CDS sites less  |[d<0,1] > [d>0,1]| -1,5E-02 | 5,2E+06 | 3,8E-01
DOHana nercentage
Andujar- .
wilcox.test CDS [GCcontent| greater [[d<0,1] < [d>0,1]| 6,6E-03 | 3,2E+07 | 1,0E-04
Dofiana
Andujar- .
wilcox.test CDS |GC content less [d<0,1] > [d>0,1]| 6,6E-03 | 3,2E+07 | 1,0E+00
Dofiana
Andujar- Nucleotide
wilcox.test CDS . X greater [d<0,1] < [d>0,1]| -1,1E-05 | 2,6E+07 | 1,0E+00
Dofiana diversity
jar- Nucleotid
Andujar- | oxtest | CDs [hreeotidel s | [d<0.1] > [d>0,1]| -1,1E-05 | 2,6E+07 | 3,9E-46
Dofiana diversity
jar- binat
Andujar wilcoxtest | CDs |CCOMPIEL oreater | [d<0,1] < [d>0,1]| -1,0E-02 | 2,7E+07 | 6,6E-01
Dofiana ion
jar- binat
Andujar wilcoxtest | €D [FECTOMAYjess | [d<0,1] > [d>0,1]| -1,0E-02 | 2,7E+07 | 3,4E-01
Dofiana ion
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Andujar-

' wilcox.test | CDS RVIS greater | [d<0,1] < [d>0,1]| -6,2E-02 | 1,9E+07 | 1,0E+00
Dofiana
Andujar- .

. wilcox.test CDS RVIS less [d<0,1] > [d>0,1]| -6,2E-02 | 1,9E+07 | 9,7E-04
Dofiana
Andujar- .
Do wilcox.test CDS Skewness greater [d<0,1] < [d>0,1]| 2,7E-02 | 3,5E+07 | 9,9E-40
ofiana
Andujar- .

N wilcox.test CDS Skewness less [d<0,1] > [d>0,1]| 2,7E-02 | 3,5E+07 | 1,0E+00
Dofiana
Andujar- Watterson

~J wilcox.test CDS R greater [d<0,1] < [d>0,1]| -5,9E-05 | 2,6E+07 | 1,0E+00
Dofiana estimator
Andujar- Watterson

NJ wilcox.test CDS . less [d<0,1] > [d>0,1]| -5,9E-05 | 2,6E+07 | 1,4E-45
Dofiana estimator
Andujar- ) g
Dof wilcox.test |Intergenic|divergence| greater [d<0,1] < [d>0,1]| 2,6E-05 | 1,8E+10 | 5,4E-10
ofiana
Andujar- ) o
DoF wilcox.test |Intergenic| divergence less [d<0,1] > [d>0,1]| 2,6E-05 | 1,8E+10 | 1,0E+00
ofiana
Andujar- i .
Do wilcox.test |Intergenic|GC content| greater [d<0,1] < [d>0,1]| -2,4E-05 | 1,8E+10 | 5,3E-01
ofiana
Andujar- . .
DoF wilcox.test | Intergenic|GC content less [d<0,1] > [d>0,1] | -2,4E-05 | 1,8E+10 | 4,7E-01
ofiana
Andujar- ) . | Nucleotide

"~ wilcox.test |Intergenic| . X greater [d<0,1] < [d>0,1]| -2,2E-05 | 1,3E+10 | 1,0E+00
Dofiana diversity
Andujar- . . | Nucleotide

N wilcox.test |Intergenic| . less [d<0,1] > [d>0,1]| -2,2E-05 | 1,3E+10 | 0,0E+00
Dofiana diversity
Andujar- . . |recombinat

. wilcox.test |Intergenic K greater [d<0,1] < [d>0,1]| 2,3E-02 | 1,4E+10 | 1,6E-04
Dofiana ion
Andujar- . . |recombinat

N wilcox.test |Intergenic K less [d<0,1] > [d>0,1]| 2,3E-02 | 1,4E+10 | 1,0E+00
Dofiana ion
Andujar- . .
Dof wilcox.test |Intergenic| Skewness greater [d<0,1] < [d>0,1]| 1,9E-02 | 2,2E+10 | 0,0E+00
ofiana
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Andujar-

Dofiana wilcox.test | Intergenic| Skewness less [d<0,1] > [d>0,1]| 1,9E-02 | 2,2E+10 | 1,0E+00
Anduijar- ) . | Watterson
8 wilcox.test | Intergenic . greater | [d<0,1] < [d>0,1]| -6,9E-05 | 1,3E+10 | 1,0E+00
DoRana estimator
Andujar- il Intergenic Watterson 1 [d<0,1] > [d>0,1]| -6,9E
e wilcox.test g estimator ess <0,1] > [d>0,1]| -6,9E-05 | 1,3E+10 | 0,0E+00
Andujar- . i
| coxgest | Totron | divergence| greater | [4<0.1) < (50,11 33805 | 678409 [ 988-05
na
Andujar- . i
o wilcox.test Intron | divergence less [d<0,1] > [d>0,1]| 3,3E-05 | 6,7E+09 | 1,0E+00
ana
Andujar- . T
! wilcox.test Intron sites greater | [d<0,1] < [d>0,1]| -6,2E-02 | 1,4E+09 | 1,0E+00
Dofiana nercentage
Andujar- . REHARIAGE
I wilcox.test | Intron sites less  |[d<0,1] > [d>0,1]| -6,2E-02 | 1,4E+09 | 5,9E-04
Dofiana
nercentage
Andujar- .
. wilcox.test Intron (GC content| greater [[d<0,1] < [d>0,1]| 1,5E-03 | 6,8E+09 | 1,1E-06
Andujar- .
o wilcox.test Intron |GC content| less [d<0,1] > [d>0,1]| 1,5E-03 | 6,8E+09 [ 1,0E+00
na
Andujar- ; Intron | ocleotidel o ater | [d<0,1] < [d>0,1] | -4,8E-05
ea - -
i wilcox test dveraty | BT 1] < [d>0,1]| -4, 5,2E+09 | 1,0E+00
Andujar- | Intron Nucleotide 1 [d<0,1 d>0.11| -4.8
e wilcox.test diversity ess <0,1] > [d>0,1]| -4,8E-05 | 5,2E+09 | 0,0E+00
Andujar- ] recombinat
8 wilcox.test Intron . greater | [d<0,1] < [d>0,1]| 2,5E-02 | 6,0E+09 | 2,0E-03
Dofiana ton
Anduijar- ] recombinat
8 wilcox.test Intron . less [d<0,1] > [d>0,1]| 2,5E-02 | 6,0E+09 | 1,0E+00
Dofiana lon
Andujar- .
Doria wilcox.test Intron RVIS greater | [d<0,1] < [d>0,1]] -3,1E-03 | 3,4E+09 | 7,4E-01
na
Andujar- .
I wilcoxtest | Intron | RVIS less  [[d<0,1] > [d>0,1]| -3,1E-03 | 34E+09 | 2,6E-01
Dofiana
Andujar- .
e wilcox.test | Intron | Skewness | greater |[d<0,1] <[d>0,1]| 2,1E-02 | 8,1E+09 | 0,0E+00
a
Andujar- .
I wilcox.test Intron | Skewness less [d<0,1] > [d>0,1] [ 2,1E-02 | 8,1E+09 | 1,0E+00
Andujar- | Intron | \"atterson ter | [d<0,1] < [d>0,1]| -4,5E
e wilcox.test estimator | BrEter <0,1] < [d>0,1] | -4,5E-05 | 5,2E+09 [ 1,0E+00
Andujar- ] Watterson
8 wilcox.test Intron . less [d<0,1] > [d>0,1]| -4,5E-05 | 5,2E+09 | 0,0E+00
DoRana estimator
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Table S9. r effect size for Man-Whitney two sample rank sum test comparing 6.6, > 0.1 windows vs.
8.8, < 0.1 windows for NB 6, NB «r, NB S, divergence, recombination, GC content, functional site

percentage, and RVIS. Features considered for the analysis are intergenic, introns and CDS.

Comparison Feature Genomic variable r

Kirov-Poland CDS Divergence 0,067
Kirov-Poland CDS Functional sites percentage -0,003
Kirov-Poland CDS GC content 0,063
Kirov-Poland CDS NB Nucleotide diversity 0,032
Kirov-Poland CDS NB Skewness SFS -0,024
Kirov-Poland CDS NB Watterson estimator 0,039
Kirov-Poland CDS Recombination rate 0,033
Kirov-Poland CDS RVIS 0,049
Kirov-Poland [ Intergenic Divergence 0,054
Kirov-Poland [ Intergenic GC content 0,055
Kirov-Poland [Intergenic|  NB Nucleotide diversity -0,039
Kirov-Poland [ Intergenic NB Skewness SFS 0,042
Kirov-Poland [ Intergenic NB Watterson estimator -0,023
Kirov-Poland [ Intergenic Recombination rate 0,028
Kirov-Poland Intron Divergence 0,054
Kirov-Poland Intron Functional sites percentage -0,010
Kirov-Poland Intron GC content 0,068
Kirov-Poland Intron NB Nucleotide diversity -0,026
Kirov-Poland Intron NB Skewness SES 0,028
Kirov-Poland Intron NB Watterson estimator -0,013
Kirov-Poland Intron Recombination rate 0,043
Kirov-Poland Intron RVIS 0,013
Kirov-Norway CDS Divergence -0,014
Kirov-Norway CDS Functional sites percentage -0,001
Kirov-Norway CDS GC content -0,002
Kirov-Norway CDS NB Nucleotide diversity -0,174
Kirov-Norway CDS NB Skewness SFS 0,155
Kirov-Norway CDS NB Watterson estimator -0,175
Kirov-Norway CDS Recombination rate -0,024
Kirov-Norway CDS RVIS -0,017
Kirov-Norway | Intergenic Divergence -0,003

239



APENDICE | CAPITULO 04

Kirov-Norway | Intergenic Divergence -0,003
Kirov-Norway | Intergenic GC content -0,009
Kirov-Norway [ Intergenic NB Nucleotide diversity -0,218
Kirov-Norway | Intergenic NB Skewness SFS 0,184
Kirov-Norway | Intergenic NB Watterson estimator -0,215
Kirov-Norway | Intergenic Recombination rate -0,019
Kirov-Norway Intron Divergence -0,002
Kirov-Norway Intron Functional sites percentage 0,004
Kirov-Norway | Intron GC content 0,001
Kirov-Norway | Intron NB Nucleotide diversity -0,205
Kirov-Norway | Intron NB Skewness SFS 0,175
Kirov-Norway Intron NB Watterson estimator -0,202
Kirov-Norway Intron Recombination rate -0,003
Kirov-Norway | Intron RVIS 0,012
Andujar-Donana| CDS Divergence -0,005
Andujar-Donana| CDS Functional sites percentage -0,002
Andujar-Donana| CDS GC content 0,024
Andujar-Donana| CDS NB Nucleotide diversity -0,093
Andujar-Donana| CDS NB Skewness SFS 0,085
Andujar-Donana| CDS NB Watterson estimator -0,092
Andujar-Donana| CDS Recombination rate -0,003
Andujar-Donana| CDS RVIS -0,020
Andujar-Dofana | Intergenic Divergence 0,008
Andujar-Dofana | Intergenic GC content 0,000
Andujar-Dofana | Intergenic NB Nucleotide diversity -0,137
Andujar-Dofana | Intergenic NB Skewness SFS 0,130
Andujar-Dofana | Intergenic NB Watterson estimator -0,133
Andujar-Dofana | Intergenic Recombination rate 0,005
Andujar-Dofana| Intron Divergence 0,006
Andujar-Dofana| Intron Functional sites percentage -0,005
Andujar-Dofana| Intron GC content 0,008
Andujar-Dofana| Intron NB Nucleotide diversity -0,126
Andujar-Dofana| Intron NB Skewness SFS 0,119
Andujar-Dofana| Intron NB Watterson estimator -0,123
Andujar-Dofana| Intron Recombination rate 0,005
Andujar-Dofana| Intron RVIS -0,001
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Table S10. Wilcoxon signed-rank test comparing ND

NB
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-NDB windows vs. ND

NB

-D, windows for

divergence, recombination, GC' content, functional site percentage, and RVIS. Features considered
for the analysis are intergenic, introns and CDS.

Comparison| Method| Feature Gen.omlc Alternatnje Interpretation |Estimate| Statistic| p-value
variable hypothesis
wilcox
Kirov-Poland| test CDS Divergence greater ND-ND>ND-D | -5,6E-04| 5,3E+06 | 1,0E+00
wilcox
Kirov-Poland| test [Intergenic| Divergence greater ND-ND>ND-D | -2,6E-04| 2,8E+09 | 1,0E+00
wilcox
Kirov-Poland| test Intron Divergence greater ND-ND>ND-D | -3,4E-04( 1,1E+09 | 1,0E+00
wilcox
Kirov-Poland| test CDS Divergence less ND-ND<ND-D | -5,6E-04]| 5,3E+06| 6,5E-23
wilcox
Kirov-Poland| test [Intergenic| Divergence less ND-ND<ND-D | -2,6E-04 | 2,8E+09 [ 1,9E-257
wilcox
Kirov-Poland| test Intron Divergence less ND-ND<ND-D | -3,4E-04] 1,1E+09 | 4,9E-161
Functional
wilcox sites
Kirov-Poland| test CDS percentage greater ND-ND>ND-D | 2,7E-01 | 1,2E+06 | 5,8E-02
Functional
wilcox sites
Kirov-Poland| test |Intergenic| percentage greater ND-ND>ND-D | 1,2E-01 | 3,5E+08 | 3,7E-07
Functional
wilcox sites
Kirov-Poland| test Intron percentage greater ND-ND>ND-D | 1,8E-01 | 2,9E+08| 6,4E-08
Functional
wilcox sites
Kirov-Poland| test CDS percentage less ND-ND<ND-D | 2,7E-01 | 1,2E+06 | 9,4E-01
Functional
wilcox sites
Kirov-Poland| test |Intergenic| percentage less ND-ND<ND-D | 1,2E-01 | 3,5E+08 | 1,0E+00
Functional
wilcox sites
Kirov-Poland| test Intron percentage less ND-ND<ND-D | 1,8E-01 | 2,9E+08 | 1,0E+00
wilcox
Kirov-Poland| test CDS GC content greater ND-ND>ND-D | -2,5E-02] 5,5E+06 | 1,0E+00
wilcox
Kirov-Poland| test [Intergenic| GC content greater ND-ND>ND-D | -8,3E-03| 2,8E+09 | 1,0E+00
wilcox
Kirov-Poland| test Intron GC content greater ND-ND>ND-D | -1,6E-02| 1,1E+09 | 1,0E+00
wilcox
Kirov-Poland| test CDS GC content less ND-ND<ND-D |-2,5E-02| 5,5E+06 | 1,3E-17
wilcox
Kirov-Poland| test |Intergenic| GC content less ND-ND<ND-D | -8,3E-03| 2,8E+09 | 1,5E-205
wilcox
Kirov-Poland| test Intron GC content less ND-ND<ND-D | -1,6E-02]| 1,1E+09 | 6,0E-261
wilcox
Kirov-Poland| test CDS |Recombination| greater ND-ND>ND-D | -3,2E-01| 5,2E+06 | 1,0E+00
wilcox
Kirov-Poland| test |Intergenic|Recombination| greater ND-ND>ND-D | -1,8E-01] 2,4E+09 | 1,0E+00
wilcox
Kirov-Poland| test Intron |Recombination| greater ND-ND>ND-D | -3,1E-01| 1,0E+09 | 1,0E+00
wilcox
Kirov-Poland| test CDS Recombination less ND-ND<ND-D | -3,2E-01] 5,2E+06 | 2,9E-07
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wilcox
Kirov-Poland| test |Intergenic|Recombination less ND-ND<ND-D | -1,8E-01 ]| 2,4E+09| 9,0E-71
wilcox
Kirov-Poland| test Intron |Recombination less ND-ND<ND-D [ -3,1E-01]| 1,0E+09| 8,4E-94
wilcox
Kirov-Poland| test CDS RVIS greater ND-ND>ND-D | -1,9E-01 | 3,7E+06 | 1,0E+00
wilcox
Kirov-Poland| test Intron RVIS greater ND-ND>ND-D | -4,5E-02| 6,3E+08 | 1,0E+00
wilcox
Kirov-Poland| test CDS RVIS less ND-ND<ND-D |-1,9E-01| 3,7E+06 | 5,4E-10
wilcox
Kirov-Poland| test Intron RVIS less ND-ND<ND-D | -4,5E-02 | 6,3E+08| 5,6E-08
Kirov- wilcox
Norway test CDS Divergence greater ND-ND>ND-D |-1,1E-04| 1,7E+07 | 1,0E+00
Kirov- wilcox
Norway test |Intergenic| Divergence greater ND-ND>ND-D | -6,7E-05| 6,2E+09 | 1,0E+00
Kirov- wilcox
Norway test Intron Divergence greater ND-ND>ND-D |-1,2E-04 | 2,5E+09 | 1,0E+00
Kirov- wilcox
Norway test CDS Divergence less ND-ND<ND-D |-1,1E-04 | 1,7E+07 | 3,9E-07
Kirov- wilcox
Norway test |Intergenic| Divergence less ND-ND<ND-D [ -6,7E-05 | 6,2E+09 | 1,8E-67
Kirov- wilcox
Norway test Intron Divergence less ND-ND<ND-D |[-1,2E-04| 2,5E+09 | 7,9E-43
Functional
Kirov- wilcox sites
Norway test CDS percentage greater ND-ND>ND-D | 8,8E-02 | 3,1E+06| 1,8E-01
Functional
Kirov- wilcox sites
Norway test |[Intergenic| percentage greater ND-ND>ND-D | -4,7E-02 | 6,6E+08 | 1,0E+00
Functional
Kirov- wilcox sites
Norway test Intron percentage greater ND-ND>ND-D |-5,3E-02 | 5,6E+08 | 9,9E-01
Functional
Kirov- wilcox sites
Norway test CDS percentage less ND-ND<ND-D | 8,8E-02 | 3,1E+06| 8,2E-01
Functional
Kirov- wilcox sites
Norway test [Intergenic| percentage less ND-ND<ND-D | -4,7E-02| 6,6E+08| 1,8E-03
Functional
Kirov- wilcox sites
Norway test Intron percentage less ND-ND<ND-D |-5,3E-02 | 5,6E+08| 5,2E-03
Kirov- wilcox
Norway test CDS GC content greater ND-ND>ND-D |-7,8E-03 | 1,7E+07 | 1,0E+00
Kirov- wilcox
Norway test |[Intergenic| GC content greater ND-ND>ND-D |-1,8E-03 | 6,3E+09 | 1,0E+00
Kirov- wilcox
Norway test Intron GC content greater ND-ND>ND-D | -6,0E-03 | 2,4E+09 | 1,0E+00
Kirov- wilcox
Norway test CDS GC content less ND-ND<ND-D |-7,8E-03 | 1,7E+07 | 3,8E-06
Kirov- wilcox
Norway test |[Intergenic| GC content less ND-ND<ND-D |-1,8E-03 | 6,3E+09 | 1,1E-25
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Kirov- wilcox
Norway test Intron GC content less ND-ND<ND-D | -6,0E-03 | 2,4E+09 | 6,2E-88
Kirov- wilcox
Norway test CDS Recombination greater ND-ND>ND-D | 7,7E-02 | 1,6E+07 | 1,1E-02
Kirov- wilcox

Norway test |Intergenic|Recombination| greater ND-ND>ND-D | 1,8E-05 | 5,2E+09 | 3,3E-01

Kirov- wilcox
Norway test Intron |Recombination| greater ND-ND>ND-D |-6,3E-02| 2,3E+09 | 1,0E+00

Kirov- wilcox

Norway test CDS | Recombination less ND-ND<ND-D | 7,7E-02 | 1,6E+07 | 9,9E-01
Kirov- wilcox
Norway test [Intergenic| Recombination less ND-ND<ND-D | 1,8E-05 | 5,2E+09 | 6,7E-01
Kirov- wilcox
Norway test Intron |Recombination less ND-ND<ND-D [ -6,3E-02| 2,3E+09 | 4,5E-12
Kirov- wilcox
Norway test CDS RVIS greater ND-ND>ND-D |-2,0E-02| 1,1E+07 | 8,5E-01
Kirov- wilcox
Norway test Intron RVIS greater ND-ND>ND-D |-5,8E-02| 1,3E+09 | 1,0E+00
Kirov- wilcox
Norway test CDS RVIS less ND-ND<ND-D |-2,0E-02| 1,1E+07 | 1,5E-01
Kirov- wilcox
Norway test Intron RVIS less ND-ND<ND-D |-5,8E-02| 1,3E+09 | 1,7E-23
Andujar- | wilcox
Donana test CDS Divergence greater ND-ND>ND-D | -6,4E-05| 1,7E+07 | 9,8E-01
Andujar- | wilcox
Dofiana test |Intergenic| Divergence greater ND-ND>ND-D | -1,3E-04| 7,6E+09 | 1,0E+00
Andujar- | wilcox

Dofana test Intron Divergence greater ND-ND>ND-D |-1,2E-04| 3,1E+09 | 1,0E+00

Andujar- | wilcox

Dofiana test CDS Divergence less ND-ND<ND-D |-6,4E-05| 1,7E+07 | 2,3E-02

Andujar- | wilcox

Donana test |Intergenic| Divergence less ND-ND<ND-D |-1,3E-04 | 7,6E+09 | 8,9E-87

Andujar- | wilcox

Donana test Intron Divergence less ND-ND<ND-D | -1,2E-04| 3,1E+09 | 1,0E-37
Functional

Andujar- | wilcox sites

Dofiana test CDS percentage greater ND-ND>ND-D | 7,8E-02 | 3,1E+06 | 2,3E-01
Functional

Andujar- | wilcox sites

Dofiana test |Intergenic| percentage greater ND-ND>ND-D |-1,1E-02 | 8,6E+08 | 8,5E-01
Functional

Andujar- | wilcox sites

Dofiana test Intron percentage greater ND-ND>ND-D | 8,6E-02 | 7,2E+08 | 7,8E-05
Functional

Andujar- | wilcox sites

Dofana test CDS percentage less ND-ND<ND-D | 7,8E-02 | 3,1E+06 | 7,7E-01
Functional

Andujar- | wilcox sites

Donana test |Intergenic| percentage less ND-ND<ND-D | -1,1E-02| 8,6E+08 | 1,5E-01
Functional

Andujar- | wilcox sites

Dofana test Intron percentage less ND-ND<ND-D | 8,6E-02 | 7,2E+08 | 1,0E+00
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Andujar- | wilcox
Dofiana test CDS GC content greater ND-ND>ND-D | -9,0E-03 | 1,7E+07 | 1,0E+00
Andujar- | wilcox
Donana test |Intergenic| GC content greater ND-ND>ND-D |-2,2E-03| 7,7E+09 | 1,0E+00
Andujar- | wilcox
Donana test Intron GC content greater ND-ND>ND-D | -4,6E-03| 3,0E+09 | 1,0E+00
Andujar- | wilcox
Dofiana test CDS GC content less ND-ND<ND-D |-9,0E-03 | 1,7E+07 | 1,7E-06
Andujar- | wilcox
Doifana test |[Intergenic| GC content less ND-ND<ND-D |-2,2E-03| 7,7E+09| 1,5E-30
Andujar- | wilcox
Dofiana test Intron GC content less ND-ND<ND-D | -4,6E-03 | 3,0E+09 | 1,8E-45
Andujar- | wilcox
Donana test CDS Recombination greater ND-ND>ND-D |-1,0E-02 | 1,6E+07 | 6,5E-01
Andujar- | wilcox
Donana test |Intergenic Recombination greater ND-ND>ND-D |-7,7E-02 | 6,2E+09 | 1,0E+00
Andujar- | wilcox
Dofiana test Intron |Recombination| greater ND-ND>ND-D | -6,8E-02 | 2,8E+09 | 1,0E+00
Andujar- | wilcox
Dofiana test CDS | Recombination less ND-ND<ND-D |-1,0E-02 | 1,6E+07 | 3,5E-01
Andujar- | wilcox
Dofiana test | Intergenic|Recombination less ND-ND<ND-D |-7,7E-02 | 6,2E+09 | 1,5E-26
Andujar- | wilcox
Dofiana test Intron |Recombination less ND-ND<ND-D | -6,8E-02]|2,8E+09| 7,1E-12
Andujar- | wilcox
Donana test CDS RVIS greater ND-ND>ND-D | 7,2E-03 | 1,2E+07 | 3,7E-01
Andujar- | wilcox
Dofiana test Intron RVIS greater ND-ND>ND-D |-1,5E-02 | 1,6E+09 | 9,9E-01
Andujar- | wilcox
Dofiana test CDS RVIS less ND-ND<ND-D | 7,2E-03 | 1,2E+07 | 6,3E-01
Andujar- | wilcox
Doiiana test Intron RVIS less ND-ND<ND-D |-1,5E-02| 1,6E+09| 5,9E-03
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- ND,, windows vs.

-D, windows for divergence, recombination, GC content, functional site percentage, and RVIS.
Features considered for the analysis are intergenic, introns and CDS.

Comparison Feature Genomic variable r
Kirov-Poland CDS Divergence -0,085
Kirov-Poland CDS Functional sites percentage 0,014
Kirov-Poland CDS GC content -0,073
Kirov-Poland CDS Recombination rate -0,043
Kirov-Poland CDS RVIS -0,053
Kirov-Poland | Intergenic Divergence -0,068
Kirov-Poland |Intergenic| Functional sites percentage 0,010
Kirov-Poland | Intergenic GC content -0,061
Kirov-Poland | Intergenic Recombination rate -0,035
Kirov-Poland Intron Divergence -0,067
Kirov-Poland Intron | Functional sites percentage 0,013
Kirov-Poland Intron GC content -0,085
Kirov-Poland Intron Recombination rate -0,051
Kirov-Poland Intron RVIS -0,013
Kirov-Norway CDS Divergence -0,043
Kirov-Norway CDS Functional sites percentage 0,008
Kirov-Norway CDS GC content -0,039
Kirov-Norway CDS Recombination rate 0,020
Kirov-Norway CDS RVIS -0,009
Kirov-Norway | Intergenic Divergence -0,034
Kirov-Norway |Intergenic| Functional sites percentage -0,006
Kirov-Norway [ Intergenic GC content -0,021
Kirov-Norway | Intergenic Recombination rate 0,001
Kirov-Norway Intron Divergence -0,034
Kirov-Norway Intron Functional sites percentage -0,006
Kirov-Norway Intron GC content -0,049
Kirov-Norway Intron Recombination rate -0,017
Kirov-Norway Intron RVIS -0,025
Andujar-Dofiana CDS Divergence -0,016
Andujar-Dofana CDS Functional sites percentage 0,006
Andujar-Donana CDS GC content -0,036
Andujar-Dofana CDS Recombination rate -0,003
Andujar-Donana CDS RVIS 0,003
Andujar-Dofiana | Intergenic Divergence -0,034
Andujar-Dofana | Intergenic| Functional sites percentage -0,002
Andujar-Dofiana | Intergenic GC content -0,019
Andujar-Dofiana | Intergenic Recombination rate -0,018
Andujar-Dofiana | Intron Divergence -0,027
Andujar-Dofiana | Intron Functional sites percentage 0,008
Andujar-Dofiana | Intron GC content -0,030
Andujar-Dofiana | Intron Recombination rate -0,014
Andujar-Dofiana | Intron RVIS -0,005

245



NOISNOSIA




En esta tesis se ahonda en el conocimiento de la historia evolutiva de lince boreal
y de lince ibérico y del rol que han podido tener distintos procesos, naturales y
antropicos, en el modelado de los genomas de las especies estudiadas, con un enfoque
interpoblacional (Capitulo 1, 2, 3 y 4) y/o intragenémico (Capitulo 3, 4), y desde una
escala mas macroevolutiva (Capitulo 1 y 2) hasta una mas microevolutiva (Capitulo
3y4).

Especificamente, hemos ampliado el conocimiento sobre la dinamica temporal del
tamafio poblacional, las relaciones y el estatus genético de la mayoria de poblaciones
contemporaneas de lince boreal (Capitulo 1). También hemos profundizado sobre la
dindmica temporal de los patrones genéticos de lince boreal en Europa durante el
Pleistoceno Tardio y el Holoceno, haciendo especial hincapié en la poblacién extinta
que habité la Peninsula Ibérica hace 2 kya (Capitulo 2). Hemos aportado nuevo
conocimiento ala historia evolutiva de los tltimos miles de afios de lince ibérico gracias
al analisis de muestras antiguas secuenciadas a genoma completo y su comparacion
con muestras contemporaneas (Capitulo 3). Por tltimo, hemos investigado los
cambios en diversidad a corto plazo que producen los cuellos de botella a lo largo del
genoma usando poblaciones con un declive muy marcado frente a otras poblaciones
demograficamente mas estables de lince ibérico y boreal, y hemos discutido como esa
heterogeneidad genémica esta ligada a la actuacion presente y pasada de distintas
fuerzas evolutivas y la interaccion entre estas (Capitulo 4). El analisis de las poblaciones
usando datos de genoma completo, y cuando ha sido posible incluyendo individuos
antiguos, ha permitido contestar las preguntas planteadas en los objetivos iniciales, y

ha abierto ademas la puerta a nuevas cuestiones por resolver.

Los patrones de diversidad y estructura genética del lince boreal y del lince ibérico
han venido determinados por cambios en su area de distribucién y el tamano efectivo
de las distintas poblaciones durante el Pleistoceno y el Holoceno debido a distintas

causas naturales y antrépicas.
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Las variaciones climaticas han dado lugar a cambios en el area de distribucién del
lince boreal y han propiciado, por un lado, la apariciéon de distintos linajes a nivel
mitocondrial que tienen a dia de hoy una distribucion mas o menos localizada en el
espacioy, por otro, senales de mezcla a nivel nuclear entre poblaciones geograficamente
cercanas. Concretamente, el comienzo de la edad de hielo hace aproximadamente
110 mil anos coincide aproximadamente con la divergencia de un linaje a nivel
mitocondrial que a dia de hoy ocupa Balcanes y Caucaso. De igual modo, otros ciclos
frios, por ejemplo los acaecidos hace alrededor de 40 mil anos (Kindler et al., 2014)
o durante el Ultimo Méaximo Glacial hace en torno a 20 mil afios (Mix, 2001; Clark
et al., 2009) parecen estar detras de la emergencia de otros linajes mitocondriales
en lince boreal. Posiblemente, estos linajes evolucionaron tras el confinamiento de
las poblaciones en refugios glaciales, en los que el habitat era el adecuado. Al igual
que los ciclos frios parecen estar detras de aislamiento y divergencia de distintas
poblaciones, los ciclos interglaciares y ya mas recientemente el calentamiento durante
el Holoceno y los cambios de vegetacion asociados, habrian impulsado una expansion
del rango del lince boreal en Europa occidental y posibilitado el contacto secundario
y la mezcla entre linajes divergentes. Especificamente, durante el final del Pleistoceno
llego al oeste de Europa un linaje similar a los que ocupan hoy Balcanes y Caucaso.
Posteriormente, y ya durante el interfaz entre el Holoceno y el Pleistoceno el lince
boreal penetr6 en la peninsula ibérica ocupando la cornisa cantabrica (Rodriguez-
Varela et al., 2016). A partir de esta fecha y durante el Holoceno, el lince boreal que
se encuentra en Europa occidental parece estar mas relacionado mitocondrialmente
con poblaciones centro-europeas y asiaticas que eventualmente se mezclaron con los

linajes mas surefios.

Ademas de las variaciones climaticas, la accion humana ha afectado a buena parte
de las poblaciones de lince boreal, sobre todo en Europa, ya sea mediante acciones
directas como la persecucion y la caza (Linnell et al., 2010; Clavero & Delibes, 2013),
como mediante acciones indirectas que han podido provocar el declive de sus presas
y el deterioro, fragmentacion y contraccion de su héabitat (Valbuena-Carabana et al.,
2010; Marin-Arroyo, 2013; Chen et al., 2019; Garcia-Ruiz et al., 2020; Melovski et
al., 2020). Esta acciones, posiblemente empezaron durante el Pleistoceno tardio pero,
sin duda, se intensificaron de manera notable durante el Holoceno, coincidiendo con

la expansion humana. Especialmente la invencion de la agricultura, y la llegada de la
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ganaderia en el Neolitico propici6 una expansion demografica y una serie de cambios
de uso del suelo asociados a esta que fueron haciéndose mas intensos con el paso del
tiempo (Pena-Chocarro et al., 2005; Gignoux, Henn & Mountain, 2011; Cubas et
al., 2016, 2020; Nielsen et al., 2017; Pérez-Diaz et al., 2018). Por ejemplo, en la
peninsula ibérica debido a la actividad maritima con el uso de madera para barcos, y
la ganadera con la creacion de zonas de pastizal asociadas a la trashumancia, el lince
boreal vio mermado su habitat, el bosque, durante la edad media y la edad moderna
(Valbuena-Carabana et al., 2010; Garcia-Ruiz et al., 2020). Ademas, en muchos
casos, la expansion humana provocaba conflictos ganado-carnivoro (Clavero &
Delibes, 2013), lo que sin duda fue un aliciente para la puesta en marcha de politicas
de exterminio de alimafas que se llevaron a cabo en los tltimos siglos (Breitenmoser,
1998; Linnell et al., 2010). Todos estos factores, sumados a la industrializacion,
urbanizacién y crecimiento exponencial de la poblacion humana reciente, sin duda
estan detras de la reducciéon del tamafio poblacional de lince boreal en todo su
rango de distribuciéon y de la extincion de muchas de sus poblaciones en Europa
(Kratochvil, 1968; Hetherington, Lord & Jacobi, 2006; Clavero & Delibes, 2013;
Rodriguez-Varela et al., 2016).

Todos estos procesos, que han afectado de forma heterogénea a las poblaciones, han
modificado las fuerzas evolutivas y modelado los patrones genémicos que vemos hoy
dia. Por ejemplo, antes de su extincion, la disminucién del tamafio poblacional en
muchas poblaciones conllevo un aumento de la accion de la deriva, lo que provoco
posiblemente una pérdida de diversidad y un aumento de la divergencia. Es el caso,
por ejemplo, de lo ocurrido a la poblacién de lince boreal residente en la cornisa
cantabrica descrito en esta tesis (Capitulo 2). Este patrén también es observable
hoy dia en poblaciones europeas como Noruega y NE-Polonia, por ejemplo, que
habiendo visto disminuido sus tamanos poblacionales, no llegaron a extinguirse.
En contraposicion, otras poblaciones como las residentes en Asia, o en el este de
Europa, como la poblacién de Kirov en Rusia, aunque con signos de declive durante
el Holoceno, sostuvieron tamanos poblacionales mayores, que han hecho de estas

poblaciones las mas genéticamente diversas y sanas de la especie a dia de hoy.

Otra fuerza evolutiva que ha sido determinante en los patrones que observamos hoy

dia en las poblaciones de lince es el flujo génico acaecido tras cambios en el area de
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distribucion y la conectividad entre distintas poblaciones. El primer ejemplo es la
mezcla que se observa a nivel nuclear de los linajes mitocondriales tipicos del sur con
linajes centro-europeos. Este mezcla, como se ha mencionado anteriormente, tuvo
lugar probablemente en el centro y el oeste de Europa durante el Holoceno. Por otro
lado, encontramos un contacto secundario de las poblaciones europeas y asidticas
en la poblacion de Tuva en Asia. Estos contactos secundarios de linajes divergentes
provocan un aumento de la diversidad en la poblaciéon mezclada, y por ejemplo,

Tuva presenta los niveles mas altos de diversidad en la especie.

En esta tesis, hemos detectado, ademas, un contacto secundario a nivel de especies
entre lince boreal y el ibérico. Este contacto secundario ha sido concomitante a una
ganancia de diversidad en la especie ibérica, percibido gracias a la caracterizacion de
la poblacién de lince ibérico que habito la Peninsula Ibérica entre 4000 y 2000 afios
atras. Esta poblacion antigua, que era genéticamente homogénea y similar a la actual
Andgjar, presentaba una diversidad genética mas baja que la de las poblaciones
remanentes en el 2000, Doflana y Andugjar. Aparentemente, el proceso de mezcla
que pudo aumentar esa diversidad fue progresivo, de modo que nuestra muestra
mas antigua (4300 anos) presenta menos alelos compartidos con lince boreal que las
muestras de hace 2000-2500 afios, y estas a su vez menos que las dos poblaciones
contemporaneas, las cuales presentan valores similares indicando que el proceso de
mezcla tuvo lugar antes de la separacion de estas dos poblaciones contemporaneas
hace 200 anos. ;Qué poblaciones de lince boreal estuvieron involucradas en la
hibridaciéon? A pesar de que como hemos visto, el lince boreal ocupaba en ese
momento la cornisa cantabrica, nuestros analisis detectan mas alelos compartidos con
las poblaciones contemporaneas de lince boreal, que con el individuo antiguo ibérico.
Este patron apoyaria que la poblacion fuente fuese una poblacion hibrida y ancestral
a las poblaciones contemporaneas, mientras que la poblacion de lince boreal que
lleg6 al comienzo del Holoceno a la peninsula ibérica, pudo ser anterior a esa mezcla
de linajes y quedar aislada en zonas de bosque boreal en la cornisa cantabrica hasta
su desaparicion en el siglo XX (Clavero & Delibes, 2013). En linea con esta hipotesis
encontramos que el lince ibérico estuvo presente en zonas del este de Francia hasta
hace, al menos 3000 anos (Rodriguez-Varelaetal., 2015), porlo que no es descabellado
pensar que el contacto tuviese lugar en zonas proximas a la costa mediterranea de la

peninsula ibérica y Francia. Este intercambio de alelos, perceptible a dia de hoy en
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todos los individuos ibéricos contemporaneos analizados, supuso muy probablemente
para la especie ibérica una ganancia de diversidad al incorporar nuevos alelos de
boreal, sin embargo sélo podemos especular con respecto a las consecuencias de la
entrada de nuevos alelos con respecto a la eficacia biologica. Por un lado, las especies
divergieron en alopatria y mantienen diferencias morfologicas y comportamentales
(Sunquist & Sunquist, 2002; Nowak, 2005), lo que podria derivar en depresiéon por
exogamia. Por otro lado, el nimero de cromosomas en ambas especies es idéntico
y no esperamos encontrar grandes reorganizaciones cromosoémicas (Abascal et al.,
2016). Ademas, cada vez parece mas claro que las especies no son compartimentos
estancos, y que especialmente los felinos, y particularmente los linces, han tenido a lo
largo de su historia evolutiva eventos recurrentes de mezcla entre las especies (Abascal
etal., 2016; Li et al., 2016). Sin embargo, el hecho de que el periodo de hibridacion
y aumento de la diversidad coincida con un periodo de fragmentacion y declive de
las poblaciones de lince ibérico por causas antrépicas, hacen imposible valorar las
consecuencias que estos procesos de mezcla han tenido para la eficacia biolégica y
la viabilidad de las poblaciones. Y es que, a pesar de esa historia coman de mezcla,
las poblaciones remanentes de lince ibérico sufrieron durante los tltimos siglos un
declive generalizado que acab6 con gran parte de la especie y que sin embargo fue

desigual entre poblaciones (Casas-Marce et al., 2017).

Esta heterogeneidad poblacional perceptible en las dos especies, lince ibérico y boreal,
nos ha permitido investigar como distintos procesos evolutivos interaccionan entre si
a lo largo del genoma. Es decir, valiéndonos de la heterogeneidad poblacional, que
nos da escenarios de estudio distintos, investigamos la heterogeneidad a lo largo del
genoma. Para ello, hemos usado poblaciones sometidas a una intensa deriva genética,
como son Dofana para lince ibérico, y NE-Polonia y Noruega para lince boreal, y las
hemos comparado con poblaciones que no han sufrido esos procesos de deriva tan
dramaticos y que se asemejan a los linajes ancestrales de las poblaciones en estudio,
como son Andgjar para lince ibérico y Kirov para boreal.

Encontramos que, efectivamente, aunque la acciéon de la deriva haya sido
generalizada, sus efectos sobre la diversidad genética han sido muy variables en
distintos compartimentos del genoma . Concretamente observamos que mientras que
las zonas neutrales tienen una tendencia a la pérdida de diversidad, como esperamos
por la teoria (Net & Maruyama, 1975), esta pérdida es menor en regiones que estan
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sometidas a seleccion. Incluso, en algunos casos, regiones muy conservadas como
elementos ultraconservados que no se transcriben (UCNE en sus siglas en inglés)
presentan mas diversidad en las poblaciones sometidas a deriva que en las que no.
Este efecto es consistente entre las comparaciones que incluyen poblaciones muy
erosionadas genéticamente, como Noruega y Dofana.

En aquellas zonas donde la diversidad es generalmente baja por efecto de la seleccion,
cualquier ganancia de diversidad, por muy pequeiia que sea, y aunque se produzca
por efecto de la oscilacion aleatoria que provoca la deriva, va a ser evidente, mientras
que en zonas de alta diversidad, se va a percibir principalmente la pérdida de la
misma. En nuestro trabajo, hemos detectado que estas zonas que ganan diversidad
son ademas zonas de alta mutacion, por lo que los alelos que se mantenian a baja
frecuencia, mas comunes en estas zonas de alta mutacion, pueden aumentar ahora
su frecuencia y pasar a ser perceptibles globalmente como ganancia de diversidad,
o al menos como una menor pérdida de diversidad que en regiones con menor tasa

de mutacion.

¢Por qué aumentan en frecuencia estos alelos, que en poblaciones no sometidas a
deriva pasaban desapercibidos, hasta ser ahora perceptibles en las poblaciones mas
erosionadas? La acumulacién de estos alelos podria deberse a la relajacién de la
seleccion purificadora que se produce como consecuencia de la accion de la deriva
(Kirkpatrick & Jarne, 2000). El hecho de que en poblaciones con un nivel de deriva
mas alto, encontramos que la acumulacion de alelos se produce hasta en genes muy
intolerantes a los cambios, mientras que cuando la deriva es mas leve, son genes mas
tolerantes los que acumulan diversidad, parece que apoya el hecho que la relajacion
de la seleccion purificadora podria estar detras del patron observado. Ademas, el
hecho de que las regiones sometidas a selecciéon se acercan al equilibrio mas rapido
que las zonas neutrales, haria que este aumento en frecuencia de estos alelos ocurriese
mas rapido, y fuese mas notable (Gordo & Dionisio, 2005; Song & Steinriicken, 2012;
Pennings, Kryazhimskiy & Wakeley, 2014; Brandvain & Wright, 2016).
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Implicaciones en conservacion

Aunque esta tesis parte de un punto de vista evolutivo, los resultados obtenidos tienen

implicaciones en la conservacion de las dos especies estudiadas.

Por un lado, hemos caracterizado genéticamente las poblaciones asiaticas de lince
boreal, que hasta la fecha eran relativamente desconocidas y hemos ayudado a
clarificar la historia evolutiva y la taxonomia de la especie. Ademas hemos descubierto
que la especie se encuentra en un declive generalizado incluso de las poblaciones que
se creian mas demograficamente sanas. Estos resultados, unidos al hecho de que la
especie tiene una diversidad excepcionalmente baja a pesar de su amplia distribucion
global, y de que esta sometida a un manejo cinegético en gran parte de su area de
distribucién, llaman a la cautela con respecto a la viabilidad a medio-largo plazo de la
misma. Adicionalmente, en las poblaciones europeas mas erosionadas, entre las que
destaca la poblacion de Balcanes, seria recomendable tomar medidas proactivas que
restablecieran el flujo entre las poblaciones y disminuyeran su riesgo inmediato de
depresion por endogamia, y restablecieran tamanos efectivos suficientemente altos
como para permitir la accion de la seleccion purificadora. Estas recomendaciones
van en la linea de las actuaciones de conservacion que se estan llevando a cabo
actualmente en Europa. Por un lado, el manejo cinegético de las poblaciones con
menor tamano poblacional esta sujeto a vedas y cuotas (Linnell et al., 2010). Por otro,
hay en marcha programas de reintroduccién de la especie en Europa que pretenden
recuperar, al menos parcialmente, su distribucion histérica en el continente (Linnell

et al., 2009; Mueller et al., 2020).

En la misma linea, esta tesis apoya las medidas que se estan tomando para la conservacion
de la especie ibérica, que pretenden restablecer el fluyjo entre poblaciones y aumentar
su tamano efectivo. Estas medidas de conservacion ex-situ e in-situ puestas en marcha
durante los tltimos 15 anos han conseguido aliviar la situacion demografica de la especie,
que ha pasado a tener mas de 600 individuos en libertad en 2018 (http://wwwiberlince.
eu/images/docs/3_InformesLIFE/Informe_Censo_2018.pdf), ademas de una poblacién
ex situ que es gestionada demografica y genéticamente y que esta sirviendo de fuente de
animales para reintroduccion (Kleinman-Ruiz et al., 2019).
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Por ultimo, esta tesis abre la puerta a plantear el rescate genético de la especie
ibérica por parte del lince boreal, pero llama también a la cautela con respecto
al mismo. Este rescate podria aumentar el potencial adaptativo de la especie al
aumentar su diversidad, y con ¢l su viabilidad a largo plazo. Sin embargo, debido
al desconocimiento de los riesgos de depresion por exogamia que podria conllevar
a corto plazo, aconsejamos su valoraciéon en un entorno controlado y aplicando la
maxima cautela. Si ocurriese en el entorno natural fruto del contacto entre las dos

especies, sugerimos una monitorizacion del resultado de estos cruces.
Perspectivas futuras

En primer lugar me gustaria mencionar que esta tesis partia desde una posicion
ciertamente aventajada. El lince ibérico cuenta con un genoma anotado (Abascal
et al., 2016), y un extenso conocimiento de la especie en muchos aspectos como su
ecologia (e.g. Rodriguez & Delibes, 1992, 2003) o su historia evolutiva, y los retos
genéticos y demograficos a los que se enfrenta (Palomares et al., 2012; Casas-Marce
et al., 2013, 2017; Abascal et al., 2016). Ademas, el grupo cuenta con un banco
importante de muestras, tanto de lince ibérico como de lince boreal gracias a una
larga trayectoria de trabajo con las especies, que ha permitido durante todos estos

anos tejer una red de colaboradores tanto dentro, como fuera de las fronteras.

Partiendo de esta base, durante el desarrollo de esta tesis, ademas del conocimiento,
se han generado nuevos recursos y se han establecido nuevas colaboraciones que
suponen un punto de partida solido para poder ahondar en nuevas cuestiones
relevantes relacionadas con la evolucion de los linces. A nivel de recursos, se han
generado datos de genoma completo de numerosas muestras de boreal y se ha
aumentado sustancialmente los previamente disponibles de lince ibérico. Estas
muestras han sido, estan siendo, y seran usadas en el futuro para contestar otras
preguntas que han quedado abiertas. Ademas se ha logrado secuenciar por primera
vez en nuestro grupo genomas completos de muestras antiguas, tanto de lince ibérico
como boreal. Con esta tesis se ha consolidado la transicion efectiva de la Genética a
la Gendémica, que ya habian iniciado trabajos anteriores, y que en el caso de esta tesis
se concret6 en los analisis de genomas completos a escala poblacional. Por el camino,
como no podia ser de otro modo, se han establecido nuevas colaboraciones y se han

afianzado las ya existentes.
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Muchas son las cuestiones que deja abierta esta tesis, algunas de las cuales ya estan
siendo contestadas en el marco de otros proyectos en el grupo. A nivel intraespecifico
queda por resolver hasta qué punto la purga ha sido capaz de eliminar alelos deletéreos
en las poblaciones sometidas a deriva, tanto de lince ibérico como de boreal. También
quedan en el aire preguntas relacionadas con la existencia de adaptaciones locales en
lince boreal. A un nivel de género, esta tesis abre la puerta a caracterizar los patrones
de mezcla entre las especies en el tiempo y en el espacio, y a valorar sus posibles

consecuencias en forma de introgresion adaptativa o de pérdida de eficacia biologica.

El continuo abaratamiento y mejora de técnicas secuenciacion, junto con el desarrollo
de metodologias de analisis cada vez mas eficientes y curadas van a contribuir, ademas,
a que en el futuro se aborden preguntas que hasta ahora quedaban fuera de alcance.
Por ejemplo, estudios de variaciéon epigendmica, o de variacion estructural empiezan
a ser una realidad para especies no modelo, incluso cuando estas involucran muestras
antiguas o de museo (Hanghoj & Orlando, 2019; Resendez et al., 2019; Herrel, Joly
& Danchin, 2020; Rubi, Knowles & Dantzer, 2020).

Todas estas herramientas vienen a informar y a arrojar luz sobre la evolucion de las
especies y su respuesta ante este escenario global de pérdida de biodiversidad en el
que nos encontramos (Dirzo et al., 2014; Turvey & Crees, 2019). El conocimiento
que gracias a ellas se genera, aunque se presente vacio de connotaciones éticas o
morales, es una forma de acercarnos a los problemas que nos acucian y de hacer que
tomemos conciencia de ellos. Solo se aprecia lo que se conoce. En cualquier caso, de
nada sirve este conocimiento si no impulsa politicas que promuevan un desarrollo
respetuoso con el planeta que nos ayuden a conservar el patrimonio biologico del

que formamos parte.

“Only if we understand, can we care.
Only if we care, we will help.
Only if we help, we shall be saved.”

Jane Goodall
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1. Las poblaciones de lince boreal han tenido una historia comin hasta hace
aproximadamente 100 mil afios, cuando empezaron a divergir y entraron en un periodo
de declive mantenido y generalizado en el que las poblaciones del oeste, exceptuando
Kirov, mantuvieron tamaios efectivos menores que las poblaciones del este.

Eurasian lynx populations shared a common history until 100 kya, when Asian and European
populations started to dwerge and both entered a period of continuous and widespread decline, with
western populations, except Kirov, maintaining lower effective sizes than eastern populations.

. eclive poblaciona el aumento del aislamiento en tiempos recientes
2. El declive pobl lyel to del aisl t tiemp t
posiblemente condujo a la diferenciacién genética entre poblaciones de lince boreal
geografica y ecologicamente cercanas del oeste de Europa. Por el contrario, y a
pesar del amplio rango de hébitats cubierto, las poblaciones en Asia son bastante
homogéneas genéticamente y muestran un patréon de aislamiento por distancia, lo
que aporta poco soporte a las distintas subespecies propuestas en la literatura.

Population decline and increased isolation in more recent times likely drove the genetic differentiation
between geographically and ecologically close westernmost Eurasian lynx populations. By contrast,
and despute the wide range of habitals covered, populations are quite homogeneous genetically across
the Asian range, showing a pattern of isolation by distance and providing little genetic support for the
several proposed subspecies.

3. La divergencia nuclear y mitocondrial y los declives poblacionales del lince
boreal ocurridos durante el Pleistoceno Tardio, se pueden atribuir en su mayoria
a fluctuaciones climaticas e influencia humana temprana. Sin embargo, el declive
mantenido y generalizado desde el Holoceno es mas probablemente consecuencia
de los impactos humanos que se han ido intensificando a lo largo del tiempo,
especialmente en el oeste de Europa.
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Mitogenomic and nuclear divergences and population declines from the Eurasian lynx starting during
the Late Pleistocene can be mostly attributed to climatic fluctuations and early human influence,
but the widespread and sustained decline since the Holocene s more probably the consequence of
anthropogenic impacts which intensified during the last centuries, especially in western Europe.

4. La distribucién de linajes mitocondriales en el tiempo y el espacio apoya la
coexistencia de varios linajes de lince boreal en el oeste de Europa. Estos linajes
probablemente fluctuaron en su distribucion, de forma que el linaje mas relacionado
con Balcanes y Caucaso fue predominante durante el Pleistoceno, mientras que el mas
relacionado con los que hoy dia se encuentran en Europa central y Asia predomino
durante el Holoceno.

Mitogenomac lineages distribution in space and time supports the long-term coexustence several lineages
of Eurasian lynx in Western Europe. These two lineages probably fluctuated in distribution, with a
mutogenomic lineage related to the one currently found in Balkans and Caucasus being predominant
during the Pleistocene, and another related to those found in Central-Europe and Asia during the
beginning of the Holocene.

5. La muestra de lince boreal que habit6 la peninsula ibérica hace 2 mil afios formaba
parte de un linaje con extremadamente baja diversidad que esta actualmente extinto
y que compartia cierto grado de ancestria con el linaje Asiatico y el del Caucaso, y
que pudo permanecer aislada durante milenios hasta su extincion.

The Eurasian lynx sample from the Iberian Peninsula dated 2 kya was part of an extremely low-
dwerse population of Eurasian lynx that shares partial ancestry with current Asian and Caucasian
population. This population may have remained isolated during millennia until its extinction.

6. Una combinacién de factores historicos como el posible efecto fundador durante la
colonizacién de la peninsula ibérica por parte del lince boreal hace 11 mil afos, junto
con una actividad humana cada vez mas intensa durante el Holoceno en la cornisa
cantabrica podrian haber llevado a un empobrecimiento genético de la poblacion

que habitaba la peninsula ibérica que precipitase su extincion.
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A combination of hustorical factors, such as the colonization of the Iberian Peninsula by the Eurasian
lynx 11 kya by relatively few indiwiduals, together with intensified human impacts during the Holocene
in the Cantabrian strip could have led to a genetic impoverishment of the Eurasian lynx population
in the north of Iberian Peminsula and precipitated its extinction.

7. La poblacion de lince ibérico que habité la peninsula hace 4 a 2 mil anos es
genéticamente homogénea y proxima a la poblacion de Andgjar. Esta poblacion tiene
la diversidad mas baja reportada hasta la fecha para ninguna especie de mamifero,
incluidas las poblaciones contemporaneas de lince ibérico.

The ancient Iberian lynx population inhabiting the Iberian Peminsula 4-2 kya was relatively
homogeneous genetically and shows a closer relationship to the current Andiyar than to current
Doriana population. This population harbored the lowest diersity ever reported for a mammal, being
lower than the already low diversity of the contemporary Iberian lynx populations.

8. El aumento en diversidad genética de lince ibérico a lo largo del tiempo es
concomitante con un evento de flujo génico detectado entre las poblaciones
contemporaneas de lince boreal e ibérico. El intercambio de alelos se produjo muy
probablemente entre lince ibérico y una poblacién mezcla de distintos linajes de
boreal y ancestral a las poblaciones contemporaneas.

The recent increase in genetic dwersity in the Iberian lynx species in the last two mullennia was
concomutant with an introgression event from Furasian lynx. The source of this introgression was,
very likely, a population inhabiting Europe, which was the result of admixture between different
Eurasian lynx mitogenomic lineages and the ancestor of contemporary populations.

9. La senal de introgresién aumenta a lo largo del tiempo, de modo que la muestra
mas antigua de 4 mil anos, presenta menos alelos compartidos con boreal que las
dos muestras de aproximadamente hace 2 mil anos, y esas a su vez menos que las
contemporaneas. Ademas la hibridaciéon fue anterior a la divergencia de las dos
poblaciones remanentes de lince ibérico, Andajar y Donana, ya que ambas muestras
niveles similares de introgresion.
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The signal of introgression_from Eurasian lynx increases throughout time, with the oldest Iberian
sample (4.2 kya) showing less shared alleles with Eurasian lynx than more recent, but also ancient,
samples, and these samples showing less shared alleles than contemporary ones. Also, this admaxture
process was prior to the divergence of the two Iberian lynx remnant populations, Andiyar and Dofiana,
as both show similar levels of introgression.

10. Poblaciones que han pasado por un cuello de botella de lince ibérico y boreal,
concretamente Dofana y Noruega, presentan en zonas del genoma sometidas a
seleccion y en el cromosoma X una acumulacion de alelos a baja frecuencia que
acaban traduciéndose, incluso, en una 6W mas alta que en poblaciones no sometidas
a cuello de botella.

Bottlenecked populations from Iberian and Eurasian lynx, particularly Dofiana and Norway, show
a large accumulation of low frequency alleles in the more selectively constrained features and the X
chromosome, resulting even in higher OW diversity than in closely-related non-bottlenecked populations.

11. La acumulacion de variacion en las poblaciones de lince boreal e ibérico que han
sufrido un cuello de botella esta concentrada en zonas de alta mutacion. Ademas
encontramos evidencia parcial de relajacion de la seleccion purificadora que afecta
no solo a la estructura y funcién de las proteinas, sino también a la expresiéon génica.

The accumulation of low frequency alleles in bottleneck populations of Iberian and Eurasian lynx
seems lo concentrate in genomic regions with higher mutational input. Also, we found partial evidence
of relaxation of purifying selection, which could affect not only protein structure and function but also
the regulation of gene expression.

12. En resumen, el uso de datos genémicos poblacionales y cuando ha sido posible
genomas antiguos ha demostrado ser una herramienta ttil para entender la historia
evolutiva de las especies y sus linajes, asi como para revelar las consecuencias de los
cuellos de botella recientes a lo largo del genoma.

In summary, population whole genome data, including when possible ancient genomes, has proven to
be a useful tool for unraveling the evolutionary and demographic history of the species, as well as for
assessing the genomic and fitness consequences of recent bottlenecks.
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Para que mi ser pese sobre el suelo,
fue necesario un ancho espacio

y un largo tiempo:

hombres de todo mar y toda tierra,
fértiles vientres de mujer; y cuerpos

Y mds cuerpos, fundiéndose incesantes
en otro cuerpo nuevo.

Solsticios y equinoccios alumbraron
con su cambiante luz, su vario celo,
el vigge milenario de mi carne

trepando por los siglos y los huesos.

“Para que yo me llame Angel Gonzélez”

Angel Gonzalez
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