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Breve resumo da presentacion

“La contribucion de la genética al declive y la recuperacién del lince ibérico”
José Antonio Godoy
Investigador Cientifico de la Estacion Bioldgica de Dofiana (CSIC)

Nuestro lince ibérico ha sido durante afios un dramatico ejemplo de especie al borde de
la extincién, habiéndose convertido en un simbolo y emblema de la conservacién de
especies en Espafia y Europa. Hoy la especie va camino de transformase en un ejemplo
de recuperacion con escasos precedentes en el mundo. Desde hace afios venimos
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estudiando la variaciéon genética en el lince ibérico con técnicas moleculares,
incorporando recientemente las novedosas y poderosas aproximaciones gendmicas.
Con estas herramientas hemos evaluado hasta qué punto el declive sufrido por la
especie ha empobrecido y deteriorado su acervo genético, y si esto ha contribuido a su
casi-extincioén. Los datos son concluyentes al mostrar que la diversidad de la especie es
una de las mas bajas reportadas hasta la fecha, como consecuencia de bajos tamafios
poblacionales y de un declive continuado que se inicié hace siglos. Los resultados
también sugieren que la consanguinidad ha estado limitando la afectado a la
supervivencia y reproduccién y por tanto la capacidad de recuperacién, al menos en la
poblacidén de Dofiana. Estas conclusiones han propiciado una gestion dirigida a favorecer
el intercambio genético con la otra poblacién remanente en Andujar, lo que parece
haber mejorado la demografia y contribuido a la recuperacion de esta poblacion.
Ademas, la informacién genética se estd utilizando para la gestién de una poblacién ex
situ que estd aportando individuos genéticamente sanos con los que se esta
reestableciendo la especie en areas de las que llevaba décadas desaparecida. El futuro
de la especie depende de que estas poblaciones crezcan rdpido y se conecten
genéticamente entre si para evitar que el deterioro genético vuelva a comprometer su
supervivencia. La genética, que parece haber sido parte del problema de lince ibérico,
esta siendo ahora un elemento clave en su recuperacion.
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CONSERVACION

APLICACION
DE LA GENETICA
A LA CONSERVACION
DEL LINCE IBERICO

Las técnicas genéticas, y desde hace poco las gendomicas,
estan ayudando a disenar estrategias para mejorar la viabilidad
de la especie, que sufre un notable deterioro genético

Elena Marmesat, Maria Lucena-Pérez y José A. Godoy

OMO CONSECUENCIA DE LAS ACTIVIDADES HUMANAS, LA TIERRA SE HALLA INMERSA EN UNA
dinamica de alteraciones drasticas que afectan al ambiente y al funcionamiento
de sus ecosistemas, un fenémeno que es conocido como cambio global. Un com-
ponente importante de ese cambio es la pérdida de biodiversidad a causa de la
extincion de especies. Ha aumentado tanto en los Gltimos decenios que numero-
sos expertos afirman que nuestro planeta esti sufriendo el sexto periodo de ex-

tincién masiva de la historia.

Pero las especies no solo estin desapareciendo. Algunas
estan perdiendo o reduciendo notablemente sus poblaciones,
formadas por individuos que comparten un mismo espacio y
ciertas caracteristicas genéticas. Las poblaciones que se con-
traen experimentan una serie de problemas genéticos, como la
pérdida de diversidad genética y la consanguinidad, que pueden
hacer precipitar la extincion de la especie en poco tiempo. De
ahi que en cualquier programa de conservacion de una especie
amenazada deberia contemplarse y evaluarse su estado genético
como parte integral del plan. Los estudios genéticos y gendmicos
pueden ayudar en esta empresa porque ofrecen herramientas
para calibrar los riesgos a los que esta sometida la especie y
permiten disefiar estrategias de gestion que los minimicen.

El lince ibérico (Lynx pardinus) es uno de los felinos méas ame-
nazados del mundo y representa un simbolo de la conservacién
de la fauna ibérica. Aunque en el pasado se hallaba extendido
por la mayor parte de la peninsula, durante el siglo xx sufrié un
pronunciado declive, principalmente a causa de la persecucién
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directa, los cambios en el uso del suelo, que redujeron la cantidad
de habitat favorable, y el declive del conejo, su presa principal.

En su momento mas critico, a principios de los 2000, la
especie quedo) restringida a dos tinicas poblaciones situadas
en dos pequeias areas aisladas entre si al sur de la peninsula
ibérica: Dofiana y Sierra Morena. En ese momento, los indivi-
duos no sumaban mas de cien en total. Esta situacion motivod
su catalogacién como especie en peligro critico de extinciéon por
la Unién Internacional para la Conservacion de la Naturaleza
(UICN). Ello dio el impulso definitivo a la adopciéon de medidas
de conservacion lideradas por cuatro proyectos Life consecuti-
vos, desarrollados entre 1994 y 2016. Los ultimos tres proyectos
han sido liderados por la Consejeria de Medio Ambiente de la
Junta de Andalucia, y el Gltimo ha contado con la participacion
de Portugal y cuatro comunidades auténomas (Extremadura,
Castilla-La Mancha, Region de Murcia y Andalucia).

Gracias a estas actuaciones, que inicialmente se centraron
en reducir la mortalidad no natural del lince y aumentar la

ANTONIO RIVAS, PROGRAMA DE CONSERVACION EX-SITU DEL LINCE IBERICO
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disponibilidad de conejo, se evitd primero la extincion de las
dos poblaciones remanentes y después se consiguié invertir
las tendencias demograficas negativas. Mas recientemente, se
iniciaron reintroducciones de individuos en algunas de las zonas
ocupadas en el pasado por la especie. Todo ello llevo a que la
UICN reclasificara el lince en una categoria de menor amenaza
en 2015, en concreto, en la de especie «en peligro». No obstante,
pese a estos resultados esperanzadores, su viabilidad a medio y
largo plazo sigue dependiendo en gran medida de una gestion
activa y de un seguimiento continuado de sus poblaciones.

En este contexto, nuestro grupo de investigacion vio en el
lince ibérico un buen modelo en el que estudiar como el declive
de la especie se refleja en sus caracteristicas genéticas actuales
y hasta qué punto estas pueden llevarla a la extincion. Ademas,
nos hemos esforzado en aportar herramientas cientificas que
mejoren la evaluacion y la gestion de la especie, con el fin de
minimizar los riesgos genéticos que pueda sufrir en el futuro.

Contamos con la ventaja de que el lince ha recibido la aten-
cion de muchos otros cientificos en las tltimas décadas, lo que
nos ha dejado abundante y valiosa informacién sobre su demo-
grafia, biologia, ecologia y comportamiento, entre otros aspectos.
Ademas, la gestion y el seguimiento recientes a los que ha estado
sometido el felino suponen a la vez una incesante fuente de datos
y muestras, y una oportunidad para orientar esta gestion desde
el conocimiento cientifico.

En nuestro trabajo nos planteamos las siguientes preguntas:
¢cudl ha sido el estado genético de las poblaciones de lince ibéri-
co antes y después de su declive a principios de los 2000?, ¢estan
afectadas la reproduccion y la supervivencia?, ¢qué podemos
hacer desde el area de la genética para mejorar la viabilidad de
la especie a medio y largo plazo?

ESTUDIOS GENETICOS Y GENOMICOS

Con el fin de contestar a estas preguntas, intentamos primero
reconstruir la demografia y la genética de las poblaciones del
lince en el pasado y su evolucion con el tiempo. Para ello utili-
zamos un amplio conjunto de datos genéticos obtenidos a partir
del anélisis del ADN contenido en muestras biolégicas, como
pelos, sangre o excrementos del animal. Las muestras no solo
pertenecian a linces actuales, sino también a individuos que
vivieron en el pasado. Se estudiaron ejemplares que se conser-
van hoy en museos y colecciones privadas, correspondientes a
los ultimos siglos, asi como restos descubiertos en excavaciones
arqueologicas o paleontoldgicas, datados en varios milenios.
Todos los datos juntos cubren la distribucion presente y pasada
de la especie en la peninsula ibérica.

Los estudios genéticos consistieron en el andlisis de 36 mar-
cadores microsatélites (STR, de short tandem repeats). Estos
corresponden a pequenos elementos repetitivos de ADN que
contienen de uno a seis pares de bases. Se trata de elementos
hipervariables, no funcionales (no codifican proteinas) y se dis-
tribuyen al azar en el genoma. Se utilizan para identificar indi-

Durante el siglo xx, el lince sufrié un
pronunciado declive demogréfico que lo
llevd al borde de la extincion. La adopcion
de medidas de conservacién a principios
de los afios 2000 ha paliado en parte esa

grave situacion. Dofana y Sierra Morena.
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La gesti6n genética esta contribuyendo a la recuperacién
de la especie. Esta se concibi6 inicialmente a partir del
andlisis de varios marcadores microsatélites en el ADN
del lince, que indicaban una muy baja diversidad y una

alta consanguinidad de las dos poblaciones remanentes en

Elena Marmesat est4 finalizando su tesis doctoral
en la Estacion Bioldgica de Dofiana (EBD-CSIC)
sobre la variacién en los genes de la respuesta
inmunitaria en el lince ibérico.

Maria Lucena-Pérez es doctoranda en la
EBD-CSIC, donde estudia las variaciones en
el genoma del lince ibérico y el papel de la
seleccion natural en el mantenimiento de

la diversidad genética.

José A. Godoy es investigador de la EBD-CSIC, donde lidera un A
grupo centrado en la aplicacion de la genética y la gendmica de
poblaciones para entender la evolucién de especies amenazadas
y contribuir a su conservacion. Ha coordinado el proyecto de
secuenciacion del genoma del lince ibérico.

viduos y asignar sus progenitores, y dan una idea, aunque algo
imprecisa, del parentesco entre individuos en una poblacion.
Ademas, permiten cuantificar la diversidad genética actual y,
en algunos casos, compararla con la de poblaciones antiguas.

Mas recientemente, hemos recurrido a los analisis gen6mi-
cos, que nos han permitido obtener datos mas detallados de
las caracteristicas genéticas de la especie. Tales estudios fueron
posibles gracias a la secuenciacion del genoma del lince ibérico
en 2016, un proyecto coordinado por nuestro grupo y en el que
participaron, entre otros, el Centro Nacional de Anéalisis Geno-
mico, el Centro de Regulacion Genomica, el Instituto de Biologia
Evolutiva (del CSIC y la Universidad Pompeu Fabra) y el Centro
de Investigaciones Bioldgicas (CSIC).

Con la secuenciacion del genoma de 11 individuos identifi-
camos mas de 1,5 millones de posiciones variables, conocidas
como SNP (de single nucleotide polimorphisms), esto es, sitios de
la secuencia donde cambia un solo nucleétido. Posteriormente
seleccionamos 1500 de estas posiciones de manera que fueran
especialmente variables y estuvieran bien repartidas a lo largo
del genoma. Con ellas caracterizamos una muestra de mas de
300 individuos, representativa de la genética actual del lince
ibérico. Con esta informacion hemos seleccionado subconjuntos
de variantes que tienen un poder muy alto para la identificacion
individual y la asignacion de paternidades, ademéas de ofrecer
estimaciones mas precisas del grado de parentesco y de la an-
cestria poblacional (la proporcion del genoma que procede de
una de las poblaciones remanentes). Estos nuevos marcadores
mejoraran, por lo tanto, la gestion genética en marcha y ofre-
cen una alternativa potente y econémica al seguimiento de las
poblaciones silvestres.

DETERIORO GENETICO DE LAS ESPECIES AMENAZADAS
Cuando las poblaciones de una especie reducen su tamaino, co-
mienza a cobrar protagonismo la deriva genética, un proceso

La reciente secuenciacién del genoma del lince ibé-
rico ha arrojado luz sobre la historia demogréfica
y evolutiva de la especie y ha permitido identificar
marcadores genéticos mas eficientes e informativos
para el seguimiento y la gestion de las poblaciones
actuales.
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El declive del lince y su

HISTORIA DEMOGRAFICA

incipiente recuperacion

La distribucién del lince ibérico se redujo y se fragment6 enormemente en el siglo pasado. Ello provocé un grave deterioro gené-
tico de la especie, que estuvo a punto de desaparecer. Las medidas de conservacion aplicadas desde inicios de los 2000, en las que
se tienen en cuenta las caracteristicas genéticas de las poblaciones, estan logrando una paulatina recuperacion.
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pués sufri6 un rapido declive, y en 1980 su distribucién estaba limitada
al cuadrante sudoccidental, fragmentada en ocho poblaciones aisladas
entre si que sumaban menos de 2000 individuos. En 2002 solo queda-
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evolutivo impulsado por el azar que en las poblaciones grandes
apenas opera.

A corto plazo, se producen dos fenémenos principales.
Uno de ellos es el aumento de las variantes genéticas nocivas.
Ello se debe a que en las poblaciones pequeiias la seleccion
natural resulta menos eficaz y empiezan a acumularse va-
riantes genéticas perjudiciales que, en condiciones normales,
serian eliminadas o se mantendrian con una baja frecuencia.
El segundo hace referencia a la endogamia. Cuanto mas pe-
queiia es una poblacion, mas probable es que se apareen entre

— Montes de Toledo
Sistema Central
800 -
— Subbéticas
Sierra Morena occidental
700 1 — Sierra Morena oriental
— Sierra Morena extremo oriental
600 - Doiiana
500 -
400
300

1980 1990 2000 2005 2010 2015

Ano

1960 1970

0
1950

Gracias a los esfuerzos de conservacién, se han recuperado en
parte las dos poblaciones remanentes y se han vuelto a crear
otras en zonas donde la especie habia desaparecido (reintro-
duccién). Se ha logrado asi que en 2017 la cifra ascendiera

a casi 550 individuos en total.

Las medidas actuales consisten en la cria en cautividad en
cinco centros, que producen ejemplares destinados a la rein-
troduccidn. La gestion genética permite aumentar la diversi-
dad y minimizar la consanguinidad de las poblaciones. En ella se
contempla el disefio de esquemas de apareamiento 6ptimo en
los centros de cria, asf como la seleccion de individuos para la
reproduccién en cautividad, el traslado entre poblaciones y las
liberaciones en los programas de reintroduccion.

Distribucion en 2002 :"-\/‘, Reintroduccion

B Distribucion en 2016 ® (Centros de cria

si individuos emparentados. Ello genera individuos cada vez
menos diversos genéticamente, es decir, con un mayor niimero
de genes cuyas copias (o alelos) heredadas de sus dos proge-
nitores son idénticas. Si estas copias son ademas defectuosas,
la funcién que desempena el gen puede perderse y provocar
enfermedades o malformaciones genéticas. Esta situacion,
conocida como depresion por endogamia o consanguinidad,
actia sinérgicamente con la acumulacién de variantes perju-
diciales y tiene como resultado una disminucién de la eficacia
biolégica media de los individuos (esto es, su capacidad para
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TECNICAS ANALITICAS

De la genética a la genémica

Para conocer la diversidad genética del lince ibérico se han llevado a cabo dos tipos de estudios: genéticos y gendmicos. Los primeros

han utilizado marcadores tradicionales, como los microsatélites, para diferenciar individuos de una poblacién a partir de restos hallados en

la naturaleza y para cuantificar de manera grosera la diversidad genética poblacional. Los genémicos, mas novedosos, suponen un enorme

salto cualitativo respecto a los genéticos, puesto que permiten conocer con mucho més detallle la variacion genética funcional y valorar su
efecto en la especie, ademés de aportar marcadores mas eficientes y menos costosos. Ambos tipos de estudios pueden aplicarse a mues-

tras antiguas para caracterizar la variaciéon genética en el pasado y revelar los cambios que se han producido con el tiempo.

ESTUDIOS GENETICOS

Se analizan marcadores microsatélites (STR),

que corresponden a secuencias de 1a 6 pares

de bases que se repiten un niimero variable de

veces. Se desconoce su posicion fisica en el ge-

nomay son neutrales. En el lince se han estu- Q
diado 36 microsatélites. Aqui se muestran los
resultados de uno de ellos para dos individuos.

Q

A Q
Se extrae ADN de muestras
biolégicas (sangre, misculo,
pelos, excrementos) y se analiza
el microsatélite.

Y

Q

sobrevivir y reproducirse) y de la viabilidad de la poblaciéon
a corto o medio plazo.

Por otro lado, las reducciones més drasticas del tamano po-
blacional dan lugar a cuellos de botella, en los que se produce
una pérdida importante de la diversidad genética en un tiempo
relativamente corto, con importantes consecuencias a largo pla-
zo. En estas circunstancias, aunque la especie se hallara bien
adaptada a su entorno actual, su baja diversidad genética no le
permitiria ajustarse a los cambios ambientales futuros porque
careceria de las variantes que podrian ayudarla a sobrevivir en
el nuevo entorno. El riesgo de que se produzca esta situacion
es elevado para numerosas especies, sobre todo si tenemos en
cuenta el contexto de cambio global al que se estan enfrentando
en nuestros dias.

Estos procesos pueden continuar afectando de manera ne-
gativa a la dinAmica poblacional de la especie, aunque llegaran
a desaparecer los factores que originalmente la llevaron a estar
amenazada. Es, por tanto, muy importante que los planes de
recuperacion de especies evaliien su estado genético actual v,
en caso necesario, implementen medidas que ayuden a paliar
estos problemas.

EL ESTADO GENETICO DEL LINCE
El lince ibérico posee en la actualidad una de las diversidades
genéticas mas bajas jamas registradas, inferior a la de otras espe-
cies amenazadas, como el demonio de Tasmania, el guepardo, el
delfin del rio Yangtzé o el zorro de las islas del Canal. Medimos
la diversidad como la densidad media de sitios variables (SNP)
respecto al total de sitios en el genoma (el total de nucle6tidos).
Hemos observado que en el lince ibérico esa cifra corresponde
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Los microsatélites suelen situarse en regiones
intergénicas (azul), no en los genes (amarillo).

El nimero de repeticiones de las secuen-
cias de bases (aqui TAG, de timina, ade-
nina y guanina) del microsatélite puede
variar entre el cromosoma de origen
paterno (3') y el de origen materno (Q),
asi como entre individuos. Se determina
el genotipo de cada individuo para los
36 microsatélites, lo que permite dife-
renciarlos entre si.

a unos cien por cada millén de sitios, mientras que en otros
mamiferos, como el panda gigante y el gorila occidental, suele
ser superior a mil. Especialmente acusada ha sido la pérdida de
diversidad que ha sufrido la poblacién de Dofiana. Pero écomo se
ha llegado a esta situacion? ¢Ha sobrevenido como consecuencia
del declive que ha sufrido en los tltimos tiempos la especie,
o esta siempre ha presentado una baja diversidad?

A partir de los datos de marcadores STR y de secuencias del
genoma mitocondrial completo obtenidos de las muestras fosiles
y de museo, hemos explorado las dinimicas demograficas y ge-
néticas del lince ibérico en los ultimos siglos y hemos deducido
que sus distintas poblaciones siguieron caminos diversos hacia
su extincion. Mientras que las poblaciones periféricas de la pe-
ninsula ibérica (Dofiana, cordilleras subbéticas y Sistema Central
en Espana, y valle del Sado en Portugal) fueron contrayéndose
de forma progresiva durante la segunda mitad del siglo xx, las
centrales (Montes de Toledo, Sierra Morena) permanecieron mas
grandes y mejor conectadas con las deméas. Como consecuencia,
las poblaciones periféricas se vieron més afectadas genéticamen-
te, perdiendo diversidad y diferencidndose de otras por deriva
genética, tanto mas cuanto mas tiempo permanecieron peque-
nas y aisladas. En cambio, la poblacién mas grande y central
(Montes de Toledo) no llegé a mostrar signos de erosién o de-
terioro genético (esto es, no disminuy6 su diversidad genética
ni sufrié deriva genética), probablemente porque se mantuvo
grande y conectada casi todo el tiempo, para después desapa-
recer muy rapidamente.

Este conocimiento histérico nos ayuda a entender las causas
de las diferencias genéticas actuales entre las poblaciones de Do-
fNanay Sierra Morena. Las de Montes de Toledo y Sierra Morena

© ILUSTRO/ISTOCKPHOTO (siluetas lince)



ESTUDIOS GENOMICOS

Se analizan las secuencias de buena parte del genoma o una gran cantidad de marcadores, habitualmente SNP. Estos corresponden a nucledtidos
individuales polimérficos (que presentan distintas variantes). Gracias a la disponibilidad de un genoma de referencia para la especie, podemos
conocer si cambian la secuencia de una proteina y si estos cambios son deletéreos o no. Del millon y medio de SNP hallados en el lince, se han
escogido unos 1500 que son muy informativos.

Algunos SNP se sitdan en regiones intergénicas (azul) y otros
en genes (amarillo). Se ilustran aqui cinco de ellos, con distintas

Se obtienen muestras biolégicas de una poblacién variantes en el cromosoma paterno (') y el materno (Q).

antigua y otra actual, de muy distinto tamafio

y separadas por uno o mas cuellos de botella. g

Q

Hueso de museo
0 excavacion
arqueolégica

Poblacion
antigua

' ATTAAACGATTACGGCTGACG GCATGTTACCATGCTGACTGAAAATTACA

Q@ ATAAAACGATTACGGCTTACCTTTTTGCATATTACCATGCTGACTGCAAATTACT

El individuo antiguo pre-

senta variantes (verde) que
son neutrales (tres de ellas
situadas en regiones inter-
génicas y una en un gen) o
potencialmente beneficio-

4 T

Se extrae y se secuencia
el genoma de las muestras
(secuencia de bases
o nucleétidos).

................ Cuello de botella

Poblacion
actual

t

G ATTAAACGATTACGGCTGACC GCATGTTACCATGCTGACTGAAAGTTACA

Q@ ATTAAACGATTACGGCTGACC GCATATTACCATGCTGACCGAAAATTACT

‘TT t

Variante neutral sas (situada en el gen).

Variante neutral
o beneficiosa

Elindividuo actual ha per-
dido cuatro variantes (gris)
respecto al antiguo. Tres

de ellas se sittan en la zona
intergénica y no conllevan
ningdn efecto, y una se sittia

tt

Tamafio poblacional e
Individuo criado
en cautividad

estuvieron fuertemente conectadas entre si durante milenios,
lo que hace que la dltima perdiese menos diversidad y sufriera
menor deriva genética. Por el contrario, Dofiana, que ha sido
una poblacién pequeiia y aislada desde hace siglos, ha llegado
a ser una de las poblaciones mas afectadas genéticamente. La
persistencia de la poblacién de Dofiana, a pesar de su extremado
deterioro genético, es sin duda consecuencia de la proteccion
conferida por el Parque Nacional y por los esfuerzos de conserva-
ci6on mantenidos durante décadas. Por otro lado, la extincion de
la poblacion de Montes de Toledo sin que la genética se hubiera
visto afectada apunta a una rapida contraccién por la presion de
los factores externos ya conocidos, en este caso la destruccion
de habitat, la persecucion directa y el declive de la presa.

Un resultado llamativo de la comparacion de la secuencia
del genoma mitocondrial completo de individuos de distintas
épocas es que a principios del siglo pasado la diversidad de la es-
pecie ya era moderadamente baja. La reconstruccion de la his-
toria demogréafica da una pista del porqué: el lince ibérico no
ha sido muy abundante en ningiin momento y ha pasado desde
su origen (que se sitiia en hace unos 300.000 afnos, cuando di-
vergio del lince boreal) por sucesivos cuellos de botella que
han reducido aproximadamente a la décima parte su tamaio
de poblaciéon. En particular, el cuello de botella documentado
durante el siglo xx fue precedido por otro de similar magnitud
hace unos 300 afios.

Con el analisis de genomas completos han quedado al des-
cubierto otros componentes importantes de la erosiéon genética.
Hemos observado asi que las zonas del genoma que codifican las
proteinas presentan en el lince ibérico un exceso de variantes
que cambian la secuencia de las proteinas y que, por lo tanto,
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Pérdida de variantes AParlF'On cido ademds una variante
de variante  deletérea que puede ocasio-
deletérea  nar un defecto en el lince.

son muy probablemente deletéreas. Estas variantes deletéreas
se habrian acumulado como resultado de la menor eficacia de
la seleccion natural «purificadora» en poblaciones pequeias.
Los analisis bioinformaticos en marcha permitiran predecir la
severidad del efecto sobre la funciéon de los genes e, idealmente,
inferir las consecuencias para el fenotipo.

PERDIDA DE EFICACIA BIOLOGICA

Parece claro que el lince ha sufrido erosion genética a lo largo de
su historia. Lo que debemos preguntarnos ahora es si esa erosion
estd teniendo consecuencias en la reproduccion o la supervi-
vencia de sus individuos, es decir, si ha disminuido su eficacia
bioldgica. Una forma habitual de evaluarlo consiste en comparar
la capacidad reproductora o la supervivencia de individuos con
muy distintos grados de consanguinidad. Analizar estos datos en
especies amenazadas suele revestir especial dificultad, ya que to-
dos los individuos actuales presentan cierto grado de parentesco,
por lo que la variacién de la consanguinidad en ellos es reducida.
Ademas, se necesita una muestra de gran tamano para hacer
este tipo de inferencias, lo cual también resulta complicado en
especies amenazadas. Pese a todo, hemos podido demostrar una
correlacion significativa directa entre homocigosidad (porcen-
taje de marcadores homocigotos en un individuo determinado;
representa una medida de la consanguinidad individual) y la
calidad seminal: los linces mas consanguineos tienden a tener
una peor calidad del semen, lo que probablemente afecta a su
capacidad reproductora.

Aunque no hayamos podido demostrarlo de forma directa,
pensamos que los efectos perniciosos de la erosion genética po-
drian estar detras de ciertas anomalias observadas. Por ejemplo,
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EL CENTRO DE CRIA de Zarza de Granadilla, en Céceres, se inauguré en

marzo de 2011 (arriba). Este y otros centros estan aportando los linces que se
reintroducirén en zonas de donde la especie habia desaparecido. Hispano fue un
ejemplar liberado en 2012 en la zona de Gaudalmellato (Cérdoba) en el marco
del proyecto Life Iberlince (derecha).

la vulnerabilidad a cepas viricas poco agresivas (como la que
causo el brote de leucemia felina que provoc6 una alta morta-
lidad en Dofiana en 2006) y la elevada tasa de mortalidad no
traumatica parecen indicar que los linces presentan una baja
competencia inmunitaria. También muestran una incidencia es-
pecialmente alta de otros trastornos que podrian tener una base
genética aun sin identificar, como el criptorquidismo (cuando
uno o ambos testiculos no descienden), la depleciéon linfoide
(déficit de linfocitos en la sangre) y la epilepsia juvenil.

Asimismo, en la poblacién mas endogamica (Dofiana) obser-
vamos una tendencia hacia una disminucion del tamafo de la
camada (el namero de crias que nacen en un parto) y un incre-
mento de la mortalidad no traumatica (por enfermedades de
distinto tipo) en el periodo 2002-2008 respecto a los del periodo
1983-1998, coincidiendo con una pérdida de diversidad genética
y pese a la aplicacion de medidas de conservacion intensivas,
incluida la alimentaciéon suplementaria. La concurrencia del
deterioro genético, por un lado, y de la reduccién de la capaci-
dad reproductora y la supervivencia, por otro, hace pensar que
la especie, y en particular la poblacion de Dofiana, se hallaba a
inicios de los 2000 en una dindmica que la estaba abocando
a la extincion.

Las repercusiones de la erosion genética analizadas hasta
aqui hacen referencia a la pérdida de eficacia biol6gica (capaci-
dad reproductora y supervivencia) de los individuos y, por tanto,
tienen lugar a corto o medio plazo. Por el contrario, el efecto de
la pérdida de adaptabilidad de la especie al entorno como conse-
cuencia de su escasa diversidad genética es mucho maés dificil de
predecir, puesto que este tipo de procesos se dan a largo plazo.
No obstante, cabe pensar que la diversidad genética tendra un
papel crucial en la supervivencia de la especie en los proximos
siglos, en los que se vera si tiene o no la capacidad de adaptarse
a los cambios ambientales que se hallan hoy en marcha.

({QUE PODEMOS HACER?
Al conocer que el lince sufria una elevada erosion genética y
que esta podia estar perjudicando la eficacia biol6égica de los
individuos, nos planteamos si existirian medidas que pudieran
aliviar la situacién. El comienzo de las actuaciones de gestion
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a principios de este siglo, incluidos los programas de cria en
cautividad y de conservacion de las poblaciones silvestres, nos
ofrecieron una oportunidad tnica de aplicar estrategias de
gestion genética para tratar de mejorar las oportunidades
de persistencia del lince ibérico a medio y largo plazo.

Las dos poblaciones que atin sobrevivian en el afio 2000 (Do-
fnanay Sierra Morena) presentaban no solo un patrén genético
muy acusado de baja diversidad y alta consanguinidad, como
ya hemos comentado, sino también una elevada diferenciacion
genética entre una y otra. La primera decisiéon importante que
habia que tomar era si las dos poblaciones debian gestionarse de
manera independiente o debian mezclarse y tratarse como una
Gnica unidad. Basicamente, ello significaba estimar si los riesgos
de depresion por exogamia (pérdida de eficacia por mezcla de
poblaciones genéticamente diferenciadas) en la gestion con-
junta resultarian superiores a los de depresion por endogamia
derivadas de la gestion independiente. Dicho de otro modo,
habia que sopesar si era mas arriesgado cruzar que no cruzar
individuos de las distintas poblaciones. Ambas son opciones
legitimas y tienen sus pros y contras, pero en la decision debimos
tener en cuenta la dinamica evolutiva que habia dado lugar a
la diferenciacion genética actual. Si esta se habia producido
como resultado de la acumulacién de diferencias a lo largo de
un periodo prolongado de aislamiento, quizas las poblaciones
habian desarrollado sendas adaptaciones al entorno local. De
ser asfi, la hibridacion podria eliminar tales adaptaciones y dis-
minuir la viabilidad de ambas poblaciones. Por el contrario,
podia suceder que las diferencias se debieran a la contraccién
demogréaficay a la fluctuaciéon azarosa de las frecuencias alélicas
que esta conlleva, con una eventual pérdida aleatoria de varian-
tes y una acumulacion de variantes deletéreas distintas en cada
poblacién generadas por la deriva genética. En este otro caso,
cruzar las dos poblaciones ayudaria a reducir la consanguinidad
y a aumentar la diversidad, puesto que los individuos hibridos
serfan muy poco homocigotos (consanguineos) y la poblacién
mezcla reuniria las variantes potencialmente adaptativas que
persistieron en cada una de ellas.

En el caso del lince ibérico, los analisis de la variacion histori-
ca demostraban que la pérdida de diversidad y la diferenciacion
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entre las dos poblaciones era reciente y se debian predominan-
temente a la accion de la deriva genética, 1o que respaldaba la
gestion conjunta de ambas. Ello se concret6, por un lado, con
la cria en cautividad de una poblacién mixta generada a partir
de las dos poblaciones y, por otro, con el traslado de indivi-
duos de una poblacion a la otra. Esta tltima medida se inicié
en 2007, con la liberacion en Dofiana de un macho nacido en
Sierra Morena. A partir de 2009 se realizaron reintroducciones
de individuos criados en cautividad en cuatro zonas de donde
el lince habia desaparecido: inicialmente, en Guadalmellato y
Guarrizas (Andalucia), en el marco del proyecto Life 2006-2011;
y después, en el valle del Matachel (Extremadura), Montes de
Toledo y Sierra Morena oriental (Castilla-La Mancha) y el Par-
que Natural del Valle del Guadiana (Portugal), como parte del
proyecto Life 2011-2016.

La gestion implementada hasta la fecha ha conseguido
aumentar la diversidad genética de las poblaciones cautivas,
reintroducidas y remanentes, lo que parece estar teniendo con-
secuencias positivas sobre la reproduccion y la supervivencia de
los individuos. Asi lo sugiere el aparente éxito de los individuos
mixtos, tanto en Dofana, actualmente compuesta en una alta
proporcion por los descendientes del primer macho trasladado
desde Sierra Morena, como en cautividad, donde los individuos
mixtos parecen tener una reproduccién y supervivencia algo
mayor, y en ningin caso menor, que los puros.

Una vez aplicadas estas medidas, deberia evitarse que se
produjeran nuevas pérdidas de diversidad y la acumulacién
de consanguinidad. La mejor forma de prevenirlo consistiria
en dejar que las poblaciones crecieran rapidamente hasta que
alcanzaran un tamano «seguro», en el que la deriva genética
ya no representara un peligro ni a corto ni a largo plazo. Estos
tamafos se han estimado en unos 50 y 500 individuos, respec-
tivamente, para el corto y el largo plazo.

Esas cifras resultarian validas para una situacién ideal en
la que existiera un nimero igual de hembras y machos y todos
los individuos se reprodujeran por igual, lo que los genetistas
denominamos «tamano poblacional efectivo». Pero en el mundo
real no sucede asi, por lo que se necesitan mas individuos para
alcanzar un tamafio de poblacion seguro. El tamafio total (cen-
sal) de una poblacién en un momento dado suele corresponder a
un valor entre 5y 10 veces superior al que es su tamano efectivo
(aunque esta proporcién varia mucho entre especies). De este
modo, cuando, a inicios de los aflos 2000, los tamafios censales
de las poblaciones remanentes de Dofiana y Sierra Morena eran
de unos 50 y 100 individuos, respectivamente, los tamanos efec-
tivos estimados correspondian a 10 y 20 individuos, unas cifras
muy bajas e insuficientes para garantizar la viabilidad de las
poblaciones. Segin esto, el tamaifo censal para el lince ibérico
deberia ser entre 250 y 500 individuos para evitar problemas
a corto plazo, y entre 2500 y 5000 para mantener potencial
adaptativo a largo plazo.

Sin embargo, en teoria podriamos obtener un mayor tamano
efectivo para un tamaifio censal dado si gestionaramos la repro-
duccion de manera que todos los individuos se reprodujeran por
igual y, atin mejor, lo hicieran en funcién de lo singular que fuera
su composicion genética. Con esta estrategia se priorizaria la
reproduccion de los individuos menos emparentados genética-
mente con el resto de la poblacion, lo que llevaria a minimizar la
consanguinidad promedio y a maximizar la diversidad genética.
Por supuesto, la seleccion de emparejamientos solo es posible en
cautividad, pero el mismo principio puede aplicarse a la gesti6on
de los traslados de individuos de una poblacion a otra y las

reintroducciones (en zonas donde la especie habia desaparecido)
a partir de individuos en cautividad. Ello puede conseguirse si
los animales que se van a trasladar o liberar se seleccionan en
funciéon de su parentesco con los residentes. Estas medidas de
gestion genética las venimos implementando sistematicamente
en la poblacién cautiva y para dirigir las liberaciones realizadas
hasta la fecha, sobre la base de la informacién aportada por
los marcadores moleculares y por la genealogia cuando esta
se conoce.

RETOS PENDIENTES

A pesar del éxito de las medidas llevadas a cabo, la aplicacién de
la genoémica a la gestion podria ir un paso més alla si consegui-
mos identificar y controlar aquellas variantes genéticas deleté-
reas que mas estan limitando la reproduccién y la supervivencia.
La actual gestién, orientada a maximizar la diversidad genética,
tiende a homogeneizar las frecuencias de todas las variantes
existentes en la poblacion. Tal estrategia favorece también a las
variantes deletéreas, puesto que en las poblaciones pequenas
no han sido purgadas eficientemente por la seleccién natural.
La disponibilidad de marcadores asociados a defectos genéticos,
como la criptorquidia o la epilepsia juvenil, posibilitaria una
gestion que conciliara el mantenimiento de la maxima diversi-
dad con la disminucion de la incidencia de estas enfermedades.

Los planes de conservacion de especies amenazadas requie-
ren un enfoque multidisciplinar que integre todos los aspectos
que pueden limitar la viabilidad tanto a corto como a largo plazo.
El lince ibérico es un caso paradigmatico que ilustra no solo los
problemas genéticos, sino también sus posibles soluciones. Las
medidas aplicadas han aumentado la diversidad genética de las
poblaciones en libertad, especialmente en la poblacién de Dona-
na. Pero todavia debe hacerse frente a varios retos para garan-
tizar la persistencia del lince. Desde el punto de vista genético,
estos consisten en extender el seguimiento y la gestion genética
a las nuevas poblaciones para llegar a una gestion integral de
la especie, y dar el salto al uso de herramientas genémicas, las
ya disponibles y las que puedan desarrollarse en el futuro. En
este proceso, el lince ibérico servira también como una piedra
de toque para evaluar el impacto real de la gendémica en la
conservacion de las especies.
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Ibérico

La conservacion de la biodiversidad en un escenario de cambio global acelerado constituye

uno de los grandes retos de la humanidad para las proximas décadas.

José A. Godoy

Elena Marmesat

Maria Lucena Pérez

Daniel Kleinman Ruiz

Departamento de Ecologia Integrativa. Estacién Biolégica de Doiana, CSIC

La genética ha pasado a ser un elemento fundamental del enfoque multidisciplinar que

esta tarea requiere, dando origen al area de conocimiento de la genética de la

conservacion.

El papel de la genética en conservacion tiene una doble dimension. Por un lado, las

especies amenazadas sufren cambios en su composicidon genética y estos cambios pueden

afectar a la supervivencia y a la reproduccion retroalimentando una espiral de declive que

podria conducir a la extincion, incluso si las causas originales del declive desaparecen. Lo
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mas preocupante a corto plazo son los efectos nocivos de la consanguinidad y, a mas largo
plazo, la pérdida de adaptabilidad asociada a una escasa diversidad genética. Conocer bien
los procesos que llevan a este deterioro genético y aportar métodos eficaces para la
evaluacion y gestion de estos problemas son objetivos fundamentales de la genética de la
conservacién. Por otro lado, y en un aspecto mucho mas pragmatico, distintos tipos de
marcadores moleculares han resultado muy eficaces para el seguimiento y la gestién de

especies amenazadas.

Figura 1
Cachorro de lince ibérico de la poblacién de la cohor-
te de 2017 en Dofiana. Foto de Ifiigo Sanchez.
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El lince ibérico (Lynx pardinus) es un excelente ejemplo de una especie que ha llegado al
borde de la extincidn; fatal desenlace que se ha evitado in extremis gracias a intensos
esfuerzos de conservacién. Tras el intenso declive sufrido durante el s. XX, en 2002
apenas quedaban unos 100 individuos repartidos en dos poblaciones desconectadas entre
si (Doflana y Andujar-Cardefia). Hoy dia, se estiman mas de 400 individuos de vida libre
repartidos en las dos poblaciones remanentes y cinco sitios de reintroduccion. El intenso
declive y el seguimiento y la gestion activa a la que ha sido sometida la especie la han

convertido en un excelente modelo de estudio para la genética de la conservacion.

Aqui repasamos la contribucidn que ha realizado la genética molecular al conocimiento y la
conservacion de esta especie emblematica, desde los primeros enfoques basados en unos
pocos marcadores moleculares neutrales hasta la reciente incorporacién de la gendmica,

siguiendo la tendencia histérica recogida en el capitulo introductorio de este dossier.

MARCADORES TRADICIONALES: ADN MITOCONDRIAL Y MICROSATELITES
Relaciones filogenéticas

La secuenciacién de fragmentos del ADN mitocondrial ha iluminado en primer lugar las
relaciones del lince ibérico con otros linces y otros felinos. Distintos estudios han
identificado alternativamente al lince boreal y al lince canadiense, al ibérico y el
canadiense o al ibérico y boreal como especies hermanas. La incorporaciéon de secuencias
nucleares inclind finalmente la balanza hacia el lince boreal como especie hermana del
ibérico y permitid datar la divergencia entre ellos en unos 1.09 o 1.18 millones de afos.
Sin embargo, secuencias de genoma mitocondrial completo indican un antepasado comun
mas reciente con lince canadiense, indicando un probable caso de clasificacién incompleta
de linajes para este genoma durante la divergencia de estas tres especies en un intervalo

relativamente corto de tiempo (1.1-1.6 millones de afios).

Genética poblacional: diversidad, consanguinidad y estructura

El andlisis de 36 marcadores de tipo microsatélite a nivel poblacional permitié constatar un
estado genético preocupante para la especie a principios del siglo XXI. Las dos Unicas
poblaciones remanentes estaban muy empobrecidas genéticamente y mostraban altos
niveles de consanguinidad, en especial la poblacion de Dofiana, y contenian acervos
genéticos altamente diferenciados. La sospecha inicial de que estos patrones eran
consecuencia directa del declive sufrido durante el s. XX, y por tanto de la accion de la
deriva genética, se vio en parte confirmada por los andlisis de muestras historicas
representadas en colecciones publicas y privadas. No obstante, estos andlisis también
revelaron que el deterioro y la estructuracién genética estaban ya avanzados en las épocas
cubiertas por estas muestras (1856-1990), apuntando a un declive temprano que diversos
tipos de datos fechan en torno a hace tres o cuatro siglos. Al mismo tiempo, las secuencias

de mitogenoma muestran una ausencia completa de diversidad a nivel de proteinas en el
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presente. Por el contrario, las secuencias obtenidas de muestras arqueoldgicas vy
paleontoldgicas (43.500-2070 afios de antigliedad) muestran una mayor pero ya limitada
diversidad genética y sugieren una ausencia de diferenciacion a escala peninsular en un
pasado mas remoto. El estado genético actual del lince ibérico parece pues ser la
consecuencia de bajos tamafios poblacionales durante la mayor parte de la historia de la

especie, declives sufridos hace varios siglos y un efecto dramatico del declive del siglo XX.

Herramientas para el seguimiento y la gestion
Los marcadores tradicionales han aportado también herramientas eficaces para el
seguimiento y la gestién de la especie, incluyendo la identificaciéon de restos a nivel de

especie e individuo.

Las secuencias de ADN mitocondrial obtenidas de restos biolégicos muestreados en campo
de manera no invasiva (excrementos, fundamentalmente) pueden identificar de manera
no ambigua la especie de la que proceden y aportar asi evidencias de su presencia en
lugares concretos. Con el objetivo de aplicar este enfoque al andlisis de la distribucion
global de la especie, pero eliminando los costes asociados a la secuenciacion de ADN,
desarrollamos un ensayo basado en una PCR diagndstica de lince ibérico. La aplicacion de
este ensayo a un muestreo extensivo de las zonas de presencia histdérica en Andalucia
identificé a las poblaciones de Dofiana y Andujar-Cardefia como las Unicas poblaciones de
lince ibérico remanentes en el ano 2000. A pesar de informes de presencia de lince en
otros lugares, estas poblaciones se han mantenido como las Unicas poblaciones
reproductoras confirmadas a nivel global hasta el inicio de las actuaciones de

reintroduccion.

El genotipado de marcadores de tipo microsatélite, junto con marcadores moleculares de
sexo, permite el seguimiento de la especie a nivel individual por mé- todos no invasivos.
Aplicados de manera sistematica en un area determinada pueden generar un censo
poblacional, proporcionar estimas de tamafio poblacional, delimitar territorios individuales,
identificar inmigrantes y generar una genealogia de la poblacion que puede utilizarse para
la gestidn genética. La asignacion molecular de parentales ha permitido reconstruir una
genealogia bastante completa y de varias generaciones de la poblacion de Dofana vy
constatar el éxito de los machos territoriales en asegurar la reproduccién con hembras con

territorio solapante.

Por ultimo, los marcadores microsatélites han resultado también criticos para la gestion
genética de la poblacién cautiva. Esta gestion estd dirigida a preservar el maximo de la
diversidad representada inicialmente en los fundadores y evitar la acumulacién de

consanguinidad, y se basa en minimizar el parentesco promedio de la poblacién. Los
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genotipos moleculares han aportado estimas de parentesco entre los fundadores que, de
otra forma, habrian sido ignoradas durante la gestiéon y habrian conducido a resultados

subdptimos.
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Figura 2

Usos de la informacion genética en la investigacion y la conservacion del lince ibérico. En el centro los distintos
tipos de datos utilizados, en un orden cronoldgico aproximado de arriba (mas antiguo) abajo (mas reciente). A la
izquierda se listan las aplicaciones utiles para el seguimiento y la gestion y a la derecha las areas en las que esta
informacidn ha aportado nuevos conocimientos. Las aplicaciones en seguimiento y gestion se basan frecuente-
mente en el uso de muestras obtenidas de manera no invasiva como excrementos, mientras que las muestras de
museo, arqueologicas y paleontoldgicas han contribuido al conocimiento de la historia demografica y a evaluar
el impacto de ésta sobre la genética actual.

GENES MHC: DIVERSIDAD FUNCIONAL Y RESPUESTA A ENFERMEDADES

Para trascender de la informacion demografica que pueden darnos unos cuantos
marcadores neutrales e investigar patrones adaptativos, las miradas se han vuelto hacia
genes funcionales cuya diversidad es relevante para la supervivencia de los individuos.
Estos genes estan recibiendo atencién también desde la genética de la conservacién
porque si pierden diversidad podria aumentar la susceptibilidad a enfermedades de las
especies amenazadas y contribuir a su extincion. Pero también porque son claros
candidatos a ser blanco de la seleccion balanceadora, fuerza evolutiva que podria
contrarrestar la accién predominante de la deriva genética en especies en declive. Su
anadlisis ha estado tradicionalmente limitado por las dificultades técnicas asociadas a la

caracterizacion de una familia multigénica con un numero variable de loci y multiples

https://sebbm.es/revista/articulo.php?id=424&url=biologia-molecular-en-la-conservacion-del-lince-iberico

Biologia molecular en la conservacion del lince ibérico | Revista de la Sociedad Espafiola de Bioquimia y Biologia Molecular | SEEBM

5/12



23/5/2019 Biologia molecular en la conservacion del lince ibérico | Revista de la Sociedad Espariola de Bioquimia y Biologia Molecular | SEEBM
alelos por locus. Las nuevas tecnologias de secuenciacidn han aliviado algunas de estas
dificultades, aunque persisten algunos problemas relacionados con sesgos de amplificacién

entre alelos.

En un primer analisis de la variacion en genes MHC por secuenciacion de productos de PCR
clonados y ana- lisis de conformacién SSCP, identificamos una casi total ausencia de
diversidad genética en Donana para genes MHC de clase II (dos unicos alelos
correspondientes a dos genes, ambos fijados). Recientemente, aplicando una estrategia de
amplificaciéon mejorada y secuenciacion masiva pudimos detectar complementos alélicos a
nivel de especie para genes clase II y clase I de tamafio parecido y muy solapantes a los
observados en el lince boreal, ademas de otros ejemplos de comparticién de alelos entre
las cuatro especies del género y con otros felinos. Encontramos que el declive reciente ha
supuesto una pérdida de alelos a nivel de especie en estos genes clave, pero se ha
mantenido la diversidad funcional representada en los dominios de unién a antigeno. Esto
puede ser el resultado de la seleccién balanceadora manteniendo linajes de alelos
divergentes, pese a la accién de la deriva. En familias multigénicas como estas, esto puede
ocurrir tanto porque se favorezcan los heterocigotos en cada locus, como porque se
mantengan linajes divergentes en distintos genes, aunque cada uno de estos sea
completamente monomorfico. Los estudios en curso pretenden caracterizar la diversidad
MHC a nivel individual y poblacional para testar estas hipdtesis y calibrar la posible
contribucién de estos genes a la aparentemente alta susceptibilidad a enfermedades

observada en esta especie.

GENOMAS COMPLETOS

Historia evolutiva y demografica, adaptacion, y genémica poblacional

La genética de la conservacion no ha quedado al margen de la reciente expansion de la
gendmica en multiples areas de conocimiento. Los enfoques gendmicos en conservacion
estan comenzando a revelar nuevos aspectos acerca de como los genomas son
transformados por efecto de la deriva genética, y a sopesar la posible interaccidon de esta
con otros procesos evolutivos como la mutacion, la seleccién natural y la recombinacion. Al
mismo tiempo, prometen aportar herramientas ain mas eficaces para el seguimiento y la

gestion.

El lince ibérico ha sido una de las primeras especies amenazadas en incorporarse al selecto
club de especies con genomas completos secuenciados. La secuenciaciéon, ensamblaje y
anotacion de un primer borrador del genoma ha puesto el poder de los nuevos enfoques
gendémicos al alcance de la especie. Los primeros andlisis gendmicos han aportado
conocimientos antes inaccesibles sobre el origen y la historia de la especie y han ayudado

a caracterizar con un nivel de detalle antes impensable su estado genético.
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La comparaciéon del genoma del lince ibérico con el del boreal ha acercado la fecha de
divergencia entre las dos especies a los 300.000 afios, y ha revelado una larga historia de
intercambio genético entre ambas, un proceso de hibridacién e introgresion que parece ser
comun entre felinos. Ademas, ha revelado historias demograficas relativamente paralelas
de las dos especies desde su divergencia, con fluctuaciones a través de los ciclos glaciares
pero con tamafios poblacionales menores en el lince ibérico. En esta especie evidencié
también un repentino declive al 10% del tamafio anterior hace unos cuatro siglos,
confirmando las inferencias obtenidas de microsatélites y ADN mitocondrial. En lince
ibérico encontramos sefiales de seleccidn positiva en genes relacionados con la audicién y

la visidén, entre otros, que podrian indicar adaptaciones propias de esta especie.

Los datos de re-secuenciacion de genomas completos de 10 linces adicionales revelaron al
lince ibérico como la especie con menor diversidad genética entre las secuenciadas hasta
la fecha, por debajo de otras especies también amenazadas como el guepardo, el leopardo
de las nieves, el gorila de montafia, por ejemplo. Un aspecto especialmente relevante es
gue la escasa diversidad existente en zonas codificantes es en muy alta proporcién debida
a variantes no sindénimas, algunas de las cuales han llegado a fijarse. Estas variantes, a
menudo deletéreas, se mantienen a raya en especies demograficamente abundantes por la
accion de la seleccién purificadora, un proceso que en poblaciones pequefias ve reducida
su eficacia por el efecto predominante de la deriva genética. La expresiéon de estas
variantes, en su mayoria recesivas, se veria incrementada por efecto de |la
consanguinidad, lo que podria estar generando depresion por consanguinidad, como la
observada para calidad seminal. La ocurrencia de consanguinidad reciente se visualiza en
forma de largos bloques de genomas en homocigosis en muchos de los linces
secuenciados, estimandose niveles de consanguinidad individual promedios de 0.32 en

Dofiana y 0.16 en Andujar.

NUEVAS HERRAMIENTAS GENOMICAS

La secuenciacion del genoma del lince ibérico ha aportado importantes recursos para el
seguimiento y la gestidn. Quizas el de aplicacion mas directa ha sido un catalogo de 1,6
millones de variantes gendmicas de nucledtido sencillo (SNP) en la especie. De entre
estos, seleccionamos alrededor de 1.500 distantes entre si y con alta diversidad y los
genotipamos en mas de 300 muestras de linces contemporaneos. Los datos permitieron
seleccionar un conjunto de ca. 300 marcadores maximamente informativos vy
minimamente ligados y paneles reducidos de SNPs para las distintas aplicaciones en
seguimiento y gestidn. Estos paneles superan en poder, eficiencia y bajo coste a los 36
microsatélites utilizados hasta la fecha y su implementacion en un seguimiento genético de
poblaciones silvestres y reintroducidas puede ayudar a prevenir futuras pérdidas de
diversidad y a disminuir los altos niveles de endogamia acumulados durante décadas,

maximizando asi las probabilidades de persistencia de la especie.
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Un reto importante para el futuro sera la identificacidon de variantes asociadas a caracteres
fenotipicos importantes para la supervivencia y reproduccién, incluidas aquellas asociadas
a caracteres deletéreos y enfermedades genéticas que pueden estar lastrando la
recuperacion, como la epilepsia juvenil en el lince ibérico o la condrodistrofia en los
condores de California. Con ello se haria posible la incorporacion de una “seleccién
purificadora asistida” a la gestion genética integral, al menos para unos pocos caracteres

de gran efecto.

PERSPECTIVAS

La aplicacién de la genética en la conservacién de especies es ya una realidad en casos
paradigmaticos como el del lince ibérico, aunque todavia tiene que ser incorporada a otros
muchos organismos. Las tecnologias gendmicas, en particular la secuenciacién de
genomas completos, siguen estando fuera del alcance de la mayoria de especies
amenazadas, pero las nuevas técnicas de secuenciacion de fracciones del genoma (e.g.
RAD-Seq o Genotyping-By-Sequencing) estan ya sustituyendo a los marcadores genéticos

tradicionales.

Mas alld de las variaciones en la secuencia de nucledtidos, las aproximaciones futuras
podrian incorporar otros aspectos hasta hora poco explorados del genoma, como la
variacion en numero de copias, la expresién génica y su regulacién, y los cambios
epigenéticos, todos ellos con muy probables implicaciones para la viabilidad de especies

amenazadas.

Detener el ritmo creciente de pérdida de biodiversidad exige cambios drasticos en nuestra
forma de relacionarnos con el planeta. Mientras esto ocurre, los esfuerzos por evitar la
extincién de especies como el lince ibérico y por asegurar su viabilidad a largo plazo van a
beneficiarse de nuevos enfoques, en los que la biologia molecular jugara sin duda un papel

importante.
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Spatiotemporal Dynamics of Genetic Variation in the Iberian
Lynx along Its Path to Extinction Reconstructed with
Ancient DNA

Mireia Casas-Marce,”" Elena Marmesat,”' Laura Soriano,' Begona Martinez-Cruz,' Maria Lucena-Perez,’
Francisco Nocete,” Antonio Rodriguez-Hidalgo,>*®> Antoni Canals,”®” Jordi Nadal,® Cleia Detry,’

Eloisa Bernaldez-Sanchez,'® Carlos Fernandez-Rodriguez,"' Manuel Pérez-Ripoll,'> Mathias Stiller,"
Michael Hofreiter," Alejandro Rodriguez,' Eloy Revilla,'> Miguel Delibes,'® and José A. Godoy*"
'Department of Integrative Ecology, Donana Biological Station (EBD) Spanish National Research Council (CSIC), Sevilla, Spain
’Grupo de Investigacién MIDAS, Departamento Historia | (Prehistoria), Universidad de Huelva, Huelva, Spain

>Department of Prehistory, Complutense University, Madrid, Spain

“IDEA (Instituto de Evolucién en Africa), Madrid, Spain

>Equipo de Investigacion Primeros Pobladores de Extremadura, Casa de la Cultura Rodriguez Monino, Caceres, Spain

®IPHES, Institut Catala de Paleoecologia Humana i Evolucié Social (Catalan Institute of Human Paleoecology and Social Evolution),
Tarragona, Spain

’Area de Prehistoria (Department of Prehistory), Universitat Rovira i Virgili (URV), Tarragona, Spain

8SERP, Departament de Prehistoria, Historia Antiga i Arqueologia, Universitat de Barcelona, Barcelona, Spain

?UNIARQ - Centro de Arqueologia da Faculdade de Letras da Universidade de Lisboa, Alameda da Universidade, Lisboa, Portugal
"%Laboratorio de Paleobiologa, Instituto Andaluz del Patrimonio Histérico, Consejeria de Cultura de la Junta de Andaluca, Seville, Spain
""Departamento de Historia, Faculdade de Filosoffa y Letras, Universidad de Ledn, Leén, Spain

"?Prehistory and Archaeology Department, University of Valencia, Valencia, Spain

Department of Ecology and Evolutionary Biology, University of California Santa Cruz, Santa Cruz, CA

Evolutionary Adaptive Genomics, Institute of Biochemistry and Biology, Faculty of Mathematics and Life Sciences, University of
Potsdam, Potsdam, Germany

>Department of Conservation Biology, Donana Biological Station (EBD), Spanish National Research Council (CSIC), Sevilla, Spain
"These authors contributed equally to this work.

*Corresponding author: E-mail: godoy@ebd.csic.es.

Associate editor: Michael Rosenberg

Bam files generated in this study have been deposited in the European Nucleotide Archive (study accession no. PRJEB15462).
Mitogenomic consensus sequences for each sample have been deposited in the GenBank (accession nos. KX911255-KX911412).

Abstract

There is the tendency to assume that endangered species have been both genetically and demographically healthier in
the past, so that any genetic erosion observed today was caused by their recent decline. The Iberian lynx (Lynx pardinus)
suffered a dramatic and continuous decline during the 20th century, and now shows extremely low genome- and species-
wide genetic diversity among other signs of genomic erosion. We analyze ancient (N = 10), historical (N = 245), and
contemporary (N = 172) samples with microsatellite and mitogenome data to reconstruct the species’ demography and
investigate patterns of genetic variation across space and time. Iberian lynx populations transitioned from low but
significantly higher genetic diversity than today and shallow geographical differentiation millennia ago, through a
structured metapopulation with varying levels of diversity during the last centuries, to two extremely genetically de-
pauperate and differentiated remnant populations by 2002. The historical subpopulations show varying extents of
genetic drift in relation to their recent size and time in isolation, but these do not predict whether the populations
persisted or went finally extinct. In conclusion, current genetic patterns were mainly shaped by genetic drift, supporting
the current admixture of the two genetic pools and calling for a comprehensive genetic management of the ongoing
conservation program. This study illustrates how a retrospective analysis of demographic and genetic patterns of
endangered species can shed light onto their evolutionary history and this, in turn, can inform conservation actions.

Key words: Iberian lynx, ancient DNA, paleogenetics, genetic erosion, endangered species.
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Introduction

Species are becoming extinct at rates unprecedented in re-
cent history as a consequence of human activity (Pimm et al.
2014; Ceballos et al. 2015). Populations of vertebrate species
have decreased in size by an average of 52% in the last 40 years
(McLellan 2014), and 15-40% of living species may have gone
extinct by 2050 (Thomas and Williamson 2012). Habitat
modification, fragmentation and destruction, pollution, cli-
mate change, overexploitation, and the spread of invasive
species have been identified as the main drivers of the current
biodiversity crisis. However, a hidden secondary threat in the
form of genetic erosion often builds up as populations be-
come small and isolated. Population genetics theory predicts
that small and isolated populations progressively lose genetic
diversity and accumulate genetic load as a consequence of
genetic drift, and this may be exposed through inbreeding,
resulting in inbreeding depression (Hedrick 2001). This makes
them less able to adapt to environmental change and dimin-
ish their reproduction and survival. At the same time, popu-
lation declines are often accompanied by fragmentation
resulting in progressively reduced gene flow. Then, the
above-mentioned processes operate independently in the
resulting patches leading to increased genetic differentiation,
unrelated to local adaptation (Frankham et al. 2002; Allendorf
and Luikart 2007).

These processes have typically been assessed by comparing
current genetic patterns among populations or species with
different recent demographic history. However, current pat-
terns of low genetic diversity and high differentiation can be
the consequence of an alternative demographic and evolu-
tionary history which entails contrasting risks of extinction: an
equilibrium scenario derived from a long history of small
population and restricted gene flow. This latter scenario
entails a lower risk of inbreeding depression, since selection
may have purged most deleterious variation. Besides, a ge-
netic differentiation due to a stable migration-genetic drift
equilibrium could be associated to local adaptation. The as-
sessment of the relative weight of these two evolutionary
histories is therefore of critical importance to evaluate the
relative risks (inbreeding vs. outbreeding depression) and ben-
efits of alternative management strategies (i.e, to mix or not
to mix).

Fortunately, recent developments in the field of ancient
DNA have allowed the characterization of genetic variation in
past periods spanning decades—from museum specimens—
to millennia—from archaeological and palaeontological sam-
ples. Historical and ancient genetic data can provide infer-
ences of demographic history from the deep past throughout
recent declines, and inform species conservation by providing
landmarks of genetic diversity and differentiation statistics
(Leonard 2008; Hofman et al. 2015). Furthermore, given a
proper sampling of time periods and genetic markers, dia-
chronic genetic studies can illuminate the dynamics of these
processes, their dependence on demographic and geograph-
ical factors and their contribution to extinction.

The Iberian lynx (Lynx pardinus), because of its currently
low genetic diversity and high differentiation, coupled with a
fairly well-documented recent history of demographic decline

2894

and fragmentation, makes an outstanding model to charac-
terize the genetic processes acting upon a species on its way
to extinction. The species suffered a dramatic and continuous
decline during the second half of the 20th century (Rodriguez
and Delibes 2002; Ferreras et al. 2010; Palomares et al. 2011).
With only two extant isolated populations—one located in
the Donana coastal plains and the other in the Eastern Sierra
Morena mountains, ca. 240 km apart—and scarcely 100 indi-
viduals by 2002, the species was classified as critically endan-
gered by IUCN (2002, 2006 and 2008 red lists; Rodriguez and
Calzada 2015), and is generally recognized as the most en-
dangered felid in the world (Nowell et al. 1996). Conservation
actions implemented since then, including habitat protec-
tion, prey management, captive breeding translocations
and reintroductions have increased lynx numbers to more
than 400 by 2015 (http://www.iberlince.eu/images/docs/3_
InformesLIFE/Informe_Censo_2015.pdf; last accessed August
25, 2017), leading to its reclassification as “Endangered” in
2015 (Rodriguez and Calzada 2015).

Current Iberian lynx genetic diversity is low, especially in
Donana, and the two populations are highly differentiated
(Johnson et al. 2004; Casas-Marce et al. 2013). Moreover, the
Iberian lynx features one of the lowest genome- and species-
wide diversity reported to date, as well as other signatures of
genomic erosion, including high rates of potentially deleteri-
ous segregating and fixed mutations (Abascal et al. 2016).
These patterns have been interpreted as the direct conse-
quence of the species’ recent decline (Johnson et al. 2004;
Casas-Marce et al. 2013; Abascal et al. 2016). However, the
complete lack of diversity in a short region of the mitochon-
drial genome in both historical and ancient samples has sug-
gested that low-genetic diversity is an intrinsic feature of the
species (Rodriguez et al. 2011). It remains thus unclear how
much of the genetic impoverishment currently observed has
been caused by recent versus long-term demography.

Here, we use the Iberian lynx as a model to characterize the
micro-evolutionary processes operating on a species on the
route to extinction. We compare current, historical, and an-
cient patterns of diversity and differentiation using nuclear
microsatellite markers and mitogenomic sequences. We re-
construct past demography, quantify the relative contribu-
tion of the recent decline to current genomic erosion, assess
the degree of accumulated genetic erosion in different pop-
ulations and evaluate its relationship to past demography and
to the final persistence or extinction of populations. Finally,
we discuss the implications for the ongoing management and
conservation programs.

Results

We extracted 230 modern tissue samples, and 296 historical
samples from museum and private collection specimens
(Casas-Marce et al. 2012) (fig. 1). We obtained good quality
genotypes at 20 microsatellite markers for all the fresh sam-
ples and for 155 out of the 296 historical samples (52.4%).
Genotyping success of historical samples varied among types
of tissue in the same fashion as previously reported (Casas-
Marce et al. 2010). Average allelic dropout rates were 1.7%
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Fic. 1. Distribution of sampling across ancient and historical Iberian
lynx ranges. Ancient range in light grey taken from Rodriguez and
Delibes (2002). In Colour historical distribution according to country-
wide surveys in the 1980s in Spain and 1989-1994 in Portugal, with
populations delimited as in Rodriguez and Delibes (1992), except that
we subdivided the largest Eastern Sierra Morena-Montes de Toledo
population as suggested by genetic structure analyses. Points repre-
sent sampled localities, with outlined points corresponding to an-
cient samples and crosses respresenting contemporary samples; note
that each point may represent several samples. Unsampled popula-
tions are shown in striped fill.

(range 0-7.9%) and 2.0% (range 0-11.8%) across loci and
samples, respectively, when calculated by comparing the rep-
licates with the consensus genotypes, and 5% (range 0-25%)
and 3.1% (range 0-30%) when comparing the 18 consensus
genotypes obtained from historical samples with their respec-
tive genotypes from fresh samples. False alleles and Type 1
errors were 0.5% among loci and samples; other kinds of
errors were not observed.

We also reconstructed whole mitochondrial genomes
(16,449 bp) for a total of 158 Iberian lynxes: 10 ancient (dated
2.5->435ka), 83 historical (dating to 1700-1990), and 65
contemporary (1991-2010) samples, with each period con-
taining samples distributed across the corresponding species
range (supplementary tables S1-S4, Supplementary Material
online). Overall, we observed 23 different haplotypes (fig. 2;
supplementary fig. S9 and table S5, Supplementary Material
online) defined by 40 variable sites, of which 39 are transitions
and 1 is a transversion. Thirty-five variable sites occur in cod-
ing regions, of which eight are nonsynonymous variants (sup-
plementary table S6, Supplementary Material online).

Demographic History

We used three different approaches to infer the demographic
history of the species as a whole, and of each historical and
contemporary population in different time periods. We first
used a Bayesian Skyline Plot (BSP) (Drummond et al. 2012)

H22

Singleton &

H18 Contemporary @
(@)

Historical
Ancient

H11

Fic. 2. Median-joining networks of mitogenomic haplotypes.
Observed haplotypes are represented by circles whose sizes are pro-
portional to the number of observations in each period. Haplotypes
are connected by lines of length proportional to the number of
mutations separating them (also indicated by small numbers).
Haplotypes observed only once are depicted as diamonds to improve
visibility.

based on whole mitochondrial genome data to explore
long-term female effective population size. Then, an
Approximate Bayesian computation (ABC) approach
(Cornuet et al. 2014) was used with microsatellite data to
gain insight into the more recent history spanning the last
few centuries. Finally, we estimated census sizes from 1950 to
2015 and time of isolation for each historical population
based on the available distribution and density data
(Rodriguez and Delibes 2002).

BSP shows a nearly stable population of around 4,000
females throughout most of the covered lynx history, fol-
lowed by a decline that started around 5,000 years ago and
accelerated suddenly 400-450 years ago, when the popula-
tion dramatically dropped from 2,000 to 20 females (supple-
mentary fig. S1, Supplementary Material online). Next, we
used ABC to adjust a model in which remnant populations
diverged from an ancestral panmictic population formed by
all other historical samples (supplementary fig. S2,
Supplementary Material online). The divergence between
Donana and the rest of the historical population was esti-
mated at the beginning of the 19th century (39.3 [31.3, 60.3]
generations ago, which corresponds to an estimated decade
of 1800s [1700s, 1840s]; mode [95% Cl]), and its effective
population size as 20 [14, 39] individuals (mode [95% CIJ;
considering a constant size over time; supplementary fig,
S3B, Supplementary Material online). In the case of extant
Eastern Sierra Morena, the estimated date is around 1950
[1880s, 1950s]) (11.1 [9.31, 23.3] generations ago), with a
size of 29 [19, 56] individuals (supplementary fig. S3B,
Supplementary Material online). These estimated isolation
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dates, especially for Donana population, are much older than
what had been inferred by range reconstructions. Note that if
we had used a model where divergence of populations was
accompanied by gene flow or had allowed for larger popula-
tion size in the past, the estimated divergence times would be
even older, although the known demography and the results
from other analyses (e.g, genetic structure) indicate that the
current estimates are reasonable. On the other hand, the
scarcity of samples from some areas and periods of historical
populations impeded the consideration of further substruc-
ture for the ABC analysis. Although this could have led to an
overestimation of the divergence times, the estimated dates
are not far from those when Donana and contemporary
Eastern Sierra Morena start forming clusters separated from
the historical population in STRUCTURE analyses (around
1900 or earlier for Donana; between 1970 and 1990 for
Eastern Sierra Morena; see Genetic structure section).
Because the genetic differentiation must have postdated
isolation by a few generations, the ABC estimations of pop-
ulation divergence dates do not seem highly overestimated if
at all.

Finally, census sizes estimated for the historical popula-
tions over time based on records from 1950 to 2015 revealed
that populations varied widely in size and trend. Two pop-
ulations (Montes de Toledo or Eastern Sierra Morena) were
relatively large by 1950 (above 750 individuals) but declined
quite abruptly, while others (Far-E. Sierra Morena and
Donana) remained rather small (around 100 individuals) dur-
ing the entire period (supplementary fig. S4, Supplementary
Material online). All populations except Eastern Sierra
Morena and Donana were extinct by 2000, although the
lack of data for the period 1985-2000 impeded estimation
of the date of extirpation for most populations. The remnant
Eastern Sierra Morena and Donana reached 60 and 42 indi-
viduals, respectively, in 2000. Both populations increased their
census sizes later following the adoption of conservation
measures. In addition, the two larger populations remained
connected until the mid 1980s, whereas most of the others
became isolated at least 40 years earlier (figs. 3 and 4; supple-
mentary fig. S4, Supplementary Material online). These two
larger and connected populations (Montes de Toledo and
Eastern Sierra Morena) are thus predicted to be the ones least
affected by recent genetic drift and the best representation of
the genetic variation of the species previous to the 20th cen-
tury decline. Therefore, they are hereon considered central to
the rest of the metapopulation.

Genetic Structure

We first analyzed different temporal and geographical parti-
tions of microsatellite data with Factorial Correspondence
Analyses (FCA) and with clustering algorithms implemented
in STRUCTURE (Pritchard et al. 2000; Falush et al. 2007). The
3-D FCA plot shows a central cloud formed by the oldest
samples from which more modern samples of the popula-
tions of extant Donana, Eastern Sierra Morena and extinct
Central Range and Far-E. Sierra Morena progressively separate
through independent routes (supplementary fig. S5,
Supplementary Material online).
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W. Sierra Morena

Fic. 3. Results of STRUCTURE analyses of historical microsatellite
variation. Samples were first subdivided into two clusters, separating
almost all Donana samples from the rest (K = 2). A few older samples
were partially assigned to the second historical cluster, with the oldest
sample (dated in 1856) completely assigned to it. As K increases, other
lynx populations are assigned to the new clusters, becoming differ-
entiated from the rest: Eastern Sierra Morena (K = 3), Central Range
(K=4), Montes de Toledo-Eastern Sierra Morena (K=5), and
Western Sierra Morena-Vale do Sado (K= 6). Older samples from
Eastern Sierra Morena and Montes de Toledo—two populations
that have remained large and interconnected until the second half
of the 20th century—are assigned to the same cluster (green), indi-
cating that they were part of a single panmictic population that only
recently became genetically differentiated. This genetic pool is prob-
ably the closest representation of the ancestral genetic variation of
the species. See also supplementary figure S7, Supplementary
Material online.

In the STRUCTURE analysis of all samples together (con-
temporary and historical), the modern samples of remnant
populations are neatly separated from each other and from
now extinct historical populations at K = 3, but older samples
tend to cluster with the latter (supplementary fig. S6,
Supplementary Material online). All individuals from
Donana are consistently grouped together in a separate
Donana cluster, but older samples are partially (Q = 0.14—
0.27) and the oldest (1856) is completely assigned to the
historical cluster (Q > 0.95). Similarly, most modern individ-
uals (1970-2010) from Eastern Sierra Morena form a separate
cluster, whereas older samples (1942—1973) show shared an-
cestry with the rest of historical samples from now extinct
populations (supplementary fig. S6, Supplementary Material
online). These results suggest that remnant populations be-
came genetically differentiated from other historical popula-
tions between 1850 and 1900 in Donana and between 1970
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Fic. 4. Dynamics of population isolation and contraction, and genetic variation from ancient to contemporary times. The Iberian lynx population
is represented by a cylinder projected on the distribution map, that becomes progressively fragmented into subpopulations which contract,
become genetically differentiated and eventually go extinct. Maps represent the distribution of microsatellite (left) and mitogenomic variation
(right) among ancient (top), historical (middle), and contemporary populations (bottom). Microsatellite pies represent the average coefficient of
assignment to each of the clusters identified by STRUCTURE from historical (K = 6) and contemporary (K = 2) data sets (fig. 3 and supplementary
fig. S7, Supplementary Material online). Mitogenome pies represent the distribution of mitochondrial genome haplotypes. Haplotypes observed
only once are represented in shades of gray. Numbers within pies refer to sample size. See figure 2 and supplementary figure S9, Supplementary
Material online, for networks depicting the relationship among haplotypes.
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and 1990 in Eastern Sierra Morena, which is compatible with
their respective dates of isolation estimated with ABC (sup-
plementary figs. S2 and S3, Supplementary Material online).

The analyses of only historical samples (before 1990) of all
populations confirmed the early and deep differentiation of
Donana (K =2), and also revealed further population struc-
ture in the historical metapopulation (fig. 3; supplementary
fig. S7E—I, Supplementary Material online). As K increases,
new genetic clusters are identified that correspond to geo-
graphical populations defined a priori, in a sequence compat-
ible with their estimated population size and dates of
isolation (supplementary fig. S4, Supplementary Material on-
line): Far-Eastern Sierra Morena (K= 3; unsuspected isola-
tion), Central Range (K=4; <1940), Montes de Toledo-
Eastern Sierra Morena (K=15; 1985), and Vale do Sado-
Western Sierra Morena (K= 6; unknown date of isolation)
(fig. 3). Genotypes tend thus to cluster by geographical loca-
tion—even though some populations cover a wide temporal
range (e.g, Donana and Central Range; fig. 3; supplementary
tables S1 and S2, Supplementary Material online). However, a
temporal pattern is also evident in the data, as the oldest
samples from each population tend to cluster together with
other populations (fig. 3; supplementary fig. S7E-I,
Supplementary Material online). For example, the oldest sam-
ples from Montes de Toledo and Eastern Sierra Morena are
assigned to the same cluster. This indicates that the two ad-
jacent populations were in fact one panmictic population
that progressively became differentiated in recent times, in
agreement with our estimates of times of isolation (1985;
supplementary fig. S4, Supplementary Material online).

The genetic differentiation between pairs of populations is
statistically significant and levels are in accordance with the
expectations based on their geographical or temporal dis-
tance (supplementary fig. S8A and B, Supplementary
Material online). The only nonsignificant pairwise comparison
is Western Sierra Morena and the geographically contiguous
Vale do Sado, represented by only three samples. The overall
level of genetic differentiation is maximal between the two
current populations (Fst = 0.419) and lower among historical
populations (Fs = 0.266). Lowest differentiation is observed
in the pairwise comparisons involving any of the two larger
and more connected populations (Montes de Toledo or
Eastern Sierra Morena), reaching a minimum for the compar-
ison between them (Fst = 0.025). As expected, comparisons
among peripheral populations (Vale do Sado, Central Range
and Far-Eastern Sierra Morena) show higher Fsr values, with
the maximum recorded for Donana versus Central Range (Fst
=0.405). A similar pattern is captured with population-
specific F values estimated by 2mod, which may better reflect
the differential action of genetic drift accumulated in each
population. Temporal Fst is relatively lower but also signifi-
cant for comparisons of current versus historical samples of
Donana (Fst =0.044), and Eastern Sierra Morena (Fst
= 0.071), confirming the occurrence of changes in allele fre-
quency through time in both localities (see also isolation-by-
time analyses below).

Regarding mitogenomic variation, haplotype sharing is ex-
tensive in ancient samples, with the most extreme example

2898

being haplotype 3 occurring as far as in the northeast
(Barcelona), southeast (Subbéticas), and southwest
(Donana) of the Iberian Peninsula (supplementary fig. S8A
and C, Supplementary Material online). Insufficient sample
sizes precluded the estimation of ancient mitogenomic Fst
values (fig. 4 and supplementary fig. S9, Supplementary
Material online). Historical populations show moderate levels
of geographical structuring with some haplotypes shared
across populations (Fst = 0.39; supplementary figs. S8 and
S9, Supplementary Material online). Similar to microsatellite
patterns, central populations are less differentiated than pe-
ripheral ones, including the peripheral Subbéticas population
which was absent from the microsatellites data set (supple-
mentary fig. S8B and D, Supplementary Material online). In
contrast, current variation is totally structured in remnant
Iberian lynx populations with nonoverlapping sets of mitoge-
nomes, as previously observed based on short mitochondrial
sequences (Casas-Marce et al. 2013) (Fst = 0.78; fig. 4; sup-
plementary fig. S9, Supplementary Material online).

Genetic Diversity
The comparison of current versus historical values of micro-
satellite and mitogenomic diversity allowed us to estimate the
amount of diversity lost through time at the species level
(fig. 5; tables 1 and 2). Overall, for microsatellites, expected
heterozygosity (Hg) dropped moderately from 0.60 £ 0.13 in
the historical period to 0.54 = 0.13 at present (decrease to
90%; S=75.5 P=0.003), whereas allelic richness (Ag)
dropped from 495 to 3.67 (74.1%; S=74.5, P<0.001)
(fig. 5; table 1). A similar decrease was obtained for mitoge-
nomic haplotype diversity (Hdyiscoricai = 0.860 £ 0.021 >
Hdcontemporary = 0.643 = 0.024; 748%; P<10 '} fig. 5
table 2) and was most dramatic for nucleotide diversity
(Ristorica = 0.0005 = 0.00011 > Tcontemporary = 000018 =
0.00011; 36%). A higher Hd was estimated for the ancient
period (Hdanciene = 0.978 = 0.054), so that the comparison
with current is significant (P < 0.01), but the comparison of
historical is not, probably due to lack of power conferred by
our relatively small ancient sample size (N=10). Ancient
nucleotide diversity is lower than that reported for the his-
torical period  (Tanciene = 0.00042 % 0.00025 < Thiscorical =
0.00054 * 0.00028); smaller sample sizes in the ancient
and higher genetic structure in the historical data set may
have contributed to this difference. The two extant Iberian
lynx populations show extremely low current diversity, espe-
cially Donana (fig. 5; tables 1 and 2; supplementary fig. S9,
Supplementary Material online), for both microsatellites and
mitogenomes. In particular, current overall mitogenomic di-
versity is the lowest reported for any mammal, with only
three haplotypes defined by six positions, none of them trans-
lating to protein sequence variation (supplementary table S6,
supplementary figs. S9 and 10, Supplementary Material on-
line), but ancient and historical mitogenomic diversity, al-
though higher, are still among the lowest for any mammal
(supplementary figs. S9 and S10, Supplementary Material
online).

At the population level, historical populations differ widely
in their genetic diversity (tables 1 and 2). We found a general
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Fic. 5. Comparison of genetic diversity across periods. Microsatellite
diversity was quantified as the unbiased expected heterozygosity (A),
and whole mitochondrial diversity as nucleotide diversity (B). Points
represent the average and standard error for each population,
whereas the horizontal dashed lines and the corresponding shaded
interval represent the same for the pooled samples of each period.
Periods are color-coded in shades of grey. See tables 1 and 2 for other
diversity and differentiation measures.

trend for higher diversity in central historical populations (e.g,
Eastern Sierra Morena and Montes de Toledo) than in pe-
ripheral ones (Donana, Far-E. Sierra Morena; fig. 5). For exam-
ple, the peripheral Donana population shows the lowest Hg
and Ag while the central Eastern Sierra Morena and Montes
de Toledo always rank as the top two. The microsatellite
private allelic richness shows a different, but still parallel pat-
tern. It is high in Montes de Toledo and historical Eastern
Sierra Morena, but also in the otherwise derived Central
Range, and is low in peripheral populations. This indicates
that the peripheral harbour a subset of the diversity presentin
the central ones. Mitochondrial diversity indices vary similarly
from complete uniformity in some of the peripheral popula-
tions (Far-Eastern Sierra Morena and Subéticas) to highest
values in the central ones (table 2).

When we compare current versus historical genetic diver-
sity within each of the two remnant populations, differences
in diversity are also evident between periods.

The contemporary population of Donana harbours only
75% of the Hg (S=84.5, P=0.0007) and 83% of the Ag
(§=103, P < 0.0001) observed at earlier times in this same
population. Similar patterns are observed for contemporary
Eastern Sierra Morena with ratios of 89% for Hg (S=83.0,
P=0.001) and 81.5% for Az (S=82.0, P=10.0012) with re-
spect to its historical variation. Therefore, both populations
have progressively lost heterozygosity in the last decades, and
they each represent a fraction of the overall historical diversity
of the species (fig. 5; table 1).

We further explored the dynamics on genetic variation
in each of the populations for which we had a wide tem-
poral range. We plotted the standardized Hp of individuals
through time and the relatedness of pairs of individuals
relative to their temporal distance, the latter used as an
indication of the intensity of allelic frequency fluctuations.
The contrasting trends range from no changes in either
diversity or allelic frequencies through time in Montes de
Toledo, to the rather steep decrease and intense fluctua-
tions in Donana (fig. 6).

Discussion

Here, we reconstruct the genetic dynamics of the endangered
Iberian lynx from ancient to contemporary times in order to
shed light into the genetic processes that operated during the
species decline toward its almost-extinction.

The Iberian lynx was once widespread in the
Mediterranean  biogeographic region of the Iberian
Peninsula and may have reached Southern France and even
Italy in the Pleistocene and the Holocene (Altuna 1972; Vigne
and Pascal 2003; Yravedra 2005; Rodriguez-Varela et al. 2015).
Taking into account this broad and continuous range, the
most likely scenario for its ancestral genetic variation is a
single genetically diverse and panmictic population.
However, a limited pattern of isolation-by-distance could
also have been possible depending on the extent of dispersal
in the Iberian lynx. In fact, ancient mitogenomic variation was
not highly structured, with haplotypes shared across the
Iberian Peninsula, and overall mitogenomic diversity was
probably higher than in historical times, but still low when
compared with other mammals (fig. 4; supplementary figs. S9
and S10, Supplementary Material online).

Contrastingly, already by the early 20th century, both
mitogenomic and nuclear markers revealed a structured
metapopulation and locally low genetic diversity (figs. 3-5;
supplementary fig. S9, Supplementary Material online).
Unfortunately, we could not assess ancient microsatellite
diversity, so we cannot be sure whether historical nuclear
diversity was lower and structure higher than in more an-
cient times. A direct extrapolation of mitochondrial pat-
terns is not warranted, because nuclear and mitogenomic
patterns and dynamics might differ due to sex-biased dis-
persal and to their different sensitivity to bottlenecks (Fay
and Wu 1999).

Historical genetic structure (fig. 3) could be either the con-
sequence of an ongoing fragmentation and decline process
that started earlier than previously thought, or the result of
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Table 1. Microsatellite Diversity and Differentiation in Iberian Lynx Populations and Periods.

Epoch Population N Dates Range He Ag (n=10) Private Ag Fis F (2mod) F,. Global
Current 210 1991-2010 0.54 (0.13) 3.67 0.05 0.27* 0.42
E. Sierra Morena 102 1991-2010 0.51 (0.14) 2.65 0.02 0.01 0.61
Donana 110 1991-2007 0.31 (0.20) 1.83 0.01 0.00 0.17
Historical 143 1856-1990t 0.60 (0.13) 4.95 1.33 0.25* 0.27
Montes de Toledo 22 1939-1977 0.58 (0.17) 3.02 0.11 0.04 0.07
E. Sierra Morena 10 1960-1990 0.61 (0.17) 3.25 0.13 0.14* 0.03
Far-E. Sierra Morena 13 1966-1989 0.44 (0.21) 2.42 0.08 0.11* 0.32

W. Sierra Morena 3 1970-1972 0.51(0.32) —0.02

Vale do Sado 8 1881-1956 0.55 (0.21) 2.80 0.03 0.22* 0.13
Central Range 18 1916-1993t 0.50 (0.15) 2.70 0.15 0.09* 0.19
Donana 64 1856-1990 0.41 (0.20) 2.21 0.06 0.01 0.37

NoTe.—Hg, expected heterozygosity; Ag, allelic richness; Fis, population inbreeding coefficient; F,,,,,, probability of identity by descent estimated by 2mod; Fsy, genetic
differentiation coefficient.

*p < 0.05

fIncludes a single sample with uncertain dating outside this range, around 1700.

Table 2. Mitogenomic Diversity and Differentiation in Iberian Lynx Populations and Periods.

Epoch Population N Dates Range Haplotypes S Hd (SD) Pi(SD) (%,) K Tajima’'sD FuandLli’'sF Fst Giopal
Current 65 1991-2010 3 6 0.64(0.02) 0.18(0.11) 2.95 3.232%%* 2.15 0.78
E. Sierra Morena 38 1991-2010 2 1 0.44(0.06) 0.03(0.03) 0.44 1.253 0.88

Donana 27 1991-2007 1 0 0 (0) 0(0) 0.00

Historical 83 1881-1985 15 32 0.86(0.02) 0.54(0.28) 7.97 0.693 1.13 0.39
Montes de Toledo 22 1939-1985 9 23 0.81(0.07) 0.39(0.21) 6.02 —0.183 0.69
E. Sierra Morena 4 1960-1972 3 19 0.83(0.22) 0.63 (0.44) 9.83 —0.541 0.05
Far-E. S. Morena 8  1964-1971 1 0 0 (0) 0 (0) 0.00
W. Sierra Morena 4 1910-1972 3 17 0.83(0.22) 0.59(0.41) 9.00 —0.331 0.23
Vale do Sado 12 1881-1956 5 21 0.79 (0.09) 0.43(0.25) 6.82 —0.099 1.13
Central Range 12 1881-1974 4 20 0.65(0.13) 0.29(0.17) 4.48 —1.459 —1.43
Donana 13 1856-1982 2 5 0.54(0.06) 0.16 (0.1) 2.69 2.392* 1.75
Subbéticas 2 1874-1880 1 0 0 (0) 0 (0) 0.00

Ancient 10 43500-2070 ybp 9 24 098 (0.05) 0.42(0.25) 6.64 —1.181 -1.12

Note.—S, number of segregating sites; Hd, haplotype diversity; Pi, nucleotide diversity; K, average number of nucleotide differences; D and F are neutrality indices of Tajima
(1989) and Fu and Li (1993), respectively.

*p < 0.05

*p < 0.001

the species’ natural demographic dynamics. Given the ev- its genetic variation and are in large part responsible for
idence for predominance of recent genetic drift in local the Iberian lynx being apparently the mammal species with
populations, we favour the view of an almost panmictic the lowest genome- and species-wide diversity today
ancestral population, which started to contract and frag- (Abascal et al. 2016).

ment before the sampled historical period. Indeed, mito- During the process of decline, the populations lost diver-
genomic data indicate the occurrence of a previous sity and became genetically differentiated due to random
bottleneck around 400 years ago. Similarly dated bottle- fluctuations in allelic frequencies (fig. 6). Such scenario is
necks were previously inferred for this species (Casas- supported by heterozygosity through time and isolation by
Marce et al. 2013; Abascal et al. 2016), and other time plots (fig. 6), as well as estimates of identity by descent
European carnivores (Breitenmoser 1998; Valdiosera et al. (Column “Fynod” in table 1). These results also reveal differ-
2008; Schmidt et al. 2011), and are congruent with its ences in the intensity of these processes across the Iberian
contracted and patchy distribution in the period 1572- lynx's range (fig. 6). The accumulated effects of genetic drift in
1897 inferred from historical records (Clavero and each population are probably related to the dynamics of the
Delibes 2013). Although we can only speculate about the fragmentation and decline process. Genetic drift started ear-
causes of this historical decline, they may well be related to lier and impacted to a greater extent the patches that became
an increase in anthropic pressures. The 16th century was a isolated sooner at the periphery of the species’ range (fig. 4;
period of intense human population growth in Iberia and Rodriguez and Delibes 2002). For instance, the Donana pop-
across Europe in general, and coincided with the extension ulation showed the strongest signal of genetic drift, consistent
of agriculture and the intensification of forest destruction, with its peripheral position and its long history of low effective
both of which may have initiated the decline of this size and genetic isolation, which we have estimated in around
Mediterranean shrubland specialist (Ellis et al. 2010). 20 individuals and lasting ca. 200 years (around 40 genera-
Both ancient and historical bottlenecks have impacted tions, at the very beginning of the 19th century;
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Fic. 6. Effects of genetic drift in Iberian lynx populations. The effect of drift is illustrated by the decrease in individual standardized observed
heterozygosity (Ho) (A) and the increase of genetic similarity between pairs of individuals with time (B). The intensity of drift varies in the different
populations in agreement with known demographic history, ranging from low in the large and connected Montes de Toledo population to high in

the small and isolated Donana population.

supplementary fig. S3B, Supplementary Material online). In
contrast, we did not observe much genetic drift in Montes de
Toledo, and only very recently in Eastern Sierra Morena. Both
populations remained large and connected to each other, as
well as to other more peripheral populations, until recently
(fig. 4 supplementary fig. S3B, Supplementary Material online;
Rodriguez and Delibes 2002). Thus, we hypothesize that they
played a pivotal role in the metapopulation, acting as a res-
ervoir of genetic diversity and as a source of gene flow to
other populations. The major role of effective population size
and gene flow in determining genetic patterns following de-
cline and fragmentation is in line with expectations from
population genetic theory and with empirical studies in other
species (e.g, Méndez et al. 2014).

Despite extensive evidence showing how genetic erosion
can negatively affect population viability (Frankham et al.
2010; Allendorf et al. 2013), the amount of drift accumulated
in different Iberian lynx populations beared little regard to the
final outcome of persistence or extinction (figs. 4 and 6). This
study rather suggests that their final fate was generally deter-
mined by extrinsic factors. Possibly, the influence of genetics
was overridden by increased extrinsic pressures in demo-
graphically and genetically healthy populations, and by the
protection and active conservation granted to the most

severely eroded population. Thus, while Central Range and
Far-Eastern Sierra Morena populations did accumulate ge-
netic erosion before their extinction by the late 20th century,
the central population of Montes de Toledo remained largely
unaffected by genetic drift until its final extirpation. Whereas
in the former populations, genetic erosion might have con-
tributed to population decline, this was unlikely to be the case
for the latter. Montes de Toledo may have been abruptly
pushed from a large and well-connected population to com-
plete extirpation by deterministic factors acting in this area
during most of the 20th century, namely landscape homog-
enization and lasting scarcity of prey (Rodriguez and Delibes
1990). On the other hand, we observe a striking persistence of
the Donana population despite a long history of small pop-
ulation size, isolation, and extreme genetic erosion, which
according to recent studies may have affected reproduction
and survival (Palomares et al. 2012). The persistence of
Donana could thus be attributed to the protection granted
to the area by its designation as a royal hunting reserve during
most of the 19th century and to the establishment of Donana
National Park in 1965.

While both remnant populations have progressively lost
heterozygosity in the last decades (fig. 6), they have done so to
very different extents. In contrast to the highly eroded
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Donana population, Eastern Sierra Morena represents the
remnant of the large historical core population encompassing
Montes de Toledo and Eastern Sierra Morena, and it is the
current population genetically closest to the ancestral lynx
population (fig. 4). Still, the contemporary diversities of both
populations are lower than those reported for demographi-
cally healthy populations of its sister species, the Eurasian lynx
(Casas-Marce et al. 2013; Ratkiewicz et al. 2014). However, the
two contemporary populations conjunctly represent most of
the former overall heterozygosity (90%), and also a moderate
proportion (74.1%) of the allelic richness of the species in
historical times, which were more in line with those observed
in the Eurasian lynx (Ratkiewicz et al. 2014).

It must be noted that at least two sources of bias might
have contributed to an underestimation of historical micro-
satellite diversity, and thus of the amount of diversity lost.
First, allelic dropout in historical samples despite the use of
replicates will cause heterozygotes to be called as homozy-
gotes. This will reduce the observed population heterozygos-
ity (Ho) more than Hg, and may thus contribute—together
with spatial or temporal structure—to explaining part of the
significant heterozygote deficit observed in most historical
populations (table 1). Second, the microsatellites used were
selected in previous studies (Johnson et al. 2004; Casas-Marce
et al. 2013) to be highly variable in the current population,
thereby introducing an ascertainment bias that would again
lead to an underestimation of historical diversity and thus
also of the amount of diversity recently lost.

In summary, our results show that the recent genetic ero-
sion of Iberian lynx has been severe and has affected both
microsatellite and mitogenomic diversity. Such erosion has
three main components: (1) loss of diversity through time
within populations, (2) an increasing differentiation between
populations, and (3) extinction of genetically differentiated
populations at the edges of the historical distribution.

Conservation Implications

Here, we demonstrate that the species’ genetic makeup has
been shaped by a long history of low population size and a
sharp population decline around the 16th-17th century AD,
well before its last well documented decline in the 20th cen-
tury that left only two small remnant populations. However,
we show that the extremely low genetic diversity of the two
remnant populations (Casas-Marce et al. 2013; Abascal et al.
2016) is also the result of intense genetic drift and fragmen-
tation occurring during the last decades. Due to the abrupt
and recent nature of these changes, the risk of inbreeding
depression in both remaining populations must be explicitly
considered and addressed. Our results and conclusions are in
contrast to those of a previous study reporting a long-term
lack of mitochondrial diversity throughout the Iberian lynx’s
history based on short control region sequences, which led to
the suggestion that the Iberian lynx’s genetic diversity had
always been low and was thus not a threat to its long-term
viability (Rodriguez et al. 2011). Evidence for the occurrence
of inbreeding depression in the species is accumulating in the
form of heterozygosity-fitness correlations of sperm quality,
reduced reproductive rates, increased nontraumatic
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mortality, and high rates of potentially genetic diseases
(Pena et al. 2006; Jiménez et al. 2008; Palomares et al. 2012;
Ruiz-Lépez et al. 2012; Martinez et al. 2013). At the same time,
the lower differentiation in historical and ancient times
revealed from our data suggests that the currently observed
genetic differentiation between the two remnant populations
is mainly the result of genetic drift in recent times and cannot
be attributed to independent adaptive evolution over long
periods, indicating low risks of outbreeding depression
(Frankham et al. 2011). Low-genetic diversity together with
higher risks of inbreeding than outbreeding depression sup-
port the ongoing admixture of the two genetic pools both in
captivity (Godoy et al. 2009) and in the wild through trans-
locations (Simdn et al. 2012). Although the positive contri-
bution of admixture and other genetic management to
Iberian lynx recovery has not yet been formally evaluated,
the observation of an increased reproductive performance
of admixed individuals suggests so (Godoy JA, unpublished
data). Furthermore, genetic risks call for an intensive genetic
monitoring and a sound comprehensive genetic manage-
ment program for the species, which should also include
the ongoing reintroductions. On the other hand, it is likely
that the globally low genetic diversity will influence the chan-
ces of long-term persistence of the species, especially in a
scenario of rapid global change (Fordham et al. 2013).
Addressing the possibility of long-term reduced adaptive po-
tential will have to carefully consider risks and benefits of less
conventional measures to restore genetic diversity, like facil-
itated adaptation, genome edition, or assisted introgression
(Thomas et al. 2013; Hamilton and Miller 2016).

Conclusions

Over time, species may have experienced complex demo-
graphic changes, including earlier anthropogenic impacts,
which we cannot directly infer from contemporary genetic
patterns and recorded demographic history. In the case of
endangered species, disentangling the processes acting upon
species throughout their history can help us understand how
they became endangered and what we need to do to restore
natural and healthy genetic patterns to guarantee their long-
term survival. We show that the Iberian lynx has indeed lost a
significant part of its already low genetic variation over time
due to both recent and unsuspected older demographic
declines, and that the contemporary pattern of high genetic
differentiation between the remnant populations was caused
by genetic drift during the last few centuries. Our retrospec-
tive look was only possible due to the availability of extensive
ancient, historical, and contemporary samples (Casas-Marce
et al. 2012), a careful selection of sampled tissues in historical
specimens (Casas-Marce et al. 2010), recent technical advan-
ces in the field of ancient DNA (Hofreiter et al. 2015; Orlando
et al. 2015), and the combination of nuclear markers and
whole mitochondrial genomes.

To our knowledge, our analysis of the Iberian lynx is the
most comprehensive retrospective analysis of genetic variation
of an endangered species to date. It highlights how the evo-
lutionary history of a species inferred solely from its current
genomic makeup can be distorted, misinforming
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management recommendations. Studying paradigmatic con-
servation cases like this one is also crucial for deepening our
understanding of the demographic and genetic processes oc-
curring during population declines, a much needed input for
the effective restoration of endangered species and for the
prospective assessment of species viability in a changing world.

Materials and Methods

Samples

We used a combination of modern, historical, and ancient
samples (supplementary tables S1-S3, Supplementary
Material online). Samples were grouped in a priori popula-
tions based on their origin or, when lacking, on results of
clustering analyses. We also delimited periods based on
recorded date of sampling, using the year 1990 as the limit
separating contemporary and historical samples. This is ap-
proximately the time of the collapse of all but the two rem-
nant Iberian lynx populations (Ferreras et al. 2010) and the
time that roughly separates museum from fresh samples. We
extracted DNA for a total of 230 fresh, 296 museum, and 58
archaeological samples.

Microsatellite Genotyping

Microsatellite markers were amplified in contemporary and
historical samples. We used 20 microsatellites selected from
36 previously used for the analyses of modern Iberian lynx
specimens (Casas-Marce et al. 2013) based on their good
performance with degraded DNA. For historical samples we
applied a preamplification multiplex approach (Piggott et al.
2004). We obtained good quality genotypes at 20 microsat-
ellite markers for all the fresh samples and for 155 out of the
296 historical samples (52.4%).

Mitochondrial Genome Sequencing

For contemporary samples, we first used a long-range PCR
approach to sequence the whole mitochondrial genome in 12
Iberian lynx (eight from Donana and four from Eastern Sierra
Morena). The amplified products were pooled equimolarly
and individually tagged 454 sequencing libraries were pre-
pared following the protocol described by Meyer et al.
(2008a; 2008b). In addition, we used available whole-
genome shotgun data for 31 different lynx (19 from Eastern
Sierra Morena and 12 from Donana), and shotgun reads from
a separate capture-enrichment project targeting a subset of
the nuclear genome in 34 individuals (13 from Eastern Sierra
Morena and 21 from Donana). We prepared a total of 111
historical and 20 ancient individually tagged libraries for
lllumina or 454 sequencing following Meyer and Kircher
(2010) or Maricic et al. (2010) (supplementary table S4,
Supplementary Material online). L. pardinus biotinylated cap-
ture probes were prepared as described in Maricic et al. (2010)
from the products of two overlapping long-rang PCR.
Historical and ancient samples were enriched in target mito-
chondrial sequences by one or two consecutive rounds of
hybridization—capture (supplementary table S4,
Supplementary Material online). We mapped both merged
and unmerged reads to the L. pardinus mitochondrial

reference genome (Abascal et al. 2016) using BWA-mem (Li
and Durbin 2009) with default parameters. Average coverage
per sample ranged from 0.1x to 239.2x (supplementary ta-
ble S4, Supplementary Material online). Only samples with
total coverage over 5.2 were considered for further analyses.
Before SNP calling we used mapDamage (Jonsson et al. 2013)
on historical and ancient samples to track and quantify DNA
damage patterns and rescale quality scores of likely damaged
positions accordingly. Bam files generated in this study have
been deposited in the European Nucleotide Archive under
study accession number PRJEB15462.

Mitochondrial SNP Calling and Annotation

We simultaneously called SNPs on the pooled samples using
Freebayes (Garrison and Marth 2012). We visually curated the
57 resulting variants by revising each position called as an SNP
for all individuals to identify potential contaminations and
artifacts. The number of reference positions not covered by
any read was calculated for each individual using the com-
mand genomecov in BEDTools (Quinlan and Hall 2010). A
consensus for each individual mitochondrial genome was
constructed using the FastaAlternateReferenceMaker com-
mand in GATK (McKenna et al. 2010) (supplementary table
S5, Supplementary Material online). Validated SNPs were an-
notated as genic/intergenic, transition/transversion, synony-
mous/nonsynomymous, and aminoacid change using
Geneious v. 8 (http://www.geneious.com; last accessed
August 25, 2017; Kearse et al. 2012) (supplementary table
S6, Supplementary Material online).

Demographic Reconstruction Using Whole
Mitochondrial Genomes

Past population dynamics was investigated with a BSP model
using BEAST v1.8.1 (Drummond et al. 2012). We calibrated the
tree using the divergence of the entire lynx lineage with a mean
value of 2.52 My and a standard deviation of 0.4 My to estimate
a substitution rate of 189x10° substitutions/site/year
(1.16x1078-278x 10" substitutions/site/year, 95% HPD).
To construct the BSP, we assumed a HKY -+ G model of evo-
lution and a strict molecular clock, and incorporated the infor-
mation on the age of the sequences using the sampling date for
contemporaneous samples, the date of death for the historical,
and the radiocarbon estimated date for the ancient samples
(supplementary tables S1-S3, Supplementary Material online).

Estimation of Divergence Parameters with ABC

We used an ABC approach based on coalescent simulations
implemented in DIYABC version 2.1.0 (Cornuet et al. 2014) to
estimate effective population sizes and divergence times be-
tween populations. We used a simple model that assumes
constant population sizes and no gene flow between popu-
lations after divergence. We used a generation time of 5 years,
grouped samples by decades and considered each decade to
be separated from the next one by two generations (supple-
mentary fig. S2, Supplementary Material online). Prior distri-
butions for the effective population size of the historical
population (N,), contemporary Eastern Sierra Morena (N,),
and Donana (N5) were set based on previous estimates of
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contemporary sizes (supplementary fig. S3B, Supplementary
Material online; Casas-Marce et al. 2013). For the purpose of
building the posterior distributions, we used as summary sta-
tistics the expected heterozygosity and the number of ob-
served alleles for all samples in the analysis and pair-wise Fst
values between some of the samples. We ran 1,000,000 sim-
ulations and used the 1% closest to our data set to build the
posterior distributions using a local linear regression tech-
nique (supplementary fig. S3A, Supplementary Material on-
line; Beaumont et al. 2002).

Estimation of Historical Population Sizes and Dates of
Isolation

During the period 1950-1990, Iberian lynx abundance was
estimated from the textures of relative abundance published
by Rodriguez and Delibes (2002) on a 10-km UTM grid. To
estimate lynx absolute abundance for a given date, we
adopted a three-step process. First, we used percentiles in
the frequency distribution of the cumulated number of
reports until the map date (Rodriguez and Delibes 2002) as
classes of relative abundance. We assumed a nonlinear rela-
tionship between relative and absolute densities for the pe-
riod 1985-1988 (modified from Rodriguez and Delibes 1990).
We derived estimates of lynx absolute abundance (N;) from
classes of relative abundance (Rodriguez and Delibes 1990).
Second, we corrected N, for the decline in the probability of
recording reports with time elapsed since observation. We
fitted a generalized linear model of the number of lynx reports
per year during the period 1940—-1988, using the elapsed time
until 1988 as a predictor to estimate, for each year, the
expected number of reports we would have obtained had
we performed the survey that year. Predicted values were
averaged over periods of five consecutive years, and the ratio
between predictions for the most recent period (1985-1988)
and earlier quinquennia was used as a correction factor. Then
we applied the procedure described in step 1, and the corre-
sponding conversion factors, to produce a second estimate of
lynx numbers, called N,. Finally, published figures of lynx
abundance were computed by combining estimated densities
with precisely outlined distribution patches. To make our
coarse-grained estimates (on a grid) comparable to published
figures, we multiplied the average proportion of the cell area
covered by outlined patches of lynx distribution (0.54) by N,
to produce the final estimate of lynx numbers per cell. We
employed estimates by Simoén et al. (2012) for 2002 (approx-
imated here to year 2000), 2005, and 2010, whereas figures for
2015 were published on the website http://www.iberlince.eu/.
(last accessed August 25, 2017) For estimates in 2000 or later,
total population size refers to the number of adult females,
and juveniles plus the number of adult males assuming a 1:1
sex ratio. Isolation date between genetically similar spatial
clusters was defined as the date of loss of physical contact
in a 10-km UTM grid.

Population-Based Microsatellite Data Analyses

In order to assess structure through time and across space, we
used the Bayesian clustering method implemented in
STRUCTURE (Pritchard et al. 2000; Falush et al. 2003) to infer
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the number of genetic clusters in our data set, and to obtain
assignment values for each individual in each cluster (Q). We
also performed FCA as implemented in Genetix (Belkhir et al.
1996-2004) and plotted them with the threejs R package
(https://github.com/bwlewis/rthreejs/blob/master/R/threejs.
R; last accessed August 25, 2017) to visualize overall patterns
of genetic structure in our data. We calculated diversity
parameters for each of the geographical groups and temporal
periods using Genetix 4.05 (Belkhir et al. 1996-2004) and HP-
Rare (Kalinowski 2005). Statistical comparisons in diversity
between populations or periods were performed using non-
parametric Wilcoxon signed rank tests. In order to evaluate
which of the scenarios is the most plausible to explain the
genetic differentiation between the populations, pure genetic
drift or drift-migration equilibrium, we used a Bayesian—
MCMC approach implemented in 2mod (Ciofi et al. 1999)
to estimate the relative likelihood of each model.

Mitogenome Sequence Analyses

Consensus mitogenome sequences were aligned and col-
lapsed to distinct haplotypes using pegas R package
(Paradis 2010). Mitogenomic consensus sequences for each
sample have been deposited in GeneBank under accession
numbers KX911255-KX911412. Diversity and differentiation
indices were estimated with PopGenome (Pfeifer et al. 2014)
and ape (Paradis et al. 2004) R. Empirical distributions were
generated to determine sampling variance and standard devi-
ations. We tested whether haplotype diversity had declined
over time using the conservative double-testing implemented
in TEST_H_DIFF R (http://www.uclac.uk/tcga/software/; last
accessed August 25, 2017). Phylogenetic relationships among
sequence haplotypes were inferred by constructing a median-
joining haplotype network (Bandelt et al. 1999) using pegas R
package (Paradis 2010).

Individual-Based Microsatellite Data Analyses
To assess changes in microsatellite genetic diversity over time,
we calculated individuals’ standardized observed heterozy-
gosity with IRmacroN4 (Amos et al. 2001) and assessed its
relationship with time using linear regression. Changes in al-
lelic frequencies were assessed by testing an isolation-by-time
hypothesis, that is, we assessed the correlation between a
genetic distance matrix—linearized inter-individual pairwise
distance described as a by Rousset (2000), as implemented in
SPAGeDi (Hardy and Vekemans 2002)—and a temporal dis-
tance matrix in years. Significance of the regression slopes was
assessed with Mantel tests. We performed this analysis with
the four populations for which we had enough samples from
a wide enough temporal range (Donana, Central Range,
Montes de Toledo and Eastern Sierra Morena).

For a more detailed version of methods, see supplementary
methods, Supplementary Material online.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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Abstract

Background: Genomic studies of endangered species provide insights into their evolution and demographic
history, reveal patterns of genomic erosion that might limit their viability, and offer tools for their effective
conservation. The Iberian lynx (Lynx pardinus) is the most endangered felid and a unique example of a species on
the brink of extinction.

Results: We generate the first annotated draft of the Iberian lynx genome and carry out genome-based analyses of
lynx demography, evolution, and population genetics. We identify a series of severe population bottlenecks in the
history of the Iberian lynx that predate its known demographic decline during the 20th century and have greatly
impacted its genome evolution. We observe drastically reduced rates of weak-to-strong substitutions associated with
GC-biased gene conversion and increased rates of fixation of transposable elements. We also find multiple signatures
of genetic erosion in the two remnant Iberian lynx populations, including a high frequency of potentially deleterious
variants and substitutions, as well as the lowest genome-wide genetic diversity reported so far in any species.

Conclusions: The genomic features observed in the Iberian lynx genome may hamper short- and long-term viability
through reduced fitness and adaptive potential. The knowledge and resources developed in this study will boost the
research on felid evolution and conservation genomics and will benefit the ongoing conservation and management of
this emblematic species.
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Background

Species are becoming extinct at rates unprecedented in
recent history as a consequence of human activity [1].
Surviving populations of vertebrate species have de-
creased in size by an average of 58% from 1970 to 2012
[2] and 15-40% of living species are predicted to go ex-
tinct by 2050 [3]. While the primary causes of these de-
clines are usually known and have been the main targets
of conservation efforts, genetic changes accumulated
during the decline can compromise the recovery of en-
dangered populations and limit their long-term viability.
Indeed, endangered populations typically show patterns
of low genetic diversity and high inbreeding that can
result in loss of adaptive potential, reduced rates of
reproduction and survival, and increased extinction risk
[4]. Genomic approaches are expected to improve our
understanding of how the interaction between genetic
drift, mutation, recombination, and natural selection
shapes the genome of endangered populations and to
contribute to a more effective conservation by facilitat-
ing the identification and subsequent management of
deleterious variants. The fulfillment of these expecta-
tions requires, however, genomic studies in well-
characterized and actively managed endangered species
to serve as models [5].

The Iberian lynx (Lynx pardinus) is one of the four ex-
tant lynx species that share a short bobbed tail, spotted
coat, muscular body, long legs, and characteristic tufted
ears and beard-resembling ruffs. The Iberian and Eurasian
lynx are sister species and the two extant lynxes in
Eurasia, having diverged around 1.1 million years ago
(Mya) [6, 7]. In contrast to the large, generalist and
widespread Eurasian lynx, the Iberian lynx is smaller and
a habitat- and prey-specialist, being restricted to the
Mediterranean region in the Iberian Peninsula where they
prey almost exclusively on rabbits. Supposed to be once
fairly abundant and widely distributed across the Iberian
peninsula, a steep decline during the second half of the
20th century left less than 100 lynx (less than 62 mature)
distributed in the two isolated populations of Dofiana and
Anddjar (Sierra Morena) in Andalusia, southern Spain,
leading to its recognition as the most endangered felid in
the world [8] and to its classification as “critically endan-
gered” in the 2002, 2006, and 2008 IUCN red lists. Active
conservation in the last 14 years, including in situ man-
agement of habitat, prey, and non-natural mortality, cap-
tive breeding, translocation, and reintroduction programs,
has recovered lynx numbers to over 300 (156 mature)
individuals in 2012, leading to its downlisting to “endan-
gered” in the 2015 IUCN red list [9].

Previous studies using microsatellite markers docu-
mented low genetic diversity, a high inbreeding rate, and
a high genetic differentiation between the two popula-
tions [10]. The following evidence suggests that these
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genetic factors are limiting current reproduction and
survival rates (inbreeding depression): (i) an increase in
the proportion of abnormal sperm with individual
inbreeding [11]; (ii) a recent decrease in litter size and
survival in Dofiana [12]; (iii) a high incidence of
membranous glomerulonephritis and lymphoid deple-
tion [13, 14]; and (iv) several deleterious traits with likely
genetic bases segregate at moderate to high frequencies
in the captive population, including cryptorchidism and
an idiopathic epilepsy [15]. This has prompted the trans-
location of individuals to reconnect the two remnant
populations and their mixing in captivity, which has
likely contributed to improved reproductive and survival
rates. These circumstances make of the Iberian lynx a
good model for the emerging field of conservation
genomics [16].

We have sequenced, assembled, and annotated a draft
genome of an Iberian male named Candiles, and re-
sequenced another ten Iberian and one Eurasian lynx
genomes. In addition, to obtain gene expression data
and to assist gene annotation we have characterized the
transcriptome of 11 lynx tissues. We use these resources
to analyze the marks left by recurrent demographic bot-
tlenecks on the dynamics of transposable elements
(TEs), the rates and patterns of nucleotide substitution,
and the efficiency of purifying selection. We characterize
the genetic diversity in the two remnant Iberian lynx
populations and discuss the interplay between demo-
graphic history, GC-biased gene conversion, genetic
drift, recombination, and selection in a species on the
brink of extinction.

Results and discussion

The Iberian lynx reference genome

We assembled the first draft of the Iberian lynx genome
(LYPA 1.0) by combining a fosmid-pool sequencing ap-
proach [17] with shotgun sequencing of whole-genome
fragment libraries on Illumina and 454 platforms
(Additional file 1: Sections 1 and 2). With a contig N50
of 68 kb, our Iberian lynx assembly is more contiguous
than other felid genome assemblies, including those of
the domestic cat, tiger, and cheetah (Additional file 1:
Table S4). However, due to the limited amount of long-
range linkage information we were able to produce, we
could not achieve as high a scaffold N50 (1.52 Mb). Re-
gardless, the completeness of the gene space as assessed
by the Core Eukaryotic Genes Mapping Approach
(CEGMA) [18] was 95% (98% including partial genes).
We annotated the reference genome with protein-coding
genes and other structural and functional genomic
features, including TEs and small non-coding RNAs
(sncRNAs) and long non-coding RNAs (IncRNAs)
(Additional file 1: Section 3). More than 98% of the
21,257 protein coding genes identified were functionally
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annotated with InterPro, KEGG, or Blast2GO features
(Additional file 1: Section 4). We also performed a focused
annotation of the degradome, the complete repertoire of
proteases in the organism, with computer-assisted manual
methods (Additional file 1: Section 5; Additional file 2:
Datasheet S1) and analyzed expression patterns of
protein-coding genes (Additional file 1: Section 6) and
IncRNAs (Additional file 1: Section 7). A small percentage
of these genes (<1%) were expressed in at least one tissue
in the Iberian lynx but did not show homology to genes in
other mammals or vertebrates (Additional file 1: Section
8; Additional file 2: Datasheet S2). These features, along
with other layers of genomic information that include
synteny, gene expression, and genomic variation, can be
accessed interactively through a dedicated genome
browser  (http://denovo.cnag.cat/genomes/iberian_lynx;
Additional file 1: Section 25).

Evolutionary and demographic history

Phylogenomic analyses confirmed the evolutionary
relationships among mammals and felids inferred with
smaller datasets [6, 7] and estimated the Eurasian and
Iberian lynx divergence as 1.5 Mya (95% credibility
interval = 0.9-2.2 Mya; Additional file 1: Section 13). We
further investigated the divergence of Iberian and
Eurasian lynx using CoalHMM [19, 20] (“Methods”;
Additional file 1: Section 9) and their demographic
history using PSMC [21] and daodi [22] (“Methods”;
Additional file 1: Section 10). The former analysis
yielded higher support for a divergence model with a
period of limited gene flow before complete genetic
isolation [20] than for an instantaneous speciation model
(isolation with no further gene flow [19] (AAIC =4 x
10% Fig. 1a). We found that the demographic history of
the Iberian lynx is punctuated by four bottlenecks
(Fig. 1b, ¢; Additional file 1: Section 10). PSMC inferred
a first and most drastic population decline that affected
both Iberian and Eurasian lynx 700-100 thousand years
ago (kya; Fig. 1b); this contraction may have separated
the two species, resulting in the onset of the population
structure detected by CoalHMM (312.2 kya; 95% confi-
dence interval 323.1-179.4 kya). Subsequently, the dem-
ography of both lynx species followed parallel histories
with fluctuations apparently associated with glacial cy-
cles and with Eurasian lynx showing slightly larger
population sizes than Iberian. A transient increase in ef-
fective population sizes during a period of milder climate
(130-60 kya; Riss—Wiirm interglacial) might have fa-
vored a range expansion and the interbreeding of
Eurasian and Iberian lynxes, causing the signal of gene
flow detected in the divergence analyses (2 =0.15 mi-
grants per generation in each direction). The subsequent
period of progressive cooling (Wiirm glaciation) appar-
ently caused a second population contraction that may
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have re-isolated both lynx species. However, genetic
interchange apparently did not cease until recently
(2.473 kya; 95% confidence interval 126.8—0 kya; Fig. 1a).
Certainly, opportunities for interbreeding did exist in the
recent past as the two species co-occurred within the
Iberian peninsula in historical times [23] and their
ranges probably overlapped during the Holocene in
southern France and northern Italy, where they may
have hybridized [24]. Post-speciation gene flow is
becoming progressively recognized as a frequent
phenomenon and it has been fairly common among fe-
lids in general and lynxes in particular [6], including
current occasional hybridization at sites of range overlap
(e.g. Lynx rufus and Lynx canadensis [25]). Therefore,
evidence for post-divergence gene flow is not sufficient
by itself to question the species-level taxonomic status
of the Iberian lynx; further characterization of the pat-
terns, timing, and outcome of admixture will be needed
to assess the level of post-zygotic reproductive isolation
between these two lynxes.

The analysis with dadi was able to capture a third,
more recent decline that reduced the Iberian lynx effect-
ive population size to less than 300 individuals around
315 years ago (Fig. 1c). A similarly dated bottleneck was
detected previously using microsatellite marker data [10]
and has also been suggested for the Eurasian lynx [26].
This period is characterized by human population ex-
pansions leading to increased persecution of large carni-
vores, forest destruction, and expansion of agricultural
land across Europe [27]. The fourth and most recent
bottleneck occurred during the 20th century. This
population contraction, attributed to increased direct
prosecution and decreases in main prey caused by two
successive viral outbreaks, is probably too recent to be
recovered by these methods but is well documented in
the literature.

Genome evolution
The Iberian lynx karyotype is identical to that of other fe-
lids in terms of diploid number (2n = 38) and G-banding
[28] (Additional file 1: Section 11). A finer-scale analysis
based on genome alignments identified five potential
intra-chromosomal and ten potential inter-chromosomal
rearrangements between domestic cat and lynx and up to
37 inversions. Alignments to the dog genome indicated
that 20 of the inversions and six of the inter/intra-chromo-
somal rearrangements occurred in the Iberian lynx lineage.
PCR amplification and Sanger sequencing empirically vali-
dated 8 of the 15 putative chromosomal rearrangements
(five lynx-specific; Additional file 1: Section 12; Additional
file 2: Datasheet S3).

We investigated the evolution of lynx genes through
several complementary approaches. First, we recon-
structed the molecular phylogeny of every lynx protein-
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Fig. 1 Evolutionary and demographic history of Iberian and Eurasian lynx. a Eurasian and Iberian lynx divergence adjusted to a model of
divergence with gene flow. Results suggest a relatively recent divergence of the two lynx species followed by a period of gene flow that lasted
until recently (circa 2473 years ago). b Effective population size through time estimated for each of the 11 Iberian lynx and a single Eurasian
individual using PSMC. Demographic histories are similar for the ten Iberian lynx and slightly different for the Eurasian lynx, although both species
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with the last important decline observed in PSMC output, and a second one at 315 years ago, both reducing to approximately one-tenth the
previous population size. The most recent documented bottleneck occurring during the 20th century is not recovered by these methods
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coding gene in the context of 15 other mammalian spe-
cies to establish orthology relationships and to detect
and date duplication events [29] (Additional file I:
Section 13). We observed a significant enrichment in
genes related to sensory perception of smell among the
genes specifically expanded in the lynx lineage and also
among those duplicated in the most recent common an-
cestor of all felids (Additional file 2: Datasheet S4),
which is consistent with the importance of smell percep-
tion for these carnivores. Besides, and in contrast to
humans, felids harbor multiple functional paralogs of
the cysteine protease genes CTSL and CTSL2, ranging
from five to ten, which are involved in extracellular
matrix homeostasis [30] and immune regulation [31]
(Additional file 1: Section 5; Additional file 2: Datasheet
S1). Four of these new CTSL-like genes have pseudogen-
ized in lynx but not in tiger or cat (Additional file 2:
Datasheet S1). Up to 85 additional lynx genes were con-
servatively identified as putative pseudogenes in lynx
(Additional file 2: Datasheet S5).

Second, we used the branch-site test [32] on a set
of 9695 one-to-one orthologs from eight mammalian
species (Panthera tigris, Felis catus, Lynx lynx, L. par-
dinus, Ailuropoda wmelanoleuca, Canis lupus famil-
iaris, Homo sapiens, and Mus musculus) to identify
genes that may have undergone positive selection in
lynx (Additional file 1: Section 14). Following exten-
sive manual inspection of the alignments and using
strict criteria to minimize alignment errors, we identi-
fied 100 genes likely to have accumulated adaptive
substitutions in the lynx lineage (Additional file 2:
Datasheet S7). Felids possess outstanding hearing [33]
and lynx in particular are attributed an exceptionally
acute vision and hearing. We found two genes
involved in hearing—CACNAID (LYPA23A015140P1)
and MYOIF (LYPA23A022113P1)—and two genes related
to vision—OPTC (LYPA23A008195P1) and GUCY2F
(LYPA23A015393P1) [34]—among those with signatures
of positive selection in the lynx lineage.

Population bottlenecks increase inbreeding, reduce di-
versity, and make purifying selection less effective. Most
models predict an increased fixation rate of TEs and a
reduced rate of new TE invasions in bottlenecked and
inbred populations, although the net effect might de-
pend on the mechanisms of transposition and the rela-
tive importance of negative selection and ectopic
recombination [35-37]. Our analysis revealed greater ex-
pansions of short interspersed elements (SINEs) and
long interspersed elements (LINEs) in lynx than in cat
and tiger; on the other hand, and in contrast with cat
and tiger, we found no clear evidence of recent invasion
by new endogenous retroviruses (ERVs) in lynx (Fig. 2a;
Additional file 1: Section 15). Our results strongly sug-
gest that the demographic history of the lynx had a
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strong impact on the TE fixation rate, in accordance
with patterns reported for the human lineage [38] and
for Arabidopsis lyrata [39].

Insertion of TEs within genes is expected to be under
stronger purifying selection and more so when it occurs
in sense orientation with respect to the gene because
sense insertion may disrupt protein translation [40].
Consistent with this and with patterns reported for other
genomes [40], LINEs and ERVs, but not SINEs, are par-
ticularly depleted within introns in felids and, when
present, tend to be in antisense orientation with respect
to the gene. Interestingly, lynx-specific LINEs show an
increased proportion of insertion within genes in sense
orientation (57 out of 112; 51%) compared to the
genome-background frequency (37%; p =0.004, Fisher’s
exact test) (Fig. 2b). A higher proportion of in-sense
LINE insertions suggests a less effective purifying
selection.

Demographic bottlenecks also reduce heterozygosity
and hence are expected to reduce the opportunities for
GC-biased gene conversion (gBGC) [41]. The demo-
graphic history of Iberian lynx makes it an ideal case to
assess the influence of demography on gBGC. We
mapped nucleotide substitutions onto the phylogeny of
the domestic cat and the Iberian and Eurasian lynx using
tiger as outgroup. The weak-to-strong substitution bias
(from A/T to G/C; hereafter W — S), a characteristic
signature of gBGC, is generally weaker in the lynx ances-
tor than in the domestic cat lineage and becomes dras-
tically reduced after the evolutionary split between the
Iberian and the Eurasian lynx (Additional file 1: Section
16). This drastic reduction supports a remarkable role
for gBGC in shaping the evolution of genomes. Interest-
ingly, the rate of evolution was significantly reduced in
both lynx species, suggesting that under population con-
tractions genome stasis may be increased through a de-
crease in gBGC.

Regions diverging faster (FRs) identified between the cat
and the lynx ancestor showed higher W — S biases in the
faster evolving species (Fig. 3) and were similarly abundant
in the two lineages. However, whereas FRs are distributed
homogeneously along chromosomal regions in cat, in the
lynx ancestor they are concentrated in subtelomeric re-
gions (Additional file 1: Figure S32), as observed in human
[42]. In contrast, FRs identified between Iberian and
Eurasian lynx showed a lower W — S bias in the faster
evolving species; they are instead characterized by a re-
duced heterozygosity (Fig. 2b). We found that these FRs
are the result of the differential rate of fixation of ancestral
polymorphisms in the two lynx species, which is also sup-
ported by an inverse correlation between interspecific ra-
tios of substitution rates and of heterozygosity along the
genome (r = —0.32, p value <2.2 x 107'®). The higher num-
ber of FRs (117 versus 46) and fixed ancestral
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Fig. 2 Comparison of transposable element dynamics. a Absolute number of species-specific SINE, LINE, and ERV insertions estimated for lynx, cat, and
tiger. For SINEs and LINEs, the number of TE insertions was calculated based on pairwise comparisons between domestic cat and lynx and between
domestic cat and tiger. The numbers shown represent the accumulation of insertions in each species since the last common ancestor of lynx, cat, and
tiger (Additional file 1: Section 15). The number of TE insertions within genes and the percentage of insertions in sense with respect to the gene are
shown on top of each bar. LTR long terminal repeat. b Phylogenetic tree depicts the number of LINE insertions mapped onto each branch (in blue
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polymorphisms within FRs (2049 versus 233) in Iberian
lynx is consistent with smaller populations sizes and more
severe bottlenecks in the Iberian lynx. Seventeen of the
Eurasian lynx FRs versus none of the Iberian’s were lo-
cated in subtelomeric regions. Since these 17 FRs did not
show high W — S biases, the difference is probably not
due to gBGC but to differential loss of heterozygosity in
these highly polymorphic regions (see the “Genomic vari-
ation” section below).

Ratios of non-synonymous to synonymous substitution
rates (dN/dS) are useful means of measuring the strength
of purifying selection. Unfortunately, comparison across
species is usually not possible because gene annotations
differ in their qualities, diminishing the reliability of the

alignments. Here, we have developed a new method to se-
lect sites aligned with the highest reliability, allowing us to
conservatively filter a concatenated alignment of 8117
one-to-one orthologs from different felids, rodents, and
hominids (Additional file 1: Section 13). Increased ratios
in Iberian (dN/dS = 0.16) and Eurasian lynx (dN/dS = 0.17)
after their divergence from their most recent common an-
cestor, which has a ratio similar to cat (dN/dS = 0.06), are
consistent with the relaxation of purifying selection in
both species. These ratios are higher than those estimated
for other bottlenecked species like humans and chimpan-
zees (0.10 and 0.11, respectively; Fig. 3c). As most non-
synonymous changes are likely to be deleterious, such
high dN/dS ratios indicate a high rate of fixation of mildly



Abascal et al. Genome Biology (2016) 17:251

Page 7 of 18

W cat
0.8 7
Lynx ancestor
071 M Iberian lynx
0.6 1 Eurasian lynx
0.5
0.4 1
0.3 1
0.2 1
0.1
0
Cat FRs Lynx Iberian Eurasian
ancestor FRs lynx FRs lynx FRs
—
M \berian population X
M \berian individual X
0.003 — . |
Eurasian lynx \
]
I
I
0.002 —
-
- |
! 1
! |
I 1 —
0.001 —| | | |
| ! |
. | |
| | e
H : B I
I — £ *
I
0 — !- <4 !.—. 4
[ [
Overall Iberian Eurasian
lynx FRs lynx FRs
00491 ©1us musculus M-
0.0516
00473 Rattus norvegicus -
Rodents 5
I'd
22839 Macaca mulatta b_,
0.0637
01040 t1omo sapiens '
0.0652
101140 pan troglodites P
\| Hominids y
(] 0.0481 ) L )
—— Canis familiaris “
0.0607 0.0901  Panthera tigris altaica f‘%
0.0469 .
0.0573  Felis catus ‘
0.0385
01880/ ynx lynx ﬂ
0.0594
) 0.1560 [ ynx pardinus
\_Carnivores

Fig. 3 Patterns of genome evolution. a Magnitude of W — S bias
within faster evolving regions (FRs) identified in pairwise
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Iberian and Eurasian lynx. b Heterozygosity in regions defined as FRs
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and the lynx ancestor are associated with higher W — S biases, FRs
in both lynx species are associated with reduced heterozygosity and
fixation of ancestral polymorphisms. ¢ dN/dS ratios estimated for
different mammalian lineages. Increased ratios in lynx indicate the
relaxation of purifying selection following the divergence of Iberian
and Eurasian lynx

deleterious mutations in both lynx species since their sep-
aration from their most recent common ancestor.

Genomic variation

Recent studies have revealed genome-wide signatures of
inbreeding, low diversity, and accumulation of poten-
tially deleterious variation in extinct and endangered
species, with levels varying extensively, sometimes with
little relationship to current demography or conservation
status (e.g., [43—47]). To investigate the patterns of gen-
omic variation we identified SNPs using whole-genome
shotgun re-sequencing data for 11 Iberian and one
Eurasian lynx (“Methods”; Additional file 1: Section 18).
Individual Iberian lynx genomes are characterized by the
abundance of long runs of homozygosity (ROH; Fig. 4a;
Additional file 1: Section 19). The longest ROH (>1 Mb),
which are indicative of recent inbreeding, are more
abundant in the Dofana population than in the Anddjar
population (Fig. 4b), resulting in higher average inbreed-
ing coefficients (FROH—Doﬁamz =0.32; FROH—AndLZ/ar = 016)
Medium-length (100 kb—-1 Mb) ROH are also more
abundant in Dofana, consistent with its lower effective
size since the two populations became effectively iso-
lated. Finally, the extent of the genome covered by
shorter ROH (10-100 kb) is similar in all individuals,
suggesting a shared history of bottlenecks or low popu-
lation sizes in a more distant past, when the two popula-
tions were probably part of a single ancestral population
(Fig. 4b).

In line with the analysis of ROH, we found that the
linkage disequilibrium (LD), measured as the squared
correlation coefficient between genotypes in each indi-
vidual (), extends to long distances in Iberian lynx
(Additional file 1: Appendix, Section 24). r° reaches
50% of its maximum value at a distance of 185 kb in
Andujar (Fig. 4c), almost twice the average of domestic
cat breeds (96 kb) and close to that observed for the
highly inbred Burmese cat (249-380 kb) [48]. An even
longer extent of LD was estimated for Dofiana (1.2 Mb),
a result that cannot be solely attributed to its smaller
sample size. It must be noted that extensive LD, an
additional characteristic signature of small or inbred
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populations, can hinder the purging of deleterious reces-
sive alleles [49] and may thus have contributed to the ac-
cumulation of mildly deleterious mutations in Iberian lynx
that we observe.

The two remnant Iberian lynx populations are strongly
differentiated (Fst =0.22) and differ in levels of genetic
diversity, with Donana lynxes showing about half the
genetic diversity detected in Anddjar lynxes (Table 1;
Additional file 1: Section 20). Similar patterns were re-
covered with polymorphic TE insertions (PhiPT = 0.261;
HE andijar=0.240; HE popana = 0.195; Additional file 1:
Section 15) and copy-number variants (Additional file 1:
Section 17) and are consistent with previous studies
based on microsatellite markers [10]. The average
genome-wide heterozygosity rate in the Iberian lynx
(102 SNPs/Mb) is the lowest reported for any mammal
and is about one-third (36.6%) of that present in the
Eurasian lynx (279 SNPs/Mb). Note that this figure is
similar to that observed in a highly inbred domestic cat
(121 SNPs/Mb) and lower than those of other highly en-
dangered mammals [43] (Fig. 4d) or birds [44], including
the endangered crested ibis (Nipponia nippon; 430
SNPs/Mb) or the white-tailed eagle (Haliaeetus albicilla;
400 SNPs/Mb) [44]. Accordingly, we also observed
values of average genome-wide nucleotide diversity and
synonymous nucleotide diversity that are to our know-
ledge the lowest reported for any organism [50] (Table 1;
Additional file 1: Sections 20 and 21). At the same time,
the ratio of non-synonymous to synonymous diversity is
high (/15 = 0.286), similar to those observed in other
bottlenecked populations, such as humans (my/mg =
0.241) [51] or the Galdpagos giant tortoise, Chelonoidis
nigra (mn/ms =0.310) [52], indicating a relative abun-
dance of potentially deleterious mutations segregating at
moderate to high frequencies.

To assess whether different parts of the genome might
have become differentially affected by genetic drift, we

Table 1 Iberian lynx genetic diversity

Dofana Andujar All
N (chromosomes) 8 14 22
Number of SNPs 625,552 1,383,709 1,587,509
Ho per SNP 0.178 0317 0.266
Watterson's © (%)° 0.012 0.022 0.022
Hg per SNP 0.167 0316 0336
Hp per site () (%)° 0.013 0.025 0.026
Tig (%)° 0.014 0.026 0.028
/M8 0287 0286 0287

@Per site statistics consider the universe of callable sites (2,021,732,768).
PCoding sequence estimates are based on 14,028 coding sequences larger
than 200 nucleotides.

Ho observed heterozygosity, He expected heterozygosity under Hardy-Weinberg
equilibrium, m nucleotide diversity, s nucleotide diversity at synonymous sites,
1y nucleotide diversity at non-synonymous sites
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analyzed genetic diversity in non-overlapping 100-kb-long
windows along the genome. The X chromosome has been
especially depleted of genetic variation: the average X
chromosome-to-autosomal normalized diversity ratios at
intergenic sites were 0.35 (standard error (SE) = 0.02), 0.29
(SE=0.02), and 0.38 (SE =0.03) for the global, Anddjar,
and Dofiana populations, respectively, and ratios were
even smaller for coding sequence (Additional file 1: Sec-
tion 22). Ratios substantially lower than the 0.75 expected
at equilibrium are predicted by theory and often observed
in recently bottlenecked populations [53].

We also identified regions showing the highest differ-
ences in standardized heterozygosity between Eurasian and
Iberian lynx (AZy = Zy purasian — Z#-erians Additional file 1:
Section 23). Windows within both the 2.5% largest nega-
tive (N=718) and 2.5% largest positive AZy; (N=671)
were significantly depleted of genes (43.2 and 41.1% of
outlier windows with genes, respectively, against 50.4%
overall; Fisher’s exact tests, p < 0.0001) and windows with
a large negative AZy (Zy Eurasian < < ZH-1berian) WEre more
likely to be in subtelomeric regions (15 versus 6% overall;
Fisher’s exact test, p < 0.0001). A comparatively high diver-
sity in subtelomeric regions supports a role for recombin-
ation in maintaining genetic diversity in small or declining
populations [54], either through an associated increase in
mutation rates or by reducing the number of sites affected
by hitch-hiking during positive or purifying selection.
Regarding gene functions, a gene ontology enrichment
analysis indicated that windows with the largest positive
and the largest negative AZy; are both enriched for genes
related to olfactory perception and G-protein signal
transduction, while windows with the largest negative AZy;
(ZitEurasian < < Ziverian) Were also enriched in genes in-
volved in pheromone reception, amino acid and glucose
transmembrane transport, and the regulation of triglycer-
ide biosynthesis genes, among others (Additional file 2:
Datasheet S8). The olfactory receptor family is the largest
and one of the most genetically diverse multigene families
in vertebrates and its evolution has been suggested to be
under the influence of balancing selection [55]. Thus,
despite the extreme global loss of diversity, functional
variation may have been preserved at specific loci (e.g.,
olfactory receptor genes) by on-going balancing selection,
a hypothesis that deserves further investigation.

Conclusions

Our analyses provided novel insights into the evolutionary
and demographic history of the Iberian lynx, revealing a
recent divergence and continued admixture with the
Eurasian lynx and several drastic population bottlenecks
in the last millennia. Such demography has shaped the
patterns of nucleotide substitution and increased the fix-
ation rate of transposable elements, whereas the predom-
inance of genetic drift and the concomitant decrease in
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the efficiency of purifying selection have resulted in ex-
tremely low levels of genetic diversity and a high genetic
load, indicating a severe level of genomic erosion in
Iberian lynx.

The consequences of such low levels of genetic diversity
for the viability of the species are hard to predict, but they
are likely to limit the capacity of the Iberian lynx to adapt
to environmental changes, whereas the excess of deleteri-
ous variants in combination with high inbreeding may
reduce individual fitness (i.e., inbreeding depression), as
suggested by recent evidence [11-15]. Current conserva-
tion efforts, including both ex situ and in situ programs, are
addressing these threats by promoting the admixture of the
two populations and through the genetic management of
captive breeding, translocations, and reintroductions. These
actions have likely contributed to the recent modest recov-
ery of the population by generating less inbred and more
genetically diverse populations that are potentially more fit.

However, these strategies cannot restore the diversity
that has been definitively lost, which may limit the species
adaptive potential to environmental change. Increasing
the adaptability of the species would demand the careful
consideration of novel but controversial genetic restor-
ation approaches such as facilitated adaptation, genome
editing, or assisted adaptive introgression [56, 57]. Al-
though the evidence for recent natural introgression could
encourage the use of Eurasian lynx as a source for the lat-
ter, such drastic measure should require the careful evalu-
ation of hybrid fitness and the associated risks of
maladaptation and hybrid swarm [58]. In any case, exist-
ing examples of species with long-term persistence and
widespread distribution despite depleted genetic diversity
[59] allow for some measure of hope and argue for the
maintenance of current conservation efforts.

The Iberian lynx draft genome, along with the other re-
sources generated in this study, will support the species
conservation by providing more informative and efficient
genetic markers for genetic monitoring and management,
which is currently based on 36 microsatellite markers. A se-
lected set of highly informative SNPs will provide more reli-
able and cost-effective tools for genetic monitoring from
non-invasive samples (e.g., scats or hairs) and more accur-
ate estimates of relatedness and inbreeding for an integral
genetic management of the species that should cover on-
going captive breeding, translocations, and reintroductions.
Most importantly, these resources will facilitate the identifi-
cation and eventual management of deleterious alleles of
highest impact on Iberian lynx reproduction or survival.

Methods

Samples

Eleven Iberian and one Eurasian lynx were sequenced in
this project (Additional file 1: Table S1). A moderately
inbred male born in Andgjar in 2006 and kept as a
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founder of the captive population since then (Candiles)
was selected to provide the reference genome for the
species. Ten additional Iberian and one Eurasian male
were sampled for whole-genome resequencing, four of
them from the population in Dofiana and six from
Andgjar. These two populations differ in their recent
demography: Dofiana has remained small and isolated at
least since the 1950s, while Andyjar is the result of the
progressive contraction of the large and more connected
population of Sierra Morena [60]. The Eurasian lynx is a
male born in captivity in 2007 at the Zooldgico de
Coérdoba (Spain) with no recent history of close inbreed-
ing. Samples for DNA sequencing were obtained from
blood and DNA was extracted following standard proto-
cols. Ten organs (brain, heart, kidney, liver, lung, muscle,
pancreas, spleen, stomach, and testes) were sampled for
RNA sequencing from one of the Donana Iberian lynx
(Almoradux) immediately after its euthanization. Organ
samples were immediately frozen in liquid nitrogen and
kept at —80 °C. Total RNA was extracted by the
RiboPure™ RNA Purification Kit (Ambion®).

Genome sequencing and assembly

Genomic DNA from a single captive male lynx (Candiles;
studbook no. 0029) was isolated and shotgun-sequenced
using Illumina and 454 technology in libraries of insert
sizes 500 bp, 4.5 kb, and 5.2 kb. At the time, larger-insert
mate-pair libraries, while desirable, were difficult to obtain
and we opted for a fosmid-pool strategy [17]. Ninety fos-
mid pools of 1200 clones prepared using the NxSeq 40 kb
Mate-Pair Cloning Kit (Lucigen Corporation, USA) were
used for fosmid-end and fosmid-pool sequencing. The
115,000 clones represented an approximately 1.6-fold
physical coverage of the genome. Each pool was shotgun
sequenced to greater than 100x depth and assembled in-
dependently. The resulting contigs were then merged to
obtain an assembly representing approximately 67% of
the estimated size of the genome. The remaining portion
of the genome was assembled using whole-genome shot-
gun (WGS) paired-end (PE) data. Both partial assemblies
were combined by scaffolding with WGS PE and mate-
pair data, followed by extra scaffolding steps using RNA-
seq and fosmid end data. The CEGMA pipeline was used
to determine the state of the gene space as an indicator of
genome completeness [18] (Additional file 1: Sections 1
and 2).

Transcriptome analyses

Total RNA was extracted by the RiboPure™ RNA Purifi-
cation Kit (Ambion®) from ten organs (brain, heart,
kidney, liver, lung, muscle, pancreas, spleen, stomach,
and testes) sampled immediately after the euthanasia of
one Iberian lynx (Almoradux) and from the blood of
Candiles. Sequence libraries were prepared using the
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mRNA-Seq sample preparation kit (Illumina Inc., catalog
number RS-100-0801). Reads were aligned to the refer-
ence assembly using GEMTools RNAseq pipeline
v.1.6.2. Flux Capacitor v.1.2.4 [61] was used to quantify
genes, transcripts, exons, and splice junctions in each
sample separately. Expression levels were obtained in
pure read counts and in reads per kilobase per million
mapped reads (RPKM) [62]. Differential gene expression
(DGE) analysis across tissues was performed with
Bioconductor package edgeR v.3.4.2 (R v.3.0.2) [63] using
classic pairwise comparison. A comparative gene expres-
sion analyses was performed using data from Brawand et
al. [64] and RNA-seq of testis transcriptome from the
domesticated cat, F. catus (Sequence Read Archive ex-
periment ID SRX193575) using NOISeq Bioconductor
package v.2.6.0 [65] (Additional file 1: Section 6).

Genome annotation

Transposable elements and other repeats were annotated
with RepeatMasker (version open-4.0.1) [66], using
rmblastn v2.2.27 search engine and RM database
v20120418, with the F. catus library of repeats and the
sensitive search option. Low-complexity regions were
identified with DustMasker v.2.2.28 [67] with default pa-
rameters. Protein-coding genes were then annotated by
combining transcriptome evidence with homology-based
and ab initio gene prediction methods (Additional file 1:
Section 3). Ab initio gene predictions were performed
on the TE-masked assembly using Genid, SGP2, Glim-
merHMM, and Augustus. A combination of the Program
to Assemble Spliced Alignments (PASA r2012-06-25)
and Evidence Modeler (EVM r2012-06-25) [68] was used
to obtain consensus coding sequence (CDS) models
using three main sources of evidence: aligned
transcripts, aligned proteins, and gene predictions. Small
structured non-coding RNAs were detected using the
CMsearch tool from the Infernal package (version
1.1rc2) [69] against the Rfam database (version 11) [70].
Long non-coding RNAs (IncRNAs) were predicted by
homology using the strategy reported in [71, 72] and by
ab initio approaches using Geneid to generate a final set
consisting of transcripts that are either expressed or
conserved in at least one species (Additional file 1:
Section 7).

Functional annotation

We used our own automatic functional annotation pipe-
line based on Interproscan [73], KEGG [74], and Reac-
tome [75] and Blast2GO [76] to assign a description
(e.g., the protein name) and relevant annotation through
sequence similarity and Gene Ontology-based data min-
ing (Additional file 1: Section 4). SignalP [77] was used
to predict the presence and location of signal peptide
cleavage sites. Finally, in order to organize, store, and
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facilitate the access to the entire set of annotations we
have developed a MySQL (http://www.mysql.com/) rela-
tional database. The modules implemented in APPRIS
(http://appris.bioinfo.cnio.es/docs/appris.html) were used
to map a range of conserved protein features to the
splice variants annotated for each gene and to determine
which of these is the main (principal) gene variant. The
number of genes annotated with protein features is simi-
lar to that of the human genome, but less Iberian lynx
genes align full length and without gaps to orthologs in
other species or contain signal sequences. The main pro-
tein isoform could be identified for the majority of lynx
genes with multiple variants (3408 of 5218 genes,
64.9%) and 8066 variants were tagged as alternative. A
computer-assisted manual annotation of the degradome
[78], the complete repertoire of proteases in the organ-
ism, found almost all of the 635 expected proteases,
of which 306 were completely annotated, confirming
a good gene coverage of the Iberian lynx genome
(Additional file 1: Section 5).

Orphan genes

We developed a pipeline to identify lynx orphan
protein-coding genes (Additional file 1: Section 8). First,
we discarded any proteins that had homologs in any of
23 non-mammalian eukaryotic species, using gene pro-
tein coding annotations from Ensembl. To search for
homologs we used BlastP (2.2.23+) [79] with an E-value
threshold of 107 and the filter for low complexity re-
gions activated. Second, we discarded any proteins for
which we could indirectly trace homology to other spe-
cies through a second protein in lynx. This could hap-
pen, for example, if the protein had evolved very rapidly
after a gene duplication event [80]. For these searches
we used BlastP with the same parameters as previously
except that we used a BLOSUMS80 matrix instead of the
default BLOSUMS62, as we were searching for sequences
that had diverged relatively recently. Third, we classified
the remaining proteins as lynx-specific or mammalian-
specific depending on the presence of homologs in the
annotated genes from F. catus, C. lupus familiaris, A.
melanoleuca, Mustela putorius furo, H. sapiens, M. mus-
culus, Bos taurus, Equus ferus caballus, and Myotis luci-
fugus (Ensembl version 72). Fourth, we only selected
those genes expressed in at least one tissue using a
RPKM threshold of 0.3. This resulted in the identifica-
tion of 323 lynx-specific genes. The current gene cata-
logs are likely to be incomplete and this means that
some of these 323 putatively lynx-specific genes may
correspond to not yet annotated genes in other mam-
mals. We thus employed published RNA-seq data for
different tissues and mammalian species [64] to have a
more comprehensive set of transcripts to compare our
genes with. We ran TopHat2 v.2.0.8 [81] for pooled-
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tissue reads from human, mouse, chimpanzee, macaque,
and orangutan. Next, all long expressed transcripts
(length >200 nucleotides) were assembled using Cufflinks
(v.2.0.2) [81] for each species and tissue separately, not
using information from gene annotations (no reference
GTF file). We used Cuffmerge to obtain a comprehensive
set of transcripts for each species and Cuffcompare to
classify the transcripts into already known transcripts
(annotated, using GTF files corresponding to Ensembl
v.60) and novel transcripts (non-annotated). Finally, we
ran tBlastX with an E-value threshold of 107 to search for
homologs of the 323 putative lynx orphan genes among
these transcripts. After discarding any gene that had at
least one match, the list of lynx orphan genes was reduced
to 204 (206 transcripts).

Evolutionary and demographic history

We extracted the autosomal contigs and obtained max-
imum likelihood estimates for either the isolation model of
Mailund et al. [19] or the initial migration model of
Mailund et al. [20] (Additional file 1: Section 9). As in
Mailund et al. [20] we used Akaike’s information criterion
(AIC) to determine the most probable model. To estimate
parameters we used a Nelder-Mead optimization as imple-
mented in scipys optimization module. The scripts used
were “isolation-model.py” and “initial-migration-model.py”
from https://github.com/mailund/IMCoalHMM. We split
the autosomal contigs into 44 sets each covering ~100 Mbp
and estimated the uncertainty in the parameter estimates
using a leave-one-out jackknife approach. We used two
complementary approaches to infer the demographic his-
tory of Iberian lynx (Additional file 1: Section 10). The first
uses a pairwise sequentially Markov coalescent (PSMC)
model applied to complete diploid genome sequences of
single individuals to reconstruct the demographic history of
the species from the distribution of the local density of het-
erozygous sites [21]. The method seems to work well for
periods between 10,000 to 1 million years b.p. but tends to
overestimate recent population sizes and to spread sudden
changes in population size over several preceding tens of
thousands of years. For the second approach we used the
maximum likelihood inference method implemented in the
software dadi, which searches for the most recent
demographic history that better fits the observed allelic
frequency spectrum (AES) [22]. In dadi we evaluated either
a single or two demographic changes, allowing them to be
instantaneous or exponential and chose the best-fit model
using the AIC.

Karyotype

Cells from a primary Iberian lynx fibroblast cell line
were harvested at early passages and chromosomal prep-
arations were obtained following standard protocols.
Metaphases were stained homogenously with Leishman
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solution for the analysis of diploid number (2n) and the
number of autosomal chromosome arms (NFa) and then
G-banded with Wright’s stain following the methods de-
scribed by [82] for karyotyping. For each staining, at
least 30 metaphase spreads were analyzed. The karyo-
type of the Iberian lynx was arranged following the cat
chromosomal nomenclature [83] and compared to previ-
ously published karyotypes for domestic cat and
Eurasian lynx [28, 84]. For telomere detection
fluorescence in situ hybridization (FISH) analysis was
performed using a peptide nucleic acid (PNA) probe
complementary to the telomere G-rich strand (TelC;
Panagene, Yuseong-gu, Daejeon, Korea) according to the
manufacturer’s protocol (Additional file 1: Section 11).

Synteny

We built several pairwise alignments between lynx, cat,
tiger, and dog genomes using LAST v.458 [85]. For each
scaffold, we sorted all the best-hit alignments of length
>1000 bp based on the corresponding cat genome coor-
dinates. Then, all the alignments that were less than
20 kb apart and lay on the same strand were merged
with bedtools [86]. We retained only those chained
alignments that were at least 15 kbp long and for which
at least 40% of the sites in the region were aligned. Fi-
nally, we explored the resulting chained alignments to
detect inversions and inter/intra-chromosomal rear-
rangements. We used the dog genome as outgroup to
determine whether the potential rearrangements took
place in the cat or in the lynx branches. To filter rear-
rangements that may be assembly artifacts we required
that at least one scaffold derived from fosmid sequen-
cing crossed the predicted breakpoint. We tested the
scaffold integrity by performing long-range PCRs with
primers flanking the inferred breakpoint on the refer-
ence genome, followed by Sanger sequencing. Out of 15
potential rearrangements tested, eight were empirically
validated by this approach (Additional file 2: Datasheet
S3; Additional file 1: Section 12).

Phylogenomics

The Iberian lynx phylome (i.e., the complete collection
of phylogenetic trees for each gene encoded in the gen-
ome) was reconstructed using the PhylomeDB pipeline
[87]. We used 15 mammalian species for expansion and
pseudogene analyses and 17 for dN/dS estimation
(Additional file 1: Section 13). Maximum likelihood
(ML) trees were reconstructed based on the codon align-
ments using codonPhyML v.1.0 [88] with GY as codon
substitution model and F3X4 as model for defining the
codon frequency from the alignment. The resulting phy-
lome was used to infer orthology and paralogy relation-
ships. For each tree, ETE v.2 [89] was used to identify
duplication and speciation nodes along the trees using a
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species overlap approach and a species overlap score of
0, as described by Huerta-Cepas et al. [90]. All orthology
and paralogy relationships are available through
PhylomeDB [91]. Gene Ontology enrichment analysis
was performed using FatiGO [92]. To find putative
pseudogenized genes in lynx, domestic cat genes
showing no homologs in the Iberian lynx genome,
even when relaxing the overlap threshold to 20%,
and that had homologs in at least four additional
species were searched against the lynx genome using
tBlastn [79]. Cat proteins with significant (e-value
<107°) hits in the lynx genome aligning over 30% of
their length were selected for further inspection. The
genomic region determined by the blast search was
extended by 10,000 nucleotides at both sides and
exonerate-based gene prediction [93] was performed
on the region using the cat protein as a seed; 85 pre-
dictions interrupted by stop codons were considered as
putative pseudogenes.

We used 8117 sets of one-to-one orthologs comprising
proteins from five carnivore species (L. pardinus, L. lynx,
F. catus, P. tigris, and C. familiaris), three primates (H.
sapiens, P. troglodytes, and M. mulatta), and two rodents
(M. musculus and R. norvegicus) to estimate dN/dS ra-
tios for different branches of the extended reference spe-
cies tree (Fig. 3c, main text). To reduce the impact of
alignment errors, the trimmed alignments used to re-
construct single gene trees were further filtered using an
automated script (selective_trimming for dNdS_analy-
ses.based_neighbours.py) available at the official trimAl
repository in GitHub (https://github.com/scapella/tri-
mal). Firstly, codon columns containing gaps were re-
moved. Secondly, we scanned the corresponding
translated alignments looking for columns with at least
one amino acid replacement and only those surrounded
by two previous and two posterior fully conserved sites
were retained. Resulting alignments were concatenated
and the number of nonsynonymous substitutions per
nonsynonymous site (dN), synonymous substitutions per
synonymous site (dS), and the corresponding dN/dS ra-
tio (w) were estimated for each branch using the ML
method implemented in the CodeML program of PAML
v.4.4. [32]. For this analysis, we used a (1) fixed topology
according to the extended species tree, (2) F3X4 as model
of codon frequency, and (3) a free-omega model (model =
1) so an independent ratio for each branch is assumed.

We also produced a dated Felidae phylogeny based on
filtered whole-genome alignments of available felid ge-
nomes (domestic cat, Iberian lynx, Eurasian lynx, tiger,
lion, snow leopard, and cheetah; Additional file 1: Sec-
tion 13.8). We analyzed the alignment using Saguaro to
identify chromosomal regions with discrete phylogenetic
signals that are different from the background signal
[94] (Additional file 2: Datasheet 6), constructed a
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maximum likelihood tree in RAxML [95], and used the
topology matching the species tree, which was also the
most frequent one, to estimate divergence times from
whole-genome alignment with MCMCtree [32].

Positive selection

We looked for signatures of positive selection in the lynx
lineage using a set of 9695 one-to-one orthologs gener-
ated in the phylogenomics analyses (Additional file 1:
Section 14). We selected eight different species: P. tigris,
F. catus, L. lynx, L. pardinus, A. melanoleuca, C. lupus
familiaris, H. sapiens, and M. musculus. We performed
multiple sequence alignments with the software PRANK
[96] and conducted a branch-site test of positive selec-
tion (PS) [32] using information from Timetree (http://
www.timetree.org/) for the input tree. We filtered out
cases with more than one site with a probability of being
under positive selection higher than 0.99 by the Bayes
empirical Bayes (BEB) approach as they typically
corresponded to non-homologous stretches [97]. We
manually validated 100 lynx positive selection candidates
(96 for Lynx sp. and four for L. lynx; Additional file 2:
Datasheet S7). We used Gitools [98] and annotations
from Ensembl version 73 [99] to perform an enrichment
analysis in the set of positively selected genes.

Transposable elements
Genomes of lynx, cat, and tiger were pairwise aligned
using LAST [85] with the aim of identifying orthologous
regions between them (Additional file 1: Section 15). We
analyzed unambiguously aligned regions for each pair of
species (lynx—cat, lynx—tiger, cat—tiger) to identify
strongly supported gaps. Every gap in which a particular
TE covered at least 95% of the gap, 99% of that TE was
within the gap, and in which target-site duplications
(TSDs) were detected at each gap boundary, was consid-
ered as a species-specific TE insertion. TSD were de-
fined by obtaining -25/+15 and -15/+25 bp around the
start and end site coordinates of the TE, respectively.
Then, both sequences were compared to each other with
BLAST and we required that L*P/100 was greater than
6, where L is the length of the alignment and P the per-
centage of identity. This procedure allowed the identifi-
cation of short interspersed element (SINE) and long
interspersed element (LINE) insertions, as they leave
clear TSDs of size ~20 bp. To analyze the accumulation
of TEs along the branches of the tree that relates lynx,
cat, and tiger, we relied on the pairwise comparisons be-
tween lynx and cat and between tiger and cat. Every TE
insertion was mapped onto the domestic cat genome to
analyze the patterns of insertion within genes.

To determine the activity of endogenous retroviruses
(ERVs) in lynx, we relied on a combined approach based
on synteny analyses and phylogenetic reconstruction.
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First, we annotated the set of endogenous retroviruses in
lynx, cat, and tiger. To reconstruct full ERVs we post-
processed RepeatMasker results and searched for pairs
of long-terminal repeats (LTRs) that (1) were of the
same type and (2) were on the same strand and (3) for
which at least 50% of the LTR-enclosed sequence
corresponded to ERV fragments of the same family and
orientation. Finally, when ERV candidates overlapped,
we retained only one of them. By doing this, we were
able to reconstruct 1776, 1895, and 1940 full-ERV candi-
dates in lynx, cat, and tiger, respectively. We built a
phylogenetic tree for all these ERVs using the BioN]J
method [100] (Additional file 1: Section 15).

Substitution patterns

To identify and polarize substitutions in Eurasian and
Iberian lynxes we called variants with the RubioSeq
pipeline [101] using the genome of domestic cat (version
6.2, felcat5) as reference (Additional file 1: Section 16).
Based on the genotype of each lynx species, we selected
all those sites, either variant or invariant with respect to
cat, which were reliably predicted in both species in ho-
mozygosis (heterozygous sites were treated separately).
The resulting dataset encompassed 2.15 billion geno-
typed base pairs. To infer ancestral character states, we
focused on the set of sites lying on regions for which
orthology was successfully established between lynx, cat,
and tiger; we excluded sites lying on repeats and/or
low-complexity regions. The final dataset contained
1,062,208,795 genotyped sites and included: 712,201 and
707,025 variants specific for Iberian (L. pardinus) and
Eurasian (L. lynx) lynx, respectively; 9,687,075 variants
shared by the two (substitutions occurring since the
divergence of cat and lynxes until the divergence of
Iberian and Eurasian lynxes); and 1,051,102,494 shared
invariant sites. Identified substitutions were used to esti-
mate substitution rates, non-synonymous to synonym-
ous substitution ratios (dN/dS), and weak-to-strong
(mutations from A/T to G/C; hereafter W — S) substitu-
tion biases. We translated cat genome coordinates to
lynx scaffold coordinates (based on the genome align-
ments) to annotate the effect of substitutions on lynx
protein-coding genes using SnpEff v.3.5 [102] and based
on the principal transcript isoforms identified with
APPRIS [103]. Substitutions were condensed into non-
overlapping 100-kbp windows containing at least 10,000
informative sites to analyze the patterns of evolution
along chromosomes.

Segmental duplications

We detected segmental duplications (SD) in the ge-
nomes of one Eurasian lynx (L. lynx) and 11 Iberian
lynxes (L. pardinus) both from Sierra Morena (7) and
from Doiiana (4) (Additional file 1: Section 17). [llumina
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100-bp reads were mapped to the repeat-masked Fca-6.2
(UCSC felCat5) domestic cat assembly using BWA [104]
(using as parameters “bwa -q 15”) and duplicated reads
were removed with SAMtools [105]. Successfully
mapped reads in the resulting BAM files were then used
to recover the original FASTQ files using the bam2fastq
tool  (http://gsl.hudsonalpha.org/information/software/
bam2fastq). The final set of 100-bp reads were clipped
to 36-bp fragments but only retaining positions in the
read with high quality, which was assessed with fastqc
(http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). The resulting 36-bp reads were then mapped to
the reference assembly using mrFast [106] (using as
mapping parameters “—e 2”). mrCaNaVaR (v.3.0.1) [107]
was used to estimate the copy number along the genome
from the mapping read depth. Mean read depth per base
pair was calculated in 1-kbp non-overlapping windows
and a control read depth distribution was obtained by it-
eratively excluding windows with extreme read depth
values relative to the normal distribution. The mean
read depth in these control regions was considered to
correspond to copy number equal to two and was used
to convert the read depth value in each window into a
GC-corrected absolute copy number in each sample. We
called SDs in each individual as genomic regions in
which the predicted copy number significantly exceeded
diploidy, while accounting for the technical variation in
the copy number predictions across samples. Finally, we
filtered out SDs shorter than 10 kbp and with >85% of
their size overlapping with repeats.

Variant calling

To generate variation data for population genomics and
species divergence analyses we re-sequenced ten Iberian
(mean depth 26.4x) and one Eurasian lynx (64x)
(Additional file 1: Section 18). Variant discovery and
genotyping were performed using a mapping-based ap-
proach as implemented in the RUbioSeq suite [101],
using either the Iberian lynx or the domestic cat genome
as references and different sets of samples. In addition,
we applied the reference-free and assembly-based
strategy implemented in Cortex_var [108]. The two
procedures yielded largely concordant results but, as ex-
pected by its higher sensitivity to detect singletons, the
mapping-based calling dataset yielded more variants,
slightly higher diversity estimates, and more reliable esti-
mates of LD and homozygosity blocks and was the one
used for population genomic analyses.

Population genomics

We used VCFTools v.0.1.10 [109] to identify runs of
homozygosity (ROH) in each Iberian lynx individual, to
estimate individual inbreeding coefficients from the
extent of ROH larger than 1 Mbp (F,,,) and from the



Abascal et al. Genome Biology (2016) 17:251

observed homozygosities and allele frequencies (Fp)
(Additional file 1: Section 19), and to compute diversity
and differentiation parameters (Additional file 1: Section
20). Estimates were averaged for all variants and con-
verted to per-site averages using the number of reliably
called invariant sites. For coding sequences we counted
synonymous and non-synonymous variants as annotated
by SnpEff v.3.5 [102] (P,, P,) and calculated the per-site
synonymous and non-synonymous nucleotide diversity
(s, 1mN) by assuming that three-quarters of all of the
sites are non-synonymous. The genomic averages of mg
and 1y were calculated by averaging across CDS with
more than 200 callable sites weighted by the number of
sites; genomic ratios were calculated from these averages
(Additional file 1: Section 21). To study the distribution
of diversity along and across chromosomes, we consid-
ered genomic regions with conserved synteny to the do-
mestic cat genome (felCat 6.2) so that we could assign
lynx regions to specific chromosomal locations and ob-
tain estimates of cat—lynx divergence (Additional file 1:
Sections 22 and 23). We excluded repeats, low complex-
ity regions, centromeres, and telomeres along with 2 Mb
of flanking regions, and the pseudoautosomal region 1
(PAR1) in the X chromosome (first 6 Mb), and defined
non-overlapping 100-kb-long syntenic windows. For
each of these windows we estimated the nucleotide di-
versity (1, nucleotide diversity) and the divergence to cat
(D, the observed fraction of fixed differences), and the
ratio between the two (1t/D) was used as a measure of
diversity normalized by mutation rate. Standard errors
were calculated by bootstrapping over windows or CDS
as implemented in the boot package for R [110, 111] to
account for the correlation among nearby sites due to
LD (Additional file 1: Section 22).

To characterize genomic patterns of diversity in the
Iberian lynx genome in comparison to the Eurasian lynx
genome, for each window we calculated the Z-
transformed per-site average of the observed heterozygos-
ity in Eurasian (Zp.g;) and in Iberian lynx (Zy.;) and its
difference (AZpy=Zypr — Zp). Windows with a AZy
value higher than the 99.9th or equal to or lower than the
0.1th percentile were identified as outliers. We then tested
whether outlier windows were preferentially located in
subtelomeric regions (within 5 Mb from the end of chro-
mosomes) or were significantly enriched for particular cel-
lular components, biological processes, or molecular
functions by performing a Gene Ontology analyses using
FatiGO [112], as implemented in Babelomics 4.3 [113].

Additional files

Additional file 1: Supplemental information. Additional details on
methods and results, including additional tables (Tables S1-537) and
figures (Figures S1-545). Section 1: Samples, libraries and sequencing.
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Section 2: Genome assembly. Section 3: Genome annotation. Section 4:
Functional annotation. Section 5: Manual annotation and comparative
analysis of lynx protease genes. Section 6: Transcriptome
characterization. Section 7: Evolutionary profiling and expression of
INcRNAs. Section 8: Lynx orphan genes. Section 9: Eurasian and Iberian
lynx divergence Section 10: Demographic history. Section 11:
Karyotype. Section 12: Genome alignments and synteny analysis.
Section 13: Phylogenomics. Section 14: Positive selection. Section 15:
Transposable elements dynamics. Section 16: Substitution patterns.
Section 17: Segmental duplications. Section 18: Variant discovery and
genotype calling. Section 19: Runs of homozygosity (ROH) and
individual inbreeding. Section 20: Genomic averages of population
genetics parameters. Section 21: Variation and divergence at coding
sequences. Section 22: X chromosome versus autosomes genetic
diversity. Section 23: Patterns of diversity across the genome. Section
24: Linkage disequilibrium. Section 25: The Iberian lynx genome
browser. Section 26: References. (PDF 10 MB)

Additional file 2: Supplemental datasheets. Datasheet S1: Summary
of the annotation of the human and felid degradomes. Datasheet S2:
List of orphan genes with expression levels in different organs.
Datasheet S3: List of potential chromosomal rearrangements with
respect to domestic cat. Datasheet S4: Gene Ontology terms enriched in
proteins that duplicated at specific points in the lynx, cat, and tiger
phylogeny. Datasheet S5: List of putative pseudogenes. Datasheet S6:
Partitions identified by Saguaro as yielding alternative topologies from a
whole genome alignment of Felidae. Datasheet S7: List of genes with
signatures of positive selection. Datasheet S8: List of Gene Ontology
terms significantly enriched in windows of high and low diversity in
Iberian lynx populations or of high of low difference with respect to
Eurasian. (XLSX 340 kb)
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