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D. José Luis Alabart Alvarez, Doctor en Ciencias Quimicas, y D. José Folch Pera, Doctor
en Veterinaria, ambos investigadores de la Unidad de Tecnologia en Produccion Animal del

Centro de Investigacion y Tecnologia Agroalimentaria (CITA) del Gobierno de Aragon,
HACEN CONSTAR

Que Dfia. Belén Lahoz Crespo. licenciada en Veterinaria, ha realizado bajo nuestra direccion
los trabajos correspondientes a su Tesis Doctoral titulada “Mejora de la eficiencia
reproductiva en ovejas Rasa Aragonesa mediante el uso del alelo Fi ecX® del gen BMPI5
y de la hormona anti-Miilleriana (AMH) como marcadores de su poblacion folicular”,
que se corresponde con el proyecto de Tesis aprobado por la comision de Doctorado, y que
cumple los requisitos exigidos para optar al grado de Doctora por la Universidad de Zaragoza,
por lo que autorizan su presentacion como compendio de publicaciones y con mencién de

“Doctor Internacional”, para que pueda ser juzgada por el Tribunal correspondiente.

Lo que suscribimos como directores del trabajo en Zaragoza, a uno de julio de dos mil trece.
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Castanet, July 8, 2013
Object: Evaluation of the PhD thesis presented by Beién Lahoz Crespo

To whom it may concern,

The present evaluation concerns the thesis entitled “Mejora de la eficiencia reproductiva en
ovejas Rasa Aragonesa mediante el uso del alelo FecXR del gen BMP15 y de la hormona
anti-Mulleriana (AMH) como marcadores de su poblacion follicular”.

This work aims at studying the influence of a natural genetic variant in the BMP15 gene
evidenced in the Rasa Aragonesa population of hyperprolific sheep. Prolificacy has an
important economic purpose in meat sheep populations, but special management
consideration must be made when mutations affecting this trait segregate in a flock.

The present thesis provides some crucial information (mutation effect on prolificacy, lamb
parameters, assisted reproduction biotechnologies) and tools (AMH quantification) for a quick
increase of prolificacy and optimal fecundity of Rasa Aragonesa flocks. In parallel with these

applied research data, this work brings also important data in the basic research on BMP and
AMH in the control of ovarian function.

The manuscript is a well-organized document starting with a general introduction of 20 pages
replacing the work in the general context of ovine production in Spain and Aragon and
describing the importance of reproduction parameters and strategies used for reproductive
efficiency. Thereafter, stand the description and the genetic diffusion of the mutation in the
BMP15 gene affecting prolificacy of Rasa Argonesa sheep, which is at the centre of this
thesis. It is well replaced in the context of other major mutations affecting prolificacy in sheep,
with information on folliculogenesis and hypothesis about the ovarian mode of action of these
kinds of mutations. Finally, the description of the AMH, closely related to BMP15 ended this



general introduction that brings all the important information needed to understand the thesis
work and context.

The thesis objectives are clearly established and their implementation is attested by the
publication of 4 peer-reviewed articles and a last one under submission. In each of these
papers, the working hypothesis, materials and methods used to answer the question and
data analyses were well planned and realized. Three articles (and the one submitted) have
been published in journals with an excellent reputation in the “Agricultural, Dairy and Animal
Science” category. Even if, one article stands lower in “Agricultural Economics and Policy”
category, it proves the excellent valorisation of the work done by Belén Lahoz Crespo during
this thesis.

A very much appreciated clear and concise summary part with final conclusion and
considerations ended this excellent document.

Regarding the overall comments, | conclude on the fact that this thesis brought very
interesting and important contribution to production of Rasa Aragonesa sheep and more
largely to reproductive physiology of the ovarian function.

Thus, | warmly recommended this thesis manuscript from Belén Lahoz Crespo to be
favourably evaluated by the commission to obtain “al grado de Doctora en Veterinaria con
mencion Internacional por la Universidad de Zaragoza”

@J\:/H

Dr. Stéphane FABRE
PhD, Accreditation to supervise Research (HDR)
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Propésito: Evaluacion de la tesis doctoral presentada por Belén Lahoz Crespo.
A quien corresponda,

La presente evaluacion involucra la tesis titulada “ Mejora de la eficiencia reproductiva en ovejas Rasa
Aragonesa mediante el uso del alelo FecX® del gen BMP15 y de la hormona anti-miileriana (AMH) como
marcadores de su poblacion folicular”.

La tesis tiene por objetivo estudiar el efecto de una mutaciéon genética sobre parametros de crecimiento
folicular y hormonales, que tienen impacto en la edad a la pubertad, calidad ovocitaria y fertilidad en
ovejas Rasa Aragonesa. La tematica abordada en la tesis de Beléz Lahoz Crespo es de gran relevancia
para la produccion ovina a nivel Nacional e Internacional, ya que la basqueda de marcadores de
eficiencia reproductiva es la base del éxito econémico de los sistemas productivos.

La seriedad del trabajo queda en evidencia si consideramos que en las 21 paginas dedicadas a los
antecedentes, se han citado 330 articulos publicados en revistas arbitradas. La estrategia experimental
ha sido adecuada y reconocida por la calidad de los resultados obtenidos, dando origen a 5 trabajos
publicados y o enviados a publicar en revistas arbitradas por pares, de buen impacto en el area de
Produccién animal.

Por este motivo, recomiendo que el trabajo presentado por Belén Lahoz Crespo sea considerado por la
comisién evaluadora para obtener el grado de Doctora en Veterinaria con mencidn Internacional por la
Universidad de Zaragoza.

Sin otro particular, saluda a Uds. atentamente.
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La presente Tesis Doctoral se ha realizado en el Centro de Investigaciéon y Tecnologia
Agroalimentaria del Gobierno de Aragdén (CITA-Aragén) en el marco de los siguientes
proyectos de investigacion:

1) “Mejora de la prolificidad de las ganaderias de Oviaragon SCL asociando la difusion de la
variante génica BMP15 (Alelo ROA) y la mejora poligénica” (Ministerio de Educacion y
Ciencia; MEC TRACE PET 2008-0076).

2) “Marcadores de productividad de la oveja medidos en edad prepuber’ (Instituto Nacional
de Investigacion y Tecnologia Agraria y Alimentaria; INIA RTA 2011-00128-C03-01).

Carnes Oviaragén SCL ha co-financiado empresarialmente el proyecto “TRACE PET 2008-
0076) a través del convenio de colaboracion técnica con el CITA-Aragon titulado
“Homogenizacion de la oferta comercial de corderos de Rasa Aragonesa con garantias
sanitarias a lo largo del ano” (CDTI Ref IDI 20070880). El Institut National de la Recherche
Agronomique (Nouzilly-Tours, Francia) ha financiado parte de los analisis hormonales.

La doctoranda ha disfrutado de una Beca PreDoctoral de formacién de personal investigador
del Subprograma FPI-INIA, en el tema “Produccion in vitro de embriones a partir de oocitos
de OPU (Ovum pick-up) en la oveja’, segun convocatoria de 22 de febrero de 2008 (BOE
n°50, de 27 de febrero de 2008), resolucién del 20 de agosto de 2008 (BOE n°266, de 4 de
noviembre de 2008) y de un contrato de duracion determinada concedido por el CITA-
Aragon el 1 de octubre de 2012.






La Tesis es un compendio de las siguientes publicaciones:
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Introduccion General

1.1. El sector ovino en Espafia y en Aragon

Espafia cuenta con el 20% del total de la cabafa ovina comunitaria, superado Unicamente
por Reino Unido (Figura 1), lo que le sitia como el segundo pais productor de ovino de la
UE-27. A 1 de enero de 2013, el censo ovino espafol se situaba en 16.609.069 cabezas
(MAGRAMA, 2013). El 11,4% de este censo se localiza en la Comunidad Autbnoma de
Aragbn (1.906.655 cabezas), donde constituye una actividad de gran importancia para su
economia agraria. El sector ovino en Aragdn cuenta con una gran tradicién historica, que se
remonta al menos hasta el afio 4.000 a.C., tal y como pone de manifiesto la existencia de
pinturas rupestres en la Comunidad (Sierra, 1992). Su relevancia va mas alla de la actividad
econdmica, siendo destacable su repercusién sobre aspectos sociales y medioambientales.
Sus caracteristicas de rusticidad han sido clave para su adaptacion tanto a zonas aridas
como a zonas de montafa, contribuyendo histéricamente al asentamiento de la poblacién
rural en zonas desfavorecidas que ofrecen escasas alternativas laborales. En la actualidad
es una actividad de vital importancia para evitar la despoblacion del medio rural y mantener

vivo el patrimonio.
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Figura 1. Distribucion del censo ovino por paises en la UE-27 en 2012 (MAGRAMA,
2013)

La Rasa Aragonesa es la principal raza ovina de la Comunidad Autbnoma de Aragén, siendo
la segunda en importancia a nivel nacional después de la raza Merina (Figura 2). En la
actualidad cuenta con 456.515 ovejas (MAGRAMA, 2011) inscritas en el Libro Genealdgico,
gque es gestionado por dos Asociaciones de Productores de Rasa Aragonesa reconocidas
oficialmente por el Ministerio de Agricultura, Alimentacion y Medio Ambiente: UPRA-Grupo
Pastores (Union de productores de raza Rasa Aragonesa) y ANGRA (Asociacion Nacional
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de criadores de Rasa Aragonesa). Es una raza autdctona mediterranea de aptitud carnica
orientada a la producciéon de cordero ligero comercializado bajo la indicacion geogréafica
protegida (IGP) “Ternasco de Aragdn” (BOA, 2009).
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Figura 2. Distribucién del censo ovino por razas en Espafia en 2011 (MARM, 2009;
MAGRAMA, 2011)

En los ultimos afios se ha registrado una disminucién constante del censo de ganaderias y
de ovejas tanto en Europa como en Espafia. Esta disminucién es una continuacion de la
inercia a la baja de los ultimos diez afios, habiéndose registrado a nivel nacional un
descenso de unos 3 millones de cabezas (alrededor de un 15%) y de unas 13.500
explotaciones entre 2008 y 2011 (Figura 3). En Aragon, donde se concentra la mayor parte
de la raza Rasa Aragonesa, se observa la misma tendencia. Si comparamos el numero de
cabezas actual con los 2,8 millones de ovejas del afio 1999, se observa que el censo ovino
aragonés se ha reducido practicamente a la mitad y se han perdido mas de 2.000
explotaciones ganaderas, permaneciendo en la actualidad 3.900. Estos descensos son
preocupantes, particularmente si tenemos en cuenta que en Aragon la actividad ganadera
predomina sobre la agricola en la Produccion Final Agraria (Gobierno de Aragon, 2013).

Este descenso continuado demuestra las dificultades econ6micas y sociales por las que
esta atravesando el sector. En Espafa, el valor de la produccién se ha estancado en los
ultimos afios, mientras que los costes han crecido casi un 50% en una década,
principalmente por el incremento del precio de las materias primas utilizadas para la
alimentacion y el aumento de los costes generales, como gasoéleo y electricidad. Las
importaciones de cordero extranjero con menores costes de produccion, el bajo consumo de
carne por habitante agravado por la crisis econdmica global, la falta de relevo generacional,
y los continuos cambios de la Politica Agraria Comun (PAC) no han hecho mas que agravar
el problema.
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Figura 3. Evolucion de los censos de ovino en Espafa entre los afios 1996-2012 (linea
de puntos) y en Aragon entre los afios 2006-2011 (barras). Adaptado de MAGRAMA
(2013)

Todos estos factores han llevado irremediablemente a una pérdida de rentabilidad
continuada. En las explotaciones de ovino de carne de Aragon, en soélo seis afios (periodo
2002-2007) los resultados econdémicos disminuyeron un 32,9% por oveja (Pardos y Fantova,
2009). Si tenemos en cuenta que este estudio se llevd a cabo con las explotaciones mas
tecnificadas y productivas, y que el panorama de los afios posteriores no ha sido mejor, la
pérdida de rentabilidad de las explotaciones ovinas en Aragdén es un problema alarmante. Si
bien no existe una solucion Unica para el sector ovino en Espafia y Aragén, debido a la gran
diversidad de sistemas de produccion existentes que van desde los mas extensivos hasta
los netamente intensivos, la mejora de la eficiencia reproductiva permitiria en la mayoria de
los casos mejorar la rentabilidad de las explotaciones, permitiendo bien producir Io mismo
con menos animales, o bien aumentar la produccién sin necesidad de incrementar su censo.

1.2. Eficiencia reproductiva en ovino

1.2.1. Importancia de la eficiencia reproductiva

La mayor parte de las explotaciones que estdn manteniendo su actividad y que tienen mas
posibilidades de permanecer son las mas eficientes desde el punto de vista de la
productividad, lo que les permite asegurar un alto margen bruto por oveja. Esta misma
tendencia es la que se observa en los rebafios de ovino de carne en Francia (Benoit y
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Laignel, 2011). La eficiencia en la produccion es fundamental para mejorar los resultados
econdémicos y optimizar la mano de obra, pero ademas limita el impacto ambiental en
términos de consumo de energia y de emisidn de gases de efecto invernadero por kilogramo
de carne producida (Benoit y Laignel, 2011). En el caso de la Rasa Aragonesa, los
resultados econdémicos, y por tanto la viabilidad de las explotaciones, dependen
principalmente del nimero de corderos vendidos por oveja (Pardos et al., 2008, 2012). Una
funcién de beneficio elaborada para determinar la influencia de las diferentes variables sobre
el Margen Bruto por UTH, demostr6 que la prolificidad (corderos/parto) y la fertilidad
(partos/oveja y afo) eran las variables con mayor influencia sobre la rentabilidad econémica
de las explotaciones, de manera que por cada 1% que aumentaban cualquiera de ellas,
aumentaba un 4,3% el Margen Bruto por UTH (Pardos et al., 2007a, 2007b; Figura 4). Por
tanto, dado su gran impacto econémico, muchos ganaderos estan interesados en aumentar
la fertilidad y la prolificidad de sus ovejas.
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Figura 4. Margen bruto, ingresos y costes por oveja en funcién de la prolificidad y del
numero de partos por oveja y afio (Pardos et al., 2007b)

El nimero de partos de una oveja durante toda su vida (vida productiva) es junto con la
prolificidad y la fertilidad el pardmetro reproductivo con mayor influencia sobre la rentabilidad
econdémica de las explotaciones. Ademas de numerosos factores como la ordenacion de
cubriciones, el fotoperiodo, la alimentacién o la edad de la oveja (Gordon, 1999), uno de los
factores que mas influye en la vida productiva de la oveja es la edad al primer parto.
Conseguir que las corderas se queden gestantes dentro de su primer afio de edad reduce el
coste de la reposicion, aumenta la vida productiva de las ovejas en el rebafio, reduce el
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intervalo entre generaciones (Fogarty et al., 2007), y reduce los riesgos de sacrificio de los
animales menos productivos (Kern et al., 2010). En Rasa Aragonesa se describié ya en
1989 que adelantar la edad al primer parto daba lugar a una mayor productividad de la oveja
a lo largo de su vida (Gabifia, 1989) y se ha vuelto a demostrar en un trabajo reciente de
Jurado y Jiménez (2013).

Sin embargo, en la Rasa Aragonesa, a pesar de que las hembras alcanzan un peso vivo
adecuado para parir a los 12-13 meses, la edad media al primer parto es de 19 meses
(Gabifia, 1989), lo que da lugar a largos periodos improductivos y consecuentes pérdidas
economicas. Se calcula que el coste de mantenimiento de una oveja Rasa Aragonesa es de
80,15 €/afio (dato de 2007; Pardos y Fantova, 2009). Estudios muy recientes sobre un gran
namero de partos en Rasa Aragonesa (Jurado y Jiménez, 2013) han demostrado que
adelantar el primer parto antes de los 15 meses no afecta negativamente a la vida
productiva de la ovejas, sino que supone un incremento significativo del nUmero de partos
durante la vida del animal, y por lo tanto una mayor duracién de su vida productiva.

1.2.2. Factores que afectan a la eficiencia reproductiva

La prolificidad y fertilidad son, a nivel practico, las principales medidas del rendimiento
reproductivo en ovino, y se ven afectadas tanto por factores genéticos como por una gran
variedad de factores ambientales.

La tasa de ovulacion (TO) es el nimero de oocitos maduros liberados en un determinado
ciclo, y se estima contabilizando el nimero de cuerpos liteos en el ovario. Variaciones en la
tasa de ovulaciébn se traducen, una vez descontadas las pérdidas embrionarias, en
variaciones en el mismo sentido en la prolificidad. La prolificidad es el nUmero de corderos
nacidos en relacion al nimero de partos. Entre los factores ambientales que afectan a la
tasa de ovulacién y a la prolificidad cabe destacar el estado nutricional, el balance
energético de la dieta, el fotoperiodo y la estacionalidad, factores socio-sexuales entre los
gue se incluye el “efecto macho”, la temperatura y la humedad relativa, y el estrés (Gordon,
1999; Scaramuzzi y Martin, 2008). Los efectos nutricionales tienen una funcidn bidireccional:
la suplementacién nutricional puede estimular la foliculogénesis (Webb et al.,, 2004;
Scaramuzzi et al., 2006) y por tanto incrementar la prolificidad, mientras que una nutricién
insuficiente inhibe la liberacion de GnRH y puede conducir a la falta de ovulacién. Ademas
influyen sensiblemente la edad del animal y el manejo de cada explotaciébn con sus
diferentes sistemas de ordenacién de cubriciones. En cuanto al control genético de la tasa
de ovulacion, puede estar regulada por un efecto poligénico (efecto de varios genes en
conjunto) y/o por la accion de genes mayores que tienen un gran efecto sobre el caracter
prolificidad, como veremos mas adelante. La herencia mixta de la prolificidad como la suma
la herencia poligénica mas la de un gen mayor, ha sido demostrada por diversos autores
(Bradford et al., 1986; Bodin et al., 2002).
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La apariciéon de la pubertad va a influir sobre la edad al primer parto, lo que va a tener un
impacto sobre la vida productiva del animal. La pubertad es el proceso de adquisicion de la
competencia reproductiva, y en la hembra, su inicio depende principalmente de la capacidad
de respuesta de las neuronas del hipotalamo al feedback positivo del estradiol para producir
GnRH que cause la ovulacién. La pubertad en la hembra se puede definir de muchas
maneras: momento de aparicion del primer estro, edad de la primera ovulacion, o edad a la
que es capaz de quedar gestante y llevar a término la gestacion. En la presente Tesis,
cuando hablemos de pubertad generalmente nos referiremos a esta ultima definicién, ya que
nos parece la mas adecuada teniendo en cuenta los objetivos a nivel de explotacion. Al
hablar de fertilidad del rebafio, nos referiremos a nimero de partos en relacion al nimero
de ovejas puestas a cubrir. Al igual que ocurre con la tasa de ovulacién y la prolificidad,
existen multiples factores que determinan la aparicién de la pubertad. Existen los factores
medioambientales (fotoperiodo y sefiales socio-sexuales) o los metabdlicos end6genos
(balance energético), que pueden ser manipulados por el ganadero, mientras que los
factores genéticos son intrinsecos al animal (Valasi et al., 2012).

En este sentido, en la presente Tesis se considerd de interés tener en cuenta el potencial
reproductivo de la cordera al nacimiento. Las ovejas, como otros mamiferos, nacen con un
numero limitado y muy variable de oocitos en el ovario que va disminuyendo drasticamente
con la edad. Al nacer, estos ooocitos se encuentran en su mayoria contenidos en foliculos
primordiales en reposo o al inicio de su crecimiento, y constituyen la reserva folicular
ovérica. Tanto los aspectos genéticos como las variaciones en la alimentacién de la madre
durante la gestacion afectan al desarrollo folicular en el estadio fetal y subsecuentemente a
su reserva folicular al nacimiento (McNatty et al., 1995; Borwick et al., 1997; Da Silva et al.,
2002; Grazul-Bilska et al., 2009; Kotsampasi et al., 2009). Estudios recientes en vacuno
sugieren que la poblacién folicular presente en los ovarios de las terneras parece tener un
gran impacto en su fertilidad en la edad adulta (Ireland et al., 2011).

1.2.3. Estrategias de mejora de la eficiencia reproductiva

Teniendo en cuenta la gran variedad de factores que afectan a la prolificidad y a la fertilidad,
es evidente que existen multiples alternativas de mejora, tanto nutricionales y de manejo,
como genéticas.

El uso de tratamientos hormonales de sincronizacion e induccion del celo, principalmente
de esponjas intravaginales de FGA (Acetato de Fluorogestona) y eCG, es una practica muy
extendida que ofrece buenos resultados productivos a corto plazo. En Rasa Aragonesa, es
frecuente utilizarlos en ovejas adultas para mejorar la fertilidad y la prolificidad durante la
época de anestro estacional (finales de invierno y principios de verano), asi como para
realizar la 1A a tiempo fijo durante todo el afio, tal y como lleva a cabo UPRA-Grupo
Pastores dentro de su programa de mejora genética. Se pueden usar también para
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adelantar la pubertad en las corderas. Otros tratamientos utilizados son los implantes de
melatonina o las prostaglandinas (revisado por Abecia et al.,, 2012). Sin embargo, la
utilizacion de estos productos tiene varios inconvenientes. Los tratamientos hormonales
dejan residuos en carne y leche, y aunque no supone un riesgo para la salud, no beneficia la
imagen del producto por parte de un consumidor cada dia més exigente y mas sensibilizado,
que demanda productos que no impliqguen ningln riesgo para la salud humana, y que estén
producidos respetando el medio ambiente y el bienestar animal (Scaramuzzi y Martin, 2008).
Los tratamientos hormonales se encuentran actualmente en el punto de mira de la UE con
las nuevas politicas de limitacion creciente de productos veterinarios en produccion animal,
y presumiblemente a medio plazo se tendera a una regulacion estricta o incluso a su
prohibicién, como ya ocurre en las ganaderias ecolégicas. Los corderos que han recibido
este tipo de tratamientos no pueden comercializarse bajo el etiquetado de “producto
ecolégico”, lo que también les puede restar valor afiadido. Ademas, la eCG tiene un origen
animal, existiendo riesgo de transmision de enfermedades interespecificas, y su uso
reiterado induce la aparicion de anticuerpos en las ovejas, lo que afecta negativamente a los
resultados reproductivos (Bodin et al., 1997). Por ultimo, la aplicacién de los tratamientos
implica manejos adicionales del rebafio que pueden suponer una complicacién y tienen un
cierto coste econémico.

Por ello, ante un posible marco de prohibicién, es importante ir desarrollando nuevos
métodos libres de hormonas que puedan suplir en un futuro la utilizacion de los actuales
tratamientos. En los Ultimos afios, se ha empezado a potenciar el uso de estrategias libres
de hormonas que permitan al ganadero mejorar la eficiencia reproductiva de una manera
respetuosa con el medio ambiente y con el consumidor. Es el concepto de produccién
animal “limpia, verde y ética” (“Clean, green and ethical”) y se basa principalmente en tres
estrategias: utilizacién de sefiales socio-sexuales para la induccidn y sincronizacion de celos
(“efecto macho”), suplementacion nutricional durante periodos de tiempo muy criticos del
proceso reproductivo (“focus feeding”), y gestién, nutricion y selecciébn genética por
comportamiento para maximizar la supervivencia de las crias (Martin y Kadokawa, 2006;
Scaramuzzi y Martin, 2008). Se trata en todos los casos de estrategias interesantes para
mejorar la eficiencia reproductiva, pero dadas las condiciones estructurales, sociales y de
mercado de la produccion ovina en Espafia y en Aragdn, no pueden ser utilizadas todavia
de forma exclusiva sino complementaria.

Una buena estrategia de mejora es la seleccion genética de caracteres reproductivos,
como la fertilidad y la prolificidad. Sin embrago, tiene el inconveniente de que dichos
caracteres presentan una heredabilidad muy baja, generalmente entre 0,05 y 0,15 (Notter
2008, 2012), lo que conlleva lentitud en el proceso de seleccion poligénica. La aplicacion de
biotecnologias reproductivas, como la IA, MOET 6 LOPU-PIV, puede contribuir a acelerar el
progreso genético aumentando la intensidad de seleccién y reduciendo el intervalo
intergeneracional, pero son técnicas que requieren, unas mas que otras, una gran
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tecnificacion. Una alternativa mas rapida para mejorar la prolificidad es el cruce con razas
prolificas, como la Romanov, estrategia que ya se inicié en los afios 80 en Aragdén y que dio
lugar a la creacion de la raza sintética Salz (Rasa Aragonesa X Romanov). Sin embargo, en
la Rasa Aragonesa estas practicas van en contra de los intereses comerciales de los
productores, impidiéndoles comercializar un producto diferenciado y con valor afadido,
como es el “Ternasco de Aragén” (BOA, 2009), que exclusivamente contempla las razas
autdctonas Rasa Aragonesa, Roya Bilbilitana y Ojinegra de Teruel.

Por estas razones, en los ultimos afios se estan llevando a cabo en todo el mundo
numerosos trabajos sobre produccion animal centrados en la busqueda de marcadores
genéticos y endocrinos que permitan una seleccion de los mejores animales de una manera
mucho mas rapida que la seleccidn clasica. En las condiciones de explotacion de la Rasa
Aragonesa, dichos marcadores, bien de prolificidad o de fertilidad, serian particularmente
interesantes si se pudieran medir antes de los 3 meses de edad, para permitir la eleccion de
las corderas de reposicion antes de que alcancen la edad a la que se envian a matadero
para comercializarse segun las condiciones de la IGP “Ternasco de Aragdn” (BOA, 2009).

1.3. Mejora de la prolificidad mediante Genes mayores

1.3.1. Alelo FecX® del gen BMP15 en Rasa Aragonesa
1.3.1.1. Descubrimiento del alelo FecX®

Dada la importancia econémica demostrada de la prolificidad, en el afio 1994 se inici6 un
programa de seleccion poligénica por este caracter en la raza Rasa Aragonesa que continua
en la actualidad. El programa lo desarrolla UPRA-Carnes Oviaragon SCL, en colaboracién
con el Centro de Investigacién y Tecnologia Agroalimentaria (CITA) de Arag6n, el Centro de
Mejora Ganadera (ATPSYRA) del Gobierno de Aragon, y el Instituto Nacional de
Investigacion y Tecnologia Agraria y Alimentaria (INIA) de Madrid. En el marco del Programa
de seleccion se observo que existian familias con un elevado valor genético en prolificidad,
significativamente diferente al valor medio de la poblacion, que no se podia explicar por la
herencia poligénica clasica. Los estudios de segregacion llevados a cabo en el CITA de
Aragon en colaboracién con el INIA demostraron la existencia de un gen mayor o un QTL de
gran efecto sobre el caracter prolificidad (Jurado y Calvo, 2007). Dichas sospechas
condujeron en 2007 al descubrimiento de un nuevo polimorfismo natural en el gen BMP15,
al que se le denominé alelo FecX” 6 ROA® segin su denominacion comercial (Rasa
Oviaragon), que producia un aumento de la prolificidad en las ovejas heterocigotas (R+) y
esterilidad en las hembras homocigotas (RR; Martinez-Royo et al., 2008; Jurado et al., 2008;
Martiez-Royo, 2011). Desde su descubrimiento en 2007, fue registrado en la Oficina
Espafiola de Patentes y Marcas como “Procedimiento de mejora de la productividad en
ganado ovino” (ES2338960; Martinez-Royo et al., 2010), cuyos titulares son Carnes
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Oviaragdon SCL, CITA e INIA. El mismo polimorfismo se encontré también en un rebafio
perteneciente a ANGRA, la otra Asociacion de Productores gestora de la raza (Monteagudo
et al., 2009).

Dicho polimorfismo constituia la sexta mutacion descrita en el gen BMP15 a nivel
internacional, como veremos a continuacion.

1.3.1.2. Plan de divulgacion del alelo FecX”®

A diferencia de otras mutaciones en genes de prolificidad, una de las ventajas de las
mutaciones en el gen BMP15 es que se encuentran ligadas al cromosoma X, lo que permite
una rapida divulgacién mediante IA si se utilizan machos hemicigotos (R; Folch et al., 2010).
El inconveniente mas importante es la esterilidad de las ovejas que portan el polimorfismo
FecX® en homocigosis, de forma que si se cruzan machos hemicigotos con ovejas
heterocigotas, el 50% de las hijas seran estériles (Figura 5). Por lo tanto, es fundamental
hacer una buena programacion de los cruzamientos en las ganaderias.

Q O" Q Oz

SN )

XROXXR XY XY XRXR O XXR - XRY XY
N J N J - J -
Y~ Y~
100% hijas FecXR 100% hijos no 50% hijas estériles
heterocigotas (R+) portadores FecXR (+) (FecXRhomocigotas: RR)

Figura 5. Descendencia de los cruzamientos de machos hemicigotos para el alelo
FecX® (X?Y) con hembras no portadoras (XX) o portadoras heterocigotas (X*X)

Desde su descubrimiento ha habido un creciente interés por parte de los ganaderos, no solo
de Rasa Aragonesa sino también de otras razas, en la introduccién de esta nueva variante
génica. Estudios recientes han demostrado su repercusion econémica en las ganaderias de
Rasa Aragonesa como herramienta para aumentar la prolificidad. Asi, las explotaciones con
mas de un 5% de ovejas R+ presentan mayores ingresos por oveja que las explotaciones
que solo siguen el programa de seleccion poligénica o que no hacen ningun tipo de
seleccién (5 y 21 €, respectivamente), aun teniendo mayores costes de alimentacion y de
manejo (Pardos et al., 2010).
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A pesar de las ventajas que ofrece el alelo FecX”, UPRA-Grupo Pastores considerd que,
antes de realizar su divulgacion a gran escala, era preciso conocer las caracteristicas
productivas y reproductivas de las ovejas Rasa Aragonesa portadoras heterocigotas y
asegurar que este alelo no fuera asociado a caracteres no deseables. Para realizar estos
estudios, el Ministerio de Ciencia e Innovacién financié un Proyecto de colaboracion entre
UPRA-Grupo Pastores y el CITA de Aragon titulado “Mejora de la prolificidad de las
ganaderias de Oviaragbn SCL asociando la difusién de la variante génica BMP15 (Alelo
ROA) y la mejora poligénica”. La finalidad ultima del proyecto era establecer las bases de
utilizacién del alelo FecX” en las ganaderias.

Para ello, en primer lugar era necesario medir su efecto sobre la tasa de ovulacion y la
prolificidad, y compararlo con los efectos observados en otras razas con mutaciones
similares, asi como evaluar sus posibles efectos adversos sobre otros parametros. Los
ganaderos utilizan de forma rutinaria tratamientos hormonales consistentes en esponjas de
FGA y eCG, tanto para la induccion del celo en estacion desfavorable, como para realizar 1A
a tiempo fijo a lo largo de todo el afio. Por lo tanto, era preciso ademas conocer si en las
ovejas heterocigotas se producia un efecto aditivo o sinérgico de la aplicacion de laeCG y la
presencia del alelo FecX” sobre la tasa de ovulacién y prolificidad, y en tal caso, cuantificarlo
para evitar que se produjese un numero indeseado de partos multiples. En consecuencia,
estos objetivos se abordaron en los primeros estudios de la presente Tesis Doctoral, y
dieron lugar a la primera publicacion.

Por otro lado, con vistas a la aplicacion de la IA a tiempo fijo en las ganaderias, era preciso
conocer si la presencia del alelo FecX® modificaba el pico preovulatorio de LH, teniendo en
cuenta de nuevo la posible interaccién del genotipo con la aplicacién de los tratamientos
hormonales, lo que dio lugar a la segunda publicacién de la Tesis.

1.3.2. Mutaciones que afectan a la tasa de ovulacién y a la prolificidad en ovino

En la especie ovina se han descrito en diferentes razas diversas mutaciones en genes
mayores que dan lugar a fenotipos con mayor tasa de ovulacién y prolificidad (Tabla 1). La
mayoria de ellas afectan a los productos de los genes y receptores asociados con la
superfamilia del TGF-B (Transforming growth factor-B; Davis, 2005), localizandose
principalmente en tres genes: BMPR1B (bone morphogenetic protein receptor tipo 1B o
activin-like kinase 6; ALK®6), GDF-9 (growth differentiation factor 9), y BMP15 (bone
morphogenetic protein 15, también denominado GDF9b).

La primera de estas mutaciones que fue descubierta se localiza en el gen BMPR1B y se
conoce como Booroola 6 FecB? (Piper y Bindon, 1980; Davis et al., 1982). Fue descrita en
los afios 80 en ovejas Merinas de Australia. Desde entonces y hasta hoy se ha realizado su
introgresion en numerosas razas de todo el mundo para mejorar su prolificidad.
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Actualmente, ademas de estar presente en la raza Merina, se ha encontrado en la raza india
Garole, la Javanese de Indonesia, y en las razas chinas Hu y Han de cola corta (Davis et al.,
2002, 2006a; Chu et al., 2007). En Espafia, se realizd en los afios 90 un intento de introducir
el gen Booroola en la raza Segurefia, pero el programa no llegé a concluirse con éxito
(Serradilla, comunicacion personal).

En el gen GDF9 se han descrito tres mutaciones prolificas. Las dos primeras son la
mutacion FecG" en las razas Belclare y Cambridge de Irlanda y Reino Unido (Hanrahan et
al., 2004) y la mutacién FecG' en la raza Thoka Icelandic (Nicol et al., 2009), y ambas
producen esterilidad en homocigosis. La tercera mutacion de este gen (FecGF) ha sido
descrita recientemente en la raza brasilefia Santa Inés, y sorprendentemente no produce
esterilidad en homocigosis sino que da lugar a un fenotipo hiperprolifico (Silva et al., 2011).

En el gen BMP15, localizado en el cromosoma X, se encuentran las mutaciones FecX'y
FecX" en la raza Romney de Nueva Zelanda (Galway et al., 2000), FecX? y FecX® en las
razas Belclare y Cambridge (Hanrahan et al., 2004), FecX" en la raza francesa Lacaune
(Bodin et al., 2007) y FecX” en la Rasa Aragonesa (Martinez-Royo et al., 2008). Todos estos
polimorfismos presentan el mismo fenotipo: las ovejas heterocigotas tienen mayor tasa de
ovulacion y las mutantes homocigotas son estériles debido a un blogqueo del desarrollo
folicular ovarico a nivel del estadio primario. Muy recientemente, se acaban de describir dos
nuevos polimorfismos en este gen: El alelo FecX® en la raza francesa Grivette y el alelo
FecX® en la raza polaca Olkuska (Demars et al., 2013). En contraposicion con los fenotipos
encontrados hasta 2008 en BMP15, las hembras homocigotas para FecX® y FecX®no son
estériles sino hiperprolificas. Estos resultados recientes inducen a considerar la existencia
de una compleja accién conjunta de BMP15y GDF9 en el control de la tasa de ovulacion.

Ademas de estos fenotipos prolificos, existen otros de los que todavia no se conoce toda la
informacién referente a su localizacién en el genoma o a sus efectos fenotipicos. El alelo
FecL" (Lacaune) en la raza Lacaune se ha asociado a incrementos en TO y prolificidad tanto
en heterocigosis como en homocigosis. Se ha localizado en el cromosoma 11, pero todavia
no se ha podido identificar el gen responsable (Bodin et al., 2002), aunque estudios
recientes proponen el gen B4G4LNT2 como candidato (Mansanet et al., 2012). En la raza
Coopworth, el alelo Woodlands (FecX2%) se localiza en el cromosoma X, pero no se conoce
el gen responsable. También da lugar a fenotipos prolificos, tanto en heterocigosis como en
homocigosis, pero posee ciertas particularidades en cuanto al modo de herencia (Davis et
al., 2001). También hay evidencias de genes mayores en otras razas, como en las razas
Belle-lle (Malher y Le Chere, 1998), Wishart (Davis et al., 2006b), o Davisdale (Juengel et
al., 2011).
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Tabla 1. Fenotipos descritos en ganado ovino con sus respectivos efectos sobre la
tasa de ovulacién y la prolificidad

Gene Chr Name Allele  Effects on OR and LS* Breed Reference
BMP15 X Inverdale FecX' I+: +1.0 (OR); +0.6 (LS) Romney Galloway et al. (2000)
Il: Infertile (streak ovaries)
Hanna Fecx"  H+: +1.0 (OR); +0.6 (LS) Romney Galloway et al. (2000)
HH: Infertile (streak ovaries)
Belclare Fecx® B+:+1.0 (OR) Belclare Hanrahan et al. (2004)
BB: Infertile (streak ovaries)
Galway FecX® G+ +0.7 (OR)? Belclare, Hanrahan et al. (2004)
GG: Infertile (streak ovaries) Cambridge
Lac X- FecX" L+: +1.5 (OR) Lacaune Bodin et al. (2007)
mutated LL: Infertile (streak ovaries)
ROA FecX® R+ +0.32 (LS) Rasa Martinez-Royo et al.
RR: Infertile (streak ovaries) Aragonesa  (2008)
Grivette FecX®  Gr+: +0.41 (OR); +0.10 (LS) Grivette Demars et al. (2013)
GrGr: +2.05 (OR); +0.67 (LS)
Olkuska FecX®  O+:+0.50 (OR); +0.62 (LS) Olkuska Demars et al. (2013)
0O0: +1.76 (OR); +1.21 (LS)
BMPR-1B 6 Booroola FecB® B+: +1.5(0R); +1.0 (LS)° Merino, Garole, Mulsant et al. (2001)
BB: +3.0 (OR); +1.5 (LS) Javanese, Hu, Souzaetal. (2001)
Han Wilson et al. (2001)
GDF9 5 High FecG" H+: +1.8 (OR) Belclare, Hanrahan et al. (2004)
Fertility HH: Infertile (streak ovaries) Cambridge
Thoka FecG' I+ +1.2 (OR); +0.7 (LS) Icelandic Nicol et al. (2009)
II: Evidence of infertility
Embrapa FecGF E+: +0.12 (OR); +0.31(LS) Santa Inés  Silva et al. (2011)
EE: +1.0 (OR); +0.65 (LS)
24 11  Lacaune FecL" L+: +1.5(OR) Lacaune Bodin et al. (2002)
LL: +3.0 (OR)
? X Woodlands Fecx2V W+: +0.4 (OR); +0.25 (LS) Coopworth Davis et al. (2001)

WW: 2W+ (OR&LS)

! Increases on ovulation rate (OR) and litter size (LS) in relationship with non-mutated individuals
2 Effect on Small Tailed Han: G+: +0.55 (LS); Chu et al. (2007)

® Effect on Small Tailed Han: B+: +1.11 (LS); BB: +1.40 (LS); Chu et al. (2007)

4 B4GALNTZ2 candidate gene (Mansanet et al., 2012)

1.3.3. Foliculogénesis y dinamica folicular en la oveja

1.3.3.1. Foliculogénesis basal y terminal

A nivel del ovario, se producen dos procesos de desarrollo que son indisociables y que van

a determinar el numero y la calidad de los oocitos producidos. Son la ovogénesis, o

formacion de los gametos femeninos capaces de ser fecundados, y la foliculogénesis, o

formacion de los foliculos ovaricos. Ambos se inician en el estadio fetal y van a continuar a

lo largo de la toda la vida del animal. Desde un punto de vista funcional, la foliculogénesis se
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puede dividir en dos etapas: la foliculogénesis basal, que es independiente de
gonadotropinas y durante la cual se adquiere la competencia meiética del oocito, y la
foliculogénesis terminal, que es plenamente dependiente de las gonadotropinas (Figuras 6 y
7).

Durante el periodo fetal se inicia el proceso de formacién de los foliculos ovaricos, tan
temprano como a los 35 dias de la fecundacion en la especie ovina. Las oogonias se unen a
las células pregranulosas circundantes y comienzan la meiosis. Los oocitos estan rodeados
por una Unica capa de células escamosas, y se establece el reservorio de foliculos
primordiales, que en ovino oscila entre 40.000 y 300.000 (Driancourt et al., 1993). Desde la
mitad de la gestacion hasta el nacimiento se produce una apoptosis masiva de gran parte de
estos foliculos, aun por razones desconocidas, durante la cual al menos el 80% de las
células germinales experimentan apoptosis (Sawyer et al., 2002). El crecimiento folicular se
inicia antes de que se formen los Ultimos foliculos primordiales y continda a lo largo de toda
la vida fetal, neonatal y adulta. Durante la edad fetal se completa toda la formacion de
foliculos ovaricos, y a partir de entonces van a ir declinando a lo largo de toda la vida del
animal. En relacion al primer foliculo primordial, el primer foliculo primario tarda en aparecer
alrededor de 25 dias en ovino. Estos foliculos primordiales en la especie ovina ya expresan
cientos de genes con diversas funciones, entre ellos algunos factores de crecimiento de la
familia TGF-B, como GDF9 y BMPR1B (McNatty et al., 2007). En el caso de BMP15, se
empieza a expresar a partir del estadio de foliculo primario en adelante. Por ello, diversos
autores consideran que algunos de estos factores estan involucrados, bien negativa o
positivamente en el inicio del crecimiento folicular.

Los foliculos van abandonando progresivamente el pool de foliculos primordiales e inician
una fase de crecimiento. Tanto los foliculos primordiales como los reclutados son
practicamente independientes de la accion de las gonadotropinas, de manera que en esta
fase el proceso esta controlado principalmente por el oocito. Conforme va aumentando el
namero de células de la granulosa, que pasan a ser cuboidales, y aumenta el tamafio del
oocito, pasan al estadio de foliculo primario, en el que ya se han activado cientos de genes
nuevos, como el gen BMP15.

En los foliculos secundarios ya se observan 2 6 3 capas de células de la granulosa. De
aqui en adelante, los foliculos progresivamente se vuelven mas sensibles a las
gonadotropinas, hasta volverse totalmente dependientes de ellas. Se pasara entonces de un
proceso de crecimiento lineal en los estadios preantrales y antrales tempranos
(foliculogénesis basal), a un proceso de crecimiento en ondas foliculares (foliculogénesis
terminal), que en la oveja empieza en foliculos de alrededor de 2 mm, como veremos
posteriormente.

En los estadios preantrales, sigue aumentando el niamero de capas de células de la
granulosa, aparece la zona pellcida y la teca interna, ya con receptores de LH. En el estadio
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preantral las células de la granulosa se diferencian en dos lineas distintas tanto anatomica
como funcionalmente: las de la pared del foliculo, con una funcion esteroidogénica, y las del
cumulus. Estas ultimas son las que rodean al oocito formando los COCs (cumulus-oocyte
complexes), que desde un punto de vista practico son las estructuras que recuperamos
cuando puncionamos foliculos para realizar la produccion in vitro de embriones (PI1V). Se
van formando pequefias cavidades que se llenan de fluido, y progresivamente se va
formando el antro (Mc Natty et al., 2007). Es importante resaltar que el antro se forma bajo
la influencia de la FSH, por lo que los foliculos sensibles a las gonadotropinas pueden ser
desde preantrales o antrales jovenes, hasta completamente antrales. La aparicién de los
receptores de LH en las células la granulosa determina la madurez completa del foliculo, y
en la oveja ocurre cuando los foliculos alcanzan alrededor de 3-3,5 mm de diametro
(Monniaux et al., 2009). Cuando el antro esta formado completamente se denomina foliculo
terciario o de Graaf. Estos foliculos son dependientes de las gonadotropinas y crecen
hasta el estadio de foliculo preovulatorio. Los foliculos preovulatorios son aquellos
capaces de ovular si se dan las condiciones endocrinas adecuadas de estradiol, baja
progesterona y alta frecuencia de la pulsatilidad de la LH. Se ha estimado que el periodo de
crecimiento folicular desde el estadio primordial hasta el preovulatorio excede los 6 meses
(Cahill and Mauleon, 1980).
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Figura 6. Resumen de la foliculogénesis en la oveja desde un punto de vista
morfolégico y funcional. Adaptado de Scaramuzzi et al. (2011)
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Durante esta fase de foliculogénesis terminal, los foliculos crecen y regresan en patrones de
“ondas de crecimiento”. En ovino, durante un ciclo estral ocurren de 2 a 4 ondas foliculares
(Vifoles, 2000; Bartlewski et al., 2011). Este hecho, explica en parte la gran variacion que se
encuentra en respuestas ovaricas entre animales y razas en esta especie. Dentro del pool
de foliculos sensibles a las gonadotropinas se encuentran foliculos en diferentes estadios. Al
incrementar la concentracion de FSH, emergen los mas avanzados para formar la cohorte
de foliculos dependientes de las gonadotropinas. Conforme van creciendo, uno 0 mas
foliculos dominantes emergen y van a inhibir el reclutamiento y crecimiento de otros foliculos
(Gonzélez-Bulnes et al., 2004).

Q0 pd O 00
OO \Q @ @OO O O Primordial follicles (Type 1 or 1a): Largest
(@) (@)
O O @. O O 4 population of follicles present, oocyte and granulosa
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atresia and progressive increase in requirement
for gonadotrophins
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Figura 7. Modelo de foliculogénesis en la oveja (Scaramuzzi et al., 1993, 2011)

1.3.3.2. Interacciones foliculo-oocito: secrecion de BMP15 y AMH

Durante la foliculogénesis existe una relacion bidireccional entre el oocito y el foliculo, de
forma que el oocito crece y se desarrolla de manera dependiente de las células somaticas
foliculares (Thibault, 1977), y promueve el desarrollo folicular. El oocito primero adquiere la
competencia meiética y después, gradualmente, la competencia para el desarrollo, es decir,
un estado bioquimico y molecular que le permita fertilizarse normalmente, superar con éxito
la preimplantacion embrionaria, y desarrollarse a término (Hyttel et al., 1997; Duranthon y
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Renard, 2001). En los estadios primordiales e independientes de gonadotropinas el oocito
es incompetente, tanto meidticamente como en competencia para el desarrollo. Tras la
formacion del antro, el oocito adquiere la habilidad de reiniciar la meiosis y progresivamente
va adquiriendo su competencia citoplasmatica para el desarrollo (Sirard et al., 2006). Por lo
tanto, la proporciéon de oocitos competentes aumenta conforme aumenta el tamafio folicular
(Revisado por Mermillod et al., 2008). De esta manera, en trabajos recientes llevados a cabo
en cabras se ha demostrado que aunque la eficiencia de la PIV en animales prepuberes es
mucho menor que en los adultos, se pueden obtener los mismos resultados entre grupos de
edad siempre y cuando se puncionen foliculos de mas de 3 mm en los animales mas
jévenes (Romaguera et al., 2011). Este hecho se debe tener en cuenta cuando se obtienen
oocitos para PIV de embriones, tanto por técnicas de aspiracion folicular in vivo (LOPU),
como a partir de ovarios de matadero.

El oocito segrega factores de crecimiento que juegan un papel esencial en la regulacion
de la foliculogénesis, diferenciacion de las células del cumulus y de la granulosa, tasa de
ovulacion y prolificidad (McNatty et al., 2004). Dos de estos factores se expresan
principalmente en el oocito: GDF9 y BMP15, y juegan un papel clave en promover el
crecimiento folicular.

Ambos pertenecen a la superfamilia del TGF-B, que estad formada por un grupo de al
menos 35 proteinas con diversa funcionalidad pero similar estructura (Knight y Glister,
2006). Esta familia se subdivide en las subfamilias TGF-, BMP (bone morphogenetic
protein; a la que pertenece BMP15), GDF (growth and differentiation; a la que pertenece
GDF9), activin/inhibin, GDNF (glial cell-derived neurotrophic factor), e incluye otros
miembros como la AMH (anti-Mullerian hormone; revision de Knight y Glister, 2006). Estos
factores son expresados por las células somaticas del ovario y por los oocitos en diferentes
momentos de su desarrollo, y actian como reguladores ovaricos de la foliculogénesis. Como
se ha comentado previamente, GDF9y BMP15 son expresados por el oocito desde etapas
muy tempranas de su crecimiento (estadio de foliculo primordial y primario,
respectivamente), y ejercen su accion de manera paracrina sobre las células de la
granulosa, y de manera autocrina sobre el mismo oocito (Figura 8). A partir del estadio de
foliculo primario también se empieza a expresar en las células de la granulosa la AMH,
como veremos mas adelante. Desde la formacion del antro, GDF9 y BMP15 juegan un papel
esencial en la prevencién de la luteinizacién de las células de la granulosa. Durante la fase
antral, continlan actuando ambos factores: promoviendo la actividad mitogénica e
inhibiendo la luteinizacion en las células murales de la granulosa, y proveyendo al oocito con
factores paracrinos y otras moléculas.
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La mayoria de los miembros de la familia TGF-B ejercen sus efectos sobre las células diana mediante la union a varios tipos de
receptores (tipo | y Il). Actualmente se conocen en los mamiferos siete receptores de tipo | y cinco de tipo Il (Revisado por
Knight and Glister, 2006). La activacion del receptor conduce a la fosforilacion de unas moléculas llamadas Smads, que
modularan a nivel del ndcleo la expresion de los genes diana. BMP15 se une al receptor BMPRII (receptor de tipo 2) que activa
BMPR1B (receptor de tipo 1), y que activa la ruta de las SMADs 1-5-8 (Juengel and McNatty 2005). Esta ruta es la misma que
activa la AMH, que tiene un receptor especifico de tipo Il (AMHRZ2), pero también varios receptores de tipo | que comparte con
otros miembros de la familia del TGF-B, como las BMPs (Josso and di Clemente, 2003).

Figura 8. Caracteristicas de BMP15, AMH y otros miembros de la familia TGF-, como

ligandos extracelulares implicados en la comunicacion bidireccional entre las células

de la teca y de la granulosa, y entre las células de la granulosa y el oocito. Acciones

autocrinas (flechas grises gruesas) y paracrinas (flechas negras gruesas). Adaptado
de Knight y Glister (2006)

El foliculo contiene otros muchos sistemas autocrinos y paracrinos, como por ejemplo el del
IGF, muy importante en la foliculogénesis ya que aumenta la sensibilidad de los foliculos
pequefios a la estimulacion con gonadotropinas y estimula su transicion hacia foliculos
dependientes de gonadotropinas (Silva et al., 2009), pero no se tratardn en la presente
Tesis.

1.3.3.3. Posibles mecanismos de accién de las mutaciones Fec

Como se ha descrito previamente, en ovino se han encontrado diversas mutaciones
naturales en el gen BMP15. En la primera mutacion que se descubrio (FecB®) en el gen
BMPR1B se observo que los foliculos de las hembras homocigotas maduraban y ovulaban a
diametros foliculares menores y con menos células de la granulosa, sin alteraciones en la
secrecion de esteroides o inhibina. Sus oocitos reiniciaban la meiosis a un tamafio menor y
alcanzaban su didmetro maduro en la fase preantral, mientras que las no portadoras lo
hacian tras la formacién del antro (Cognié et al.,, 1998). Por otro lado, los animales
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fuertemente inmunizados contra BMP15 o GDF9 tienen inhibido el crecimiento folicular
desde los estadios primarios y primordiales (McNatty et al., 2006).

Algunos autores consideran que el sistema BMP juega un papel principal en el control de la
foliculogénesis ovarica y de la tasa de ovulacion, modulando la proliferacion y diferenciacion
de las células de la granulosa y de la teca en respuesta a la estimulacion por
gonadotropinas, existiendo numerosas variaciones a nivel intrafolicular (Campbell et al.,
2003). Las mutaciones descritas en BMP15 aparentemente ocasionan una interrupcion de la
sintesis de proteina BMP15 biolégicamente activa por parte de ese alelo, por lo que la
cantidad de proteina funcional en el ovario se encontraria disminuida, o bien afectada su
unién a los receptores (Knight y Glister, 2006). Podria ser que las mutaciones en genes Fec,
debido a esta disminucion en la cantidad de proteina, induzcan una maduracion precoz de
los foliculos ovaricos y se altere su sensibilidad a las gonadotropinas. Algunos trabajos
sugieren una mayor sensibilidad de las hembras portadoras heterocigotas tanto a la FSH
como a la LH (Fabre et al.,, 2006), mientras que otros muestran tan solo una aparicion
precoz de los receptores de LH (McNatty et al., 2009), favoreciéndose en cualquier caso su
seleccion. Como consecuencia, en las ovejas portadoras de la mutacién se produciria la
ovulacion y luteinizaciéon de numerosos foliculos antrales mas pequefios, con menos células
de la granulosa, mayor sensibilidad a la FSH y cuyos receptores de LH aparecen de una
manera precoz, lo que conduce a una mayor tasa de ovulacion (Fabre et al., 2006, Figura 9).

Wild-type Mutated
Fec gene carrier Fec gene carrier

Hypothalamus-

Growth
'; initiation <GEmiisR) il
. '\ = /==
@ _____________ _Gonadotropln =1 FSH sensitivity |—,
\ dependence

_LH receptor :
\ _ apparition =~

MONO POLY
OVULATION OVULATION

Figura 9. Representacion esquematica de los efectos de los alelos Fec de prolificidad
sobre la foliculogénesis y tasa de ovulacion (Fabre et al., 2006)
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Se han desarrollado algunos modelos para explicar la regulacién de la tasa de ovulacién.
Segun la teoria de la “ventana” propuesta por Scaramuzzi et al. (2011), en el caso de
ovulaciones simples, un foliculo ovulatorio emerge de un pool de foliculos dependientes de
las gonadotropinas bajo el control de la FSH. El periodo durante el cual el nivel de FSH
permanece por encima de un umbral determinado abre algo parecido a una “ventana” que
permite a un foliculo maduro escapar de la atresia, pasar por esa “ventana’ y alcanzar la
ovulacion (Figura 10). Las ovulaciones multiples se podrian alcanzar mediante diferentes
mecanismos. Por un lado, aumentando esa “ventana”, ya sea disminuyendo el umbral de
FSH o bien aumentado los niveles de FSH circulante. Por otro lado, incrementando el pool
de foliculos en crecimiento que pueden ser estimulados por las gonadotropinas. Estos
mecanismos no serian excluyentes entre si (Scaramuzzi et al., 2011; Vinet et al., 2012).
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Figura 10. “Teoria de la ventana” propuesta por Scaramuzzi et al. (2011) para explicar
los posibles escenarios para el incremento de la tasa de ovulacién (Vinet et al., 2012)

Teniendo en cuenta todos estos aspectos, en la presente Tesis se quiso evaluar la influencia
del alelo FecX” del gen BMP15 sobre la poblacion folicular de las ovejas heterocigotas, y su
repercusion sobre la competencia de sus oocitos. Los resultados de estos experimentos se
presentan en la tercera publicacion.
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1.4. La AMH como marcador endocrino de la reserva folicular

La hormona anti-Mdilleriana (AMH), también conocida como Miillerian inhibiting substance
(MIS), es una glycoproteina de 140 kDa perteneciente a la familia del transforming growth
factor beta (TGF-B), que se expresa Unicamente en la gonadas (Cate et al., 1986). En los
machos, es producida por las células de Sertoli y causa la regresion de los conductos de
Muller durante el estadio fetal. En el ovario de las hembras, se ha visto que ejerce un accién
inhibitoria sobre el reclutamiento de foliculos primordiales hacia foliculos en crecimiento,
evitando el agotamiento temprano de la reserva folicular (Revisado por Monniaux et al.,
2013).

En los mamiferos la “reserva folicular ovarica”, es decir, el ndmero de foliculos
primordiales, es muy variable entre los individuos. Aunque no se ha encontrado un marcador
directo de la reserva folicular ovérica, se considera que la “reserva folicular funcional o
activa” es normalmente un buen indicador de la misma (Anderson et al., 2012; Grynnerup et
al.,, 2012). Hoy en dia, la AMH es el mejor marcador endocrino de los foliculos en
crecimiento, es decir, de la reserva folicular funcional o activa, en diversas especies.
Actualmente se utiliza la AMH como predictor de la respuesta ovarica a las gonadotropinas
en la edad adulta en el ser humano (Visser y Themmen, 2005; Visser et al., 2006; Lamarca
et al., 2010), el raton (Kevenaar et al., 2006), la vaca (Rico et al., 2009), y recientemente se
ha demostrado también su utilidad en la yegua (Vernunft et al., 2011) y en la cabra
(Monniaux et al., 2011). En la vaca, la AMH esta altamente correlacionada con el nimero de
foliculos antrales de 3 a 7 mm de diametro, que son la principal diana de los tratamientos
superovulatorios (Figura 11). Por tanto, la mediciéon de la concentracion de AMH es un
reflejo del la reserva folicular activa, y permite predecir el nimero de ovulaciones y de
embriones producidos en respuesta a la estimulacion ovarica con FSH en esta especie (Rico
et al.,, 2009, 2011; Monniaux et al., 2010), que es un caracter repetible y posiblemente
heredable. Es importante destacar que en la vaca, la concentracion plasmatica de AMH es
caracteristica de cada animal durante un largo periodo de vida, existiendo una alta
variabilidad entre individuos.

Basandose en este descubrimiento, se empez6 a utilizar la concentracion plasméatica de
AMH como criterio de elecciéon de vacas donadoras en programas comerciales o MOET
(Multiple Ovulation and Embryo Transfer).
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Figura 11. Modelo de regulacion de la produccién de AMH a nivel celular, folicular,
ovarico y endocrino en la vaca. Las flechas rojas muestran la expresion de la AMH (De
Rico et al., 2011)

Cuando se plantedé esta Tesis la informacién sobre la AMH plasmética en ovino era
inexistente, por lo que se creyd conveniente investigar las relaciones entre la AMH y la
poblacién folicular. De existir alguna relacion entre ellas, podria derivarse un método para
identificar las ovejas con mayor capacidad de respuesta ovarica, que tal vez pudiera ser
aplicado a la seleccion.

En esta Tesis se plante6 el interés de determinar la concentracion de AMH tanto en ovejas
adultas como en corderas. Si la AMH en la edad adulta era capaz de reflejar una
determinada poblacién de foliculos sanos en crecimiento (foliculogénesis basal terminal),
quizas en animales prepuberes pudiera reflejar lo mismo, lo cual tal vez podria tener
implicaciones sobre la precocidad sexual. La existencia de trabajos previos donde se habia
demostrado que a las 12-14 semanas del nacimiento ya habia un nimero importante de
foliculos sensibles a las gonadotropinas en el ovario de corderas (Bartlewski et al., 2006;
Mahdi et al., 2008) nos animé a llevar a cabo estos experimentos. Los resultados de estos
trabajos se presentan en la cuarta y quinta publicaciones de la Tesis.

Para realizar estos estudios el INIA de Madrid financié un proyecto titulado “Marcadores de
productividad de la oveja medidos en edad prepuber”.
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1.4.1. Relacién entre BMP15 y AMH

Recientemente se ha demostrado que los factores BMP son capaces de estimular la
expresion de la AMH en las células de la granulosa en condiciones in vitro (Vacuno: Rico et
al., 2011; Ovino: Monniaux et al., 2013). Por lo tanto, una mutacién que afecta al gen
BMP15, como es el caso del alelo FecX” donde existe una deleciéon de 17 pares de bases
en la secuencia que codifica el gen que conlleva una disminucién de su expresion a nivel del
oocito, podria estar afectando también la produccion de AMH de los foliculos en crecimiento,
y por lo tanto, afectar en Gltimo término a sus concentraciones plasméticas.

Actualmente no se conocen los efectos que dichas mutaciones puedan tener sobre la AMH,
por lo que deberian ser estudiadas. Por lo tanto, en la presente Tesis Doctoral se considerd
de interés evaluar, ademas de la relacién entre la AMH y la poblacién folicular, el efecto del
genotipo sobre la concentracion plasméatica de esta hormona.

A modo de conclusién, diremos que en los Ultimos afios se esta empezando a trabajar en
la busqueda de nuevas estrategias para mejorar la eficiencia reproductiva de las ovejas,
como es el uso de variantes génicas o la busqueda de compuestos fisiologicos del propio
animal que estén asociados a mejores resultados reproductivos. Las dos estrategias que se
presentan en la presente Tesis persiguen poder seleccionar los animales mas eficientes
desde el punto de vista reproductivo a una edad muy temprana, lo que permitiria acelerar el
proceso de seleccién interna en los rebafios, y minimizar el uso de productos hormonales. El
trabajo que se presenta en esta Tesis, enfoca el estudio de dos de estas estrategias que
afectan a la poblacién folicular en la oveja Rasa Aragonesa:

1) Aumento de la prolificidad a través del alelo FecX” del gen BMP15

2) Utilizacién de hormona Anti-Mulleriana como marcador de la poblacion folicular
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2. Objetivos

Objetivos

Mediante la realizacion de la presente Tesis Doctoral se pretende avanzar en el
conocimiento y la utilizacién de marcadores genéticos y endocrinos de la poblacién folicular
en ovejas Rasa Aragonesa para la mejora de su eficiencia reproductiva. Para ello se
pretende evaluar el efecto del alelo FecX” del gen BMP15 sobre el rendimiento reproductivo,
asi como investigar otros posibles biomarcadores como la hormona anti-Mlleriana.

Este objetivo general se pretende abordar mediante los siguientes objetivos parciales:

1. Determinar el efecto del alelo FecX” del gen BMP15 sobre la tasa de ovulacion, la
prolificidad y el momento de ovulacion en ovejas heterocigotas, asi como sus
interacciones con los tratamientos hormonales clasicos de sincronizacion de celos
utilizados en las ganaderias.

2. Estudiar la influencia del alelo FecX” del gen BMP15 sobre la poblacion folicular de
ovejas heterocigotas y su repercusion sobre la calidad del oocito, evaluada mediante
técnicas de produccién in vitro y transferencia de embriones a partir de oocitos
derivados de LOPU.

3. Estudiar la relacion entre los niveles plasméaticos de hormona anti-Milleriana (AMH) y
la poblacion folicular, en funcion del genotipo BMP15 (heterocigotas o no portadoras
del alelo FecX) y de la edad (corderas y adultas).

4. Investigar la relacién entre los niveles plasmaticos de hormona anti-Mulleriana (AMH)
en corderas prepuberes y su reserva folicular sensible a gonadotropinas, como
posibles marcadores de fertilidad en la edad adulta.
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Objectives

This Doctoral Thesis was designed to advance the knowledge and use of genetic and

endocrine markers of follicle population in Rasa Aragonesa sheep, in order to improve their

reproductive efficiency. This was accomplished by assessing the effect of the FecX” allele in

the BMP15 gene on reproductive performance, as well as exploring other potential

biomarkers such as anti-Mllerian hormone.

This general objective was addressed by the following partial objectives:
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To study the effect of the FecX” allele of the BMP15 gene on ovulation rate, prolificacy
and time of ovulation in heterozygous ewes, and their interactions with standard
hormonal treatments used in farms for estrus synchronization.

To assess the influence of the FecX” allele of the BMP15 gene on follicle population in
heterozygous ewes and its impact on oocyte quality, evaluated by in vitro embryo
production techniques and embryo transfer from LOPU-derived oocytes.

To study the relationship between plasma anti-Mdllerian hormone (AMH)
concentrations and follicle population, depending on age (ewe lambs and adults) and
BMP15 genotype (carrying or not carrying the FecX” allele).

To look into the relationship between plasma anti-Mullerian hormone (AMH)
concentrations in prepubertal ewe lambs and the population of gonadotropin-
responsive follicles as potential markers for fertility in adulthood.
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3.1. Presentacion de las publicaciones

Presentacion de las publicaciones

En el marco de la presente Tesis Doctoral se han realizado 5 publicaciones.

Los primeros estudios tuvieron como objetivo “Determinar el efecto del alelo FecX” del gen
BMP15 sobre la tasa de ovulacién, la prolificidad y el momento de ovulaciéon en ovejas
heterocigotas, asi como sus interacciones con los tratamientos hormonales clasicos de
sincronizacion de celos utilizados en las ganaderias” (Objetivo 1 de la Tesis). Este objetivo
general se abordd mediante cuatro experimentos. Los tres primeros dieron lugar a la primera
publicacion, y el cuarto experimento dio lugar a la segunda publicacion.

Publicacién 1: Effect of the FecX® polymorphism in the bone morphogenetic protein

15 gene on natural or equine chorionic gonadotropin-induced ovulation rate and litter
size in Rasa Aragonesa ewes and implications for on-farm application.

En esta primera publicacién se determind el aumento de tasa de ovulacion y de prolificidad
que produce la presencia del alelo FecX” tanto en condiciones naturales como al aplicar
diferentes dosis de eCG, y se evaluaron sus posibles efectos adversos sobre la
supervivencia de los corderos.

Para ello, en un primer experimento se determind mediante laparoscopia la tasa de
ovulacion natural en corderas y ovejas adultas de ambos genotipos (R+y ++).

En un segundo experimento, se aplicaron diferentes dosis de eCG a ovejas adultas de
ambos genotipos con el fin de evaluar una posible interaccion entre el genotipo y la
aplicaciéon de gonadotropinas sobre la prolificidad. El objetivo fue determinar la dosis éptima
a aplicar a las ovejas R+, asi como evaluar la posible influencia del incremento en tasa de
ovulacion sobre las pérdidas embrionarias y el peso al hacimiento de los corderos.

En el Ultimo experimento, se quiso determinar el efecto del alelo FecX” sobre la prolificidad
en condiciones reales y sobre un nimero elevado de animales, teniendo en cuenta de nuevo
el efecto de la aplicacién de eCG. Para ello, se conté con los datos del control de
producciones recogidos durante 10 afios en las ganaderias que forman parte del programa
de mejora genética por prolificidad de la UPRA-Grupo Pastores. En dichas ganaderias
existia el problema de que habia hembras R+ sin identificar. Con el fin de hacer una
estimacion de la frecuencia del polimorfismo en las explotaciones, evitar en un futuro
emparejamientos que llevasen a producir ovejas homocigotas estériles, y calcular de
manera fiable la prolificidad, era necesario identificar las hembras R+. Para ello se contrasté
el método de asignacién de genotipos por genealogia frente al genotipado por PCR. Una
vez validado el método e identificadas correctamente las hembras R+, se calculé su
prolificidad en relacién a la de las hembras ++.
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Los resultados de los tres primeros experimentos permitieron definir el incremento de la tasa
de ovulacion y prolificidad que produce esta mutacién en corderas y adultas de Rasa
Aragonesa, en condiciones experimentales y de rebafio. Se extrajeron conclusiones sobre
los efectos de diferentes dosis de eCG, que permitirian tomar decisiones a nivel de
explotacion sobre la dosis a aplicar en funcion de la prolificidad y distribuciéon de partos
deseable y asumible por el ganadero. Por ultimo, los resultados permitieron validar un
método de identificacibn de animales portadores en la explotaciébn que resultase viable a

nivel practico y econémico.

Publicacion 2. Caracterizacion del pico preovulatorio de LH en ovejas Rasa Aragonesa

portadoras o no del alelo FecX® (ROA®).

En la raza Rasa Aragonesa la IA es una técnica utilizada dentro del programa de seleccién
para la conexién de rebafios y la difusiébn de la mejora genética. Previamente a la IA, las
ovejas se sincronizan con un tratamiento clasico de esponja de FGA y eCG, y se realiza la
IA a tiempo fijo. En los experimentos de la publicacién 1 se demostré que la presencia del
alelo FecX” en heterocigosis producia un incremento de la tasa de ovulacion y prolificidad,
asi como una mayor respuesta a la eCG. Estas diferencias podrian conllevar cambios
endocrinos que podrian afectar a la descarga preovulatoria de LH. Por lo tanto, se decidio
estudiar el momento de aparicién del pico preovulatorio de LH con el fin de conocer si la
presencia del alelo modificaba el momento de ovulacion. En caso afirmativo, seria necesario
modificar el momento de IA en este genotipo.

Con este objetivo se extrajeron muestras sanguineas de ovejas adultas portadoras o no del
alelo FecX”, tratadas o no con eCG, y se determinaron las concentraciones de LH.

Los resultados del cuarto experimento permitieron establecer las recomendaciones para la
realizacion de la IA en ambos genotipos.

Publicacién 3. Influence of the FecX" allele in heterozygous ewes on follicular

population and outcomes of IVP and ET using LOPU-derived oocytes.

El siguiente estudio tuvo como objetivo “Estudiar la influencia del alelo FecX” del gen
BMP15 sobre la poblacion folicular de ovejas heterocigotas y su repercusién sobre la calidad
del oocito, evaluada mediante técnicas de produccion in vitroy transferencia de embriones a
partir de oocitos derivados de LOPU” (Objetivo 2 de la Tesis), y sus resultados se presentan
en la tercera publicacion.

Se busco profundizar en los efectos del alelo FecX” a nivel ovarico, y avanzar asi en el
conocimiento de los mecanismos de accion que conducen al incremento de la tasa de
ovulacion, asi como estudiar sus implicaciones sobre la fertilidad. Para ello, se utiliz6 la

42



3.1. Presentacion de las publicaciones

tecnologia Laparoscopic Ovum Pick-Up (LOPU), que permitié contabilizar y medir los
foliculos ovéricos, y obtener oocitos de ovejas de ambos genotipos (R+ y ++), tratadas o no
con FSH. Los oocitos recuperados fueron sometidos a un proceso de maduracion,
fertilizacién y cultivo in vitro, y como ultimo criterio de calidad oocitaria, aquellos que
alcanzaron el estadio de blastocisto fueron transferidos a ovejas receptoras.

Los resultados de este trabajo permitieron sacar conclusiones sobre diferencias en la
competencia para el desarrollo de los oocitos de hembras de ambos genotipos.

Publicacion 4. Anti-Mullerian hormone (AMH) concentration in sheep and its

dependence of age and independence of BMP15 genotype: an endocrine predictor to
select the best donors for embryo biotechnologies.

La disminucién de la proteina BMP15 biolégicamente activa que ocurre en las hembras R+
podria conllevar una disminucion en la produccion de AMH. Debido a las ventajas
reproductivas del alelo FecX”, las hembras R+ coexisten con las ++ en los rebafios de Rasa
Aragonesa. Por lo tanto, las posibles diferencias en las concentraciones de AMH entre
genotipos deberian investigarse para determinar si la capacidad predictiva de la AMH podria
hacerse extensiva 0 no a ambos genotipos. Por ello, se realiz6 un experimento para
investigar en primer lugar, la relacién entre la AMH y el genotipo en funcion de la edad. En
segundo lugar, se quiso investigar la relacion entre la AMH y la poblacién folicular en ovejas
adultas, para lo cual fueron sometidas a varias sesiones de LOPU. Con estas experiencias
se quisé abordar el Objetivo 3 de la Tesis, y sus resultados se presentan en la cuarta
publicacion. Se consideré que si bien establecer las relaciones entre la AMH en la edad
adulta y el rendimiento en LOPU seria de gran interés, todavia seria mas interesante si se
pudiese relacionar la AMH en la edad prepuber con el rendimiento en LOPU en la edad
adulta, con el fin de poderla utilizar como un criterio de seleccidén precoz de las corderas con
una mayor poblacion folicular.

Las concentraciones de AMH se determinaron en muestras sanguineas que se obtuvieron
antes de la pubertad y en la edad adulta en animales de ambos genotipos (R+ y ++). En la
edad adulta fueron sometidas a LOPU.

Este trabajo permiti6é establecer los perfiles de AMH en funcién de la edad y relacionar las
concentraciones de AMH con el rendimiento en LOPU para ser utilizada como criterio de
seleccidn de las mejores donantes. Por otro lado, se pudo conocer si se deberian establecer
distinciones entre genotipos a la hora de utilizar la AMH como posible herramienta de
seleccion.
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3.1. Presentacion de las publicaciones

Publicacion 5. Anti-Millerian hormone plasma concentration in prepubertal ewe lambs

as a predictor of their fertility at a young age.

En la Rasa Aragonesa la edad media al primer parto es de 17-18 meses, a pesar de que
podrian cubrirse con éxito a partir de los 7 meses, lo que conlleva importantes pérdidas
economicas. Los resultados presentados en la publicacion 4 mostraron una gran variacion
en las concentraciones de AMH entre animales y edades, lo que nos hizo pensar que quizas
la AMH podria estar reflejando un desarrollo folicular mas avanzado en unos animales que
en otros. De ser cierto, se pens6é que tal vez se podrian seleccionar a una edad muy
temprana los animales mas precoces, lo que podia repercutir positivamente en su vida
productiva, y por lo tanto podria tener en un futuro una repercusion econémica importante
para la ganaderia ovina. Por estas razones, se llevé a cabo el siguiente experimento, que
dio lugar a la quinta publicacién de la Tesis, y cuyo objetivo era: “Investigar la relacion entre
los niveles plasmaticos de hormona Anti-Mulleriana (AMH) en corderas prepuberes y su
reserva folicular ovéarica, como posibles marcadores de fertilidad en la edad adulta”
(Objetivo 4 de la Tesis).

Para ello se determiné la concentracion de AMH en corderas prepuberes y se relacioné con
su respuesta ovulatoria tras la aplicacion de eCG, como posible indicador de la presencia de
foliculos sensibles a las gonadotropinas a esa edad. Los datos obtenidos se relacionaron
con su fertilidad a la primera cubricién.

Se demostrd la relaciéon entre la AMH y la respuesta ovulatoria antes de la pubertad con la
fertilidad temprana, y se evalud la posibilidad de utilizarlos como un criterio de seleccién de
las corderas con mejor fertilidad en su primera cubricion.
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3.2. Publicacion 1

Effect of the FecX " polymorphism in the bone morphogenetic
protein 15 gene on natural or equine chorionic gonadotropin-

induced ovulation rate and litter size in Rasa Aragonesa ewes and
implications for on-farm application.

Lahoz B., Alabart J.L., Jurado J.J., Calvo J.H., Martinez-Royo A., Fantova E., Folch J.
Journal of Animal Science 2011, 89:3522-3530







Effect of the FecX® polymorphism in the bone morphogenetic protein
15 gene on natural or equine chorionic gonadotropin-induced
ovulation rate and litter size in Rasa Aragonesa ewes
and implications for on-farm application’

B. Lahoz,*? J. L. Alabart,* J. J. Jurado,t J. H. Calvo,*} A. Martinez-Royo,*
E. Fantova,§ and J. Folch*
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ABSTRACT: A new mutation in the bone morpho-
genetic protein 15 (BMP15) gene (FecX™ allele) causing
increased prolificacy in heterozygous (R+) and steril-
ity in homozygous ewes has been recently described
in Rasa Aragonesa, a low-prolificacy Mediterranean
breed. The current study determined, first, the effect of
this polymorphism on natural and eCG-induced ovula-
tion rate (OR) and the effect of eCG dose on reproduc-
tive performance; and second, its effect on prolificacy
and its interaction with progestagen + eCG treatment
on farms, which have not been reported to date. The
FecX" allele increased OR by 0.44 and 0.63 ovulations
in young (n = 91) and adult (n = 84) R+ ewes, respec-
tively (both, P < 0.01), increments less than reported
in prolific breeds carrying other mutations in BMP15.
When the standard dose of eCG used on farms (480 IU)
was applied to R+ ewes (n = 36), an extremely high
OR (3.95) was recorded, which was accompanied by
greater partial failure of multiple ovulations (PFMO).
On the contrary, OR using 240 IU in R+ ewes (2.90;
n = 35) was similar to 480 IU in wildtype (++) ewes
(2.82; n = 48; both P < 0.01 when compared with
480 IU in R+ ewes). No differences were found in the
birth weight of the offspring between R+ and ++ e¢CG-

Key words:

stimulated ewes within the same litter size. To validate
the genealogy identification on farms, PCR genotyp-
ing was carried out in 1,667 ewes from 4 elite flocks,
resulting in a negligible misclassification of R+ ewes,
which demonstrated that identification by genealogy is
a reliable tool to identify FecX™ ewes within the breed-
ing program. In recorded farms, the natural litter size
of ++ ewes (1.34, n = 599,160 lambing records) was
increased due to the FecX™ allele by 0.35 lambs (P <
0.0001, n = 6,593 lambing records). A similar increase
(0.30) was observed when comparing ++ and R+ ewes
treated with 480 TU of eCG (P < 0.0001, n = 62,055
and n = 866, respectively). When applying 480 IU of
eCG to R+ ewes, the increase in prolificacy was only
due to increased percentages of triplets (P < 0.001)
and quadruplets (P < 0.0001), but not of twin births.
In conclusion, the favorable reproductive performance
of R+ ewes, with 0.63 extra ovulations and 0.35 extra
lambs per lambing ewe, is responsible for the increased
interest in the use of this polymorphism. Nevertheless,
care must be taken in the application of eCG to R+
ewes, with the current results showing that the stan-
dard dose increases prolificacy by only increasing triple
and higher-order births.

BMP15, breeding program, ovulation rate, pregnant mare serum gonadotropin,

prolificacy, sheep
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Effect of FecX™ allele on prolificacy in ewes

INTRODUCTION

Rasa Aragonesa is an autochthonous Mediterranean
breed of sheep from the northeast of Spain, with about
500,000 animals recorded, mainly reared in extensive
or semiextensive farming systems and oriented to meat
production. A selection program to increase prolificacy
has been carried out in this breed since 1994 because
the number of lambs born per ewe has a key role in
the efficiency and viability of these farms (Pardos et
al., 2008). In Rasa Aragonesa, phenotypic prolificacy
is 1.37 (lambs/birth; 16th catalog of the selection pro-
gram 2009, unpublished). In 2007, some descendents of
the tested rams presented an uneven increase in prolifi-
cacy unexplained by polygenic heredity, leading to the
discovery of a new naturally occurring polymorphism
in bone morphogenetic protein 15 (BMP15), a fecun-
dity gene with a major effect on ovulation rate (OR)
in sheep. The polymorphism (FecXR allele) consists of
a deletion of 17 bp in the coding region of BMP15,
located on the X chromosome, causing increased prolifi-
cacy in heterozygous (R+) and sterility in homozygous
ewes (Martinez-Royo et al., 2008). Because the FecX"
allele allows increased prolificacy while maintaining
breed morphology, it is being used on farms. In fact, in
2008 the estimated population of R+ ewes was approxi-
mately 1,500, showing a clear trend toward increased
numbers. In spite of its economic interest, the increase
in OR, which led to this increase in litter size (LS),
and the interactions with progestagen + eCG treat-
ment (widely used to induce out-of-season breeding)
still remain to be determined in this breed.

Therefore, this study was performed to determine
the effect of this new polymorphism on natural OR
in young and adult Rasa Aragonesa ewes, as well as
OR and reproductive performance of adult ewes treat-
ed with fluorogestone acetate (FGA) and 2 different
doses of eCG. In addition, we wished to determine the
increase in prolificacy due to the presence of the FecX”
allele and its type of birth distribution in eCG-treated
or untreated ewes on farms.

MATERIALS AND METHODS

All experimental procedures were performed in ac-
cordance with the guidelines of the European Union
(2003/65/CE) and Spanish regulations (RD 1201/2005,
BOE 252/34367-91) for the use and care of animals in
research.

Ezxp. 1. Natural OR of Young and Adult
FecX® Heterozygous Fwes

This experiment was carried out from November to
December (the natural breeding season) in the facilities
of Centro de Investigacién y Tecnologia Agroalimen-
taria (CITA), a research center located in Zaragoza
(Spain). Ovulation rate was recorded in 91 hetero-
zygous FecX" carriers (R4) and 20 wild-type (4+4)
young ewes, aged 311 + 11 d (mean + SD), and in 84
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R+ and 19 ++ adult ewes, aged 683 £+ 37 d (mean +
SD), previously identified by PCR genotyping as de-
scribed by Martinez-Royo et al. (2009). Within each
age group, R+ and ++ groups were similar in BW and
BCS. Animals were kept at a constant feeding level and
treated with 30-mg FGA sponges (Sincropart 30 mg,
CEVA Salud Animal S.A., Barcelona, Spain) for 14 d
to synchronize estrus. No eCG was used at withdrawal
and no males were used for heat detection. Ovulation
rate was recorded by laparoscopy during 3 consecutive
cycles for each animal, always performed by the same
observer, starting 6 d after sponge withdrawal and re-
peating 17 and 34 d later. Ewes were fasted for 24 h.
Tranquilization was carried out using acepromaszine,
and local anesthesia was given by a subcutaneous injec-
tion of lidocaine in the place of insertion of the trocars
as described by Cognié et al. (2007). Ovulation rate of
each animal was the mean of the observations recorded
in the ovulating cycles. To calculate the distribution of
ovulations, a total of 257 and 292 ovulation records in
young and adult ewes, respectively, were considered.

Ezxp. 2. OR, Partial Failure of Multiple
Ovulations, and Offspring Birth Weight

of Adult FecX® Heterozygous Ewes Treated
with 2 Different Doses of eCG

This experiment was also carried out in the facili-
ties of CITA. A total of 71 R+ and 48 ++ ewes were
treated for 14 d with vaginal sponges containing 30
mg of FGA (Sincropart 30 mg, CEVA Salud Animal
S.A.). At sponge withdrawal, ++ ewes received 480 TU
of eCG intramuscularly (4+4480; Sincropart PMSG
6,000 UI, CEVA Salud Animal S.A.), the standard dose
used for Al in Rasa Aragonesa ewes on farms, whereas
R+ received either 240 IU (n = 35; R+240) or 480 IU
(n = 36; R+480). Cervical insemination was carried
out 44.5 + 1 h after sponge withdrawal with semen of
proven fertility diluted in skim milk and refrigerated
at 15°C. BEach ewe received 400 x 10° spermatozoa.
Ovulation rate was recorded once in 75 ewes (R+240:
n = 21; R+480: n = 21; +4480: n = 33 ewes) 8 d after
sponge withdrawal, following the procedures described
in Exp. 1.

One week before lambing, ewes were placed in indi-
vidual pens. At lambing, offspring were immediately
identified and weighed using a digital balance with a
precision of 0.1 kg. Partial failure of multiple ovulations
(PFMO) was calculated for each of the 3 groups as the
difference between OR and LS of lambing ewes with >2
ovulations.

Exp. 3. Prolificacy of FecX™ Heterozygous
FEwes Identified by Genealogy, With

and Without eCG Stimulation, in Flocks
Enrolled in the Selection Program

The Use of PCR to Validate Genotype by
Genealogy. To assess the suitability of the identifica-
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tion method of FecX” genotype by genealogy within the
selection program, genotype assignment by genealogy
was compared with PCR genotyping. For this purpose,
only adult ewes from 4 elite flocks (n = 1,667 ewes) were
genotyped for the presence of FecX” allele (++, R+,
RR). Blood samples were collected by jugular puncture
using 5-mL vacuum tubes with EDTA. Genotypes for
BMP15 were determined by PCR using primers flank-
ing the FecX"™ polymorphism, as described previously
by Martinez-Royo et al. (2009). Amplification by PCR
was carried out under standard conditions, with PCR
products separated by standard electrophoresis in a
3.5% TBE (0.045 M Tris-borate, 0.001 M EDTA) aga-
rose gel. Amplification of the FecX™ and FecX™ alleles
by PCR produced fragments of 101 and 118 bp, re-
spectively. On farms belonging to the selection program
from 1985, all maternal ancestry is known, and from
1994 paternal ancestry is known when derived from Al
or controlled mating. Since the discovery of FecX™ poly-
morphism in 2007, all rams were genotyped for FecX"
allele presence (Martinez-Royo et al., 2009), and since
2008, all FecX® hemizygous sires have been under the
control of the insemination center. For genotype iden-
tification by genealogy, daughters of FecX"-genotyped
hemizygous rams were assigned as R+, whereas daugh-
ters of wild-type or unknown rams were considered as
++ ewes due to the presumably low frequency of the
FecX" allele in the population. Daughters of known R+
ewes were not taken into account. Prolificacy estimates
of R+ and ++ genotypes identified by PCR on these
farms, treated or untreated with FGA + eCG, were
compared with prolificacy estimates when genotype as-
signment was made only by genealogic information, to
validate further estimates of prolificacy of both geno-
types assigned by genealogy in flocks.

Prolificacy of FecX® Heterozygous Euwes,
With and Without eCG Stimulation, in Flocks
Enrolled in the Selection Program. Prolificacy of
FecX" heterozygous adult ewes, treated or untreated
with eCG, was investigated in all the flocks in the selec-
tion program. Genotype assignation by genealogy was
made as described above. Because the first lambing of
a known heterozygous FecX™ ewe was recorded in 1998,
only data from this year onward were analyzed. A total
of 668,674 lambing records, collected from 1998 to 2008
from these Rasa Aragonesa controlled flocks, were ana-
lyzed to calculate LS for heterozygous FecX™ and non-
carrier ewes. Within each genotype, lambing records
were divided into 2 groups, depending on whether mat-
ing was carried out without hormonal treatments (++:
n = 599,160; R+: n = 6,593) or after the application
of FGA sponges and 480 IU of eCG (++: n = 62,055;
R+: n = 866).

Statistical Analysis

Differences among lots in OR, prolificacy, PFMO,
and variables expressed as percentages were analyzed
by GLM for categorical variables using the CAT-
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MOD procedure (SAS Inst. Inc., Cary, NC). Differ-
ences among lots in lamb birth weight were assessed by
1-way ANOVA using the GLM procedure of SAS and
the Bonferroni-adjusted LSD test. Because significant
differences were found among genotypes in prolificacy,
a full factorial fixed model including genotype and pro-
lificacy was built to test for differences in lamb birth
weight attributable only to genotype. The level of sig-
nificance was set at P < 0.05, whereas P-values > 0.05
but < 0.10 were considered trends.

RESULTS

Natural OR of Young and Adult FecX"
Heterozygous Fwes (Exp. 1)

The mean OR and the distribution of the number
of ovulations in young and adult R+ and ++ ewes are
shown in Table 1. The percentage of animals ovulating
in at least 1 of the 3 cycles was close to 100%, in both
young and adult ewes, with no differences among geno-
types (P > 0.91). In young ewes, OR was 0.44 points
greater in R+ than in ++ ewes, mainly due to an in-
crease in twin ovulations (+50.5%; P < 0.01), because
triple ovulations were not increased (+1.9%; P = 0.78).
In adult ewes, OR was +0.63 points greater in R+ than
in ++ ewes because of the increase in double (+36.4%,
P < 0.01) as well as in triple plus quadruple ovulations
(+12.8%; P < 0.05).

OR, PFMO, and Offspring Birth Weight
of Adult FecX® Heterozygous Ewes Treated
with 2 Different Doses of eCG (Exp. 2)

Ovulation rate and PFMO of R+ ewes treated with
480 or 240 IU of eCG are shown in Table 2. Ovulation
rate after eCG stimulation was greater in the R+480
ewes, presenting 1.13 and 1.05 extra ovulations when
compared with ++4480 and R+240 ewes, respectively (P
< 0.01 for both). In R+480 ewes, the predominant type
of ovulation was quadruple or higher-order ovulation
(57.1%), greater than in the ++480 (+32.9%; P < 0.05)
and R4+240 (+33.3%; P < 0.05) groups. No differences
in OR were found between R+240 and ++480 groups
(P = 0.80), even though triple ovulation, the predomi-
nant type in the R+240 group (47.6%), was greater
in the R+240 than in the ++480 group (+26.4%; P
< 0.05). The different ranges in OR in both groups (1
to 4 in R+240 vs. 1 to 10 in ++480 groups; Table 2)
could explain this difference. In this way, ewes ovulat-
ing more than 4 ova did increase the mean OR of the
+-+480 group up to a value similar to that of R+240
group, despite its decreased percentage of triple ovula-
tions (P < 0.05). In ++4480 ewes, the predominant type
of ovulation was double ovulation (42.4%), greater than
in the R+480 group (+33.4%; P < 0.01).

Partial failure of multiple ovulations was 1.85 in
R+480, greater than in the R+240 and ++480 groups
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Table 1. Natural ovulation rate (OR) in young (311 £ 11 d) and adult (683 £ 37 d)
Rasa Aragonesa ewes heterozygous for the FecX™ allele or homozygous for the wild-
type allele (least squares means + SEM, range, and distribution of the number of

ovulations, %)’

Genotype X age

Ttem R+ young® ++ young® R+ adult® ++ adult’
No. of ewes 91 20 84 19
Ewes ovulating, % 91.2" 95.0" 08.8" 100.0"
OR" 1.60 =+ 0.04" 1.16 + 0.11" 1.99 + 0.04" 1.36 £ 0.09"
OR range 1to3 1to2 1to4 1to3
Type of ovulation, %
Single 38.9" 91.3" 15.5" 64.8"
Double 59.2° 8.7" 69.7" 33.3"
>Triple 1.9% 0.0 14.7° 1.9¢

In a row, within each age group, values without a common superscript differ at PP < 0.01; “P < 0.05.

"The means of 3 cycles are presented.
?FecX™ heterozygous young ewes.
*Wild-type young ewes.

1 FeeX™ heterozygous adult ewes.
SWild-type adult ewes.

Corrected means for a BW of 42.5 kg in young and 47.4 kg in adult ewes.

(1.15 and 0.77; P = 0.13 and P < 0.05, respective-
ly). No differences in PFMO were found between the
R+240 and ++480 groups (P = 0.29).

Birth weights of lambs born from adult ewes are
shown in Table 3. In the R+480 group, birth weight
was lighter when compared with the ++480 (—0.57 kg;
P < 0.05) or R+240 group (—0.42 kg; P = 0.08). Nev-
ertheless, when lambs of the same type of birth were
compared, no differences between groups were observed
(P > 0.10).

Prolificacy of FecX® Heterozygous Ewes
Identified by Genealogy, With and Without
eCG Stimulation, in Flocks Enrolled

in the Selection Program (Exp. 3)

The Use of PCR to Validate Genotype As-
signation by Genealogy. When comparing the
genotype results assigned by genealogy with those de-
termined by PCR genotyping, 97.8% (83.2% ++ and
14.6% R+) of ewes were correctly classified by geneal-

Table 2. Ovulation rate (OR; means + SEM, range, and distribution, %) and partial
failure of multiple ovulations (PFMO; means + SEM) in adult ewes, heterozygous for
FecX" allele or homozygous for the wild-type allele, treated with fluorogestone acetate

and 480 or 240 IU of eCG?

Genotype X treatment

Ttem R+480° R+4-240" +4480°
No. of ewes 21 21 33
OR 3.95 £ 0.30* 2.90 + 0.18" 2.82 + 0.29"
OR range 2to 7 1to4 1 to 10
Type of ovulation, %
Single 0.0° 4.8 12.1¢
Double 9.5" 23.8% 42 4
Triple 33.3% 47.6° 21.2¢
>Quadruple 57.1° 23.8¢ 24.2¢
PFMO° 1.85 + 0.41 (13)¢ 1.15 + 0.25 (13)™ 0.77 £ 0.28 (13)°

Within a row, values differ at “"P < 0.01; “*P < 0.05.

"Fluorogestone acetate: Sincropart 30 mg, CEVA Salud Animal S.A., Barcelona, Spain.
*Equine chorionic gonadotropin: Sincropart PMSG 6,000 IU, CEVA Salud Animal S.A.
3 FecX™ heterozygous adult ewes treated with 480 IU of eCG.
"FecX™ heterozygous adult ewes treated with 240 IU of eCG.

SWild-type adult ewes treated with 480 IU of eCG.

SPFMO = difference between OR and litter size of lambing ewes with >2 ovulations (number of ewes is

shown in parentheses).

50



3526

Table 3. Birth weight (kg) of lambs born from adult ewes, heterozygous for the FecX"
allele or homozygous for the wild-type allele, treated with fluorogestone acetate and

Lahoz et al.

480 or 240 TU of eCG (least squares means + SEM)"**

Genotype X treatment

Type of birth R+480" R+-240° +4480°
Overall 3.09 £ 0.17 (53)™ 3.51 £ 0.19 (35)° 3.66 = 0.14 (33)"
Singletons 4.27 + 0.29 (3)* 4.21 £ 0.16 (10)" 4.33 + 0.20 (6)"
Twins 3.26 + 0.15 (22)" 3.01 + 0.18 (16)" 3.40 + 0.16 (20)*
>Triplets 2.40 + 0.13 (28)" 2.54 £ 0.12 (9)° 2.90 + 0.23 (7)"

Within a row, least squares means without a common superscript differ at *"P < 0.05; “/P < 0.1.

1 . .
Number of lambs is shown in parentheses.

Fluorogestone acetate: Sincropart 30 mg, CEVA Salud Animal S.A., Barcelona, Spain.
*Equine chorionic gonadotropin: Sincropart PMSG 6,000 TU, CEVA Salud Animal S.A.
1 FecX® heterozygous adult ewes treated with 480 IU of eCG.
’FecX" heterozygous adult ewes treated with 240 IU of eCG.

SWild-type adult ewes treated with 480 IU of eCG.

ogy (Table 4). The percentage of R+ ewes in these
farms, determined by PCR, was 16.3% (n = 272), from
which 10.3% (n = 28) were misclassified as ++ ewes
based on progeny data. Likewise, 0.57% of ++ ewes (8
out of 1,395) were erroneously assigned as R+ by ge-
nealogy. Similar percentages (P = 0.86) were obtained
when expressed in terms of lambing records, with 97.9%
(85.6% ++ and 12.3% R+) of lambing records coming
from correctly classified ewes.

To assess the effect of genealogy-induced misclassi-
fication on prolificacy data, the mean LS of R+ and
++ ewes was calculated taking into account only ge-
nealogy assignation or based on PCR genotyping. Very
close mean LS estimates of FecX” carrier and wild-type
ewes, with or without eCG treatment, were obtained (P
> 0.64). In fact, only prolificacy of the untreated ++
group was 0.01 lambs born per lambing ewe less based
on genealogy records (data not shown).

Prolificacy of FecX® Heterozygous Fwes,
With and Without eCG Stimulation, in Flocks
Enrolled in the Selection Program. Prolificacy
and LS distribution of FecX" heterozygous Rasa Ara-
gonesa adult ewes, treated or untreated with eCG, are
shown in Table 5. On farms, prolificacy recorded in

untreated R+ ewes was greater than in ++ ewes (P <
0.0001), resulting in 0.35 extra lambs per lambing ewe.
This greater prolificacy was mainly due to an increase
in twin births (+15.9%; P < 0.0001), in addition to
triplet or higher-order births (+9.2%; P < 0.0001).

When ewes were treated with FGA + 480 IU eCG,
prolificacy was also greater in R+ than in ++ ewes,
resulting in 0.30 extra lambs per lambing ewe (P <
0.0001) because of the increase in twin (+6.0%; P <
0.001) and in triplet and higher-order births (410.4%;
triplets and quadruplets: P < 0.0001; quintuplets: P <
0.01).

Heterozygous ewes for FecX™ allele and ++ ewes
displayed different increases in prolificacy after eCG
stimulation (+0.16 and +0.21 extra lambs born, respec-
tively; P < 0.0001 for both).

DISCUSSION

The polymorphism described in the BMP15 gene
of the Rasa Aragonesa sheep breed (FecXR; Martinez-
Royo et al., 2008) produces an increase in OR of +0.44
and +0.63 in young and adult ewes, respectively. This
increase is less than those found for similar mutations

Table 4. Classification table comparing the identification of the FecX™ heterozygous

ewes and wild-type ewes by genealogy or by PCR genotyping

12,3

Genotype
Genealogy PCR Ewes," % Lambing records,” %
++ ++ 3.2 (1,387) 85.6 (9,364)
R+ R+ 4.6 (244) 12 3 (1,352)
ot R+ 1.7 (28) 5 (163)
R+ ++ 0.5 (8) 6 (66)

'"R+: FecX™ heterozygous ewes.
24 +: wild-type ewes.

*Daughters of FecX” genotyped hemizygous rams were assigned as R+ and daughters of wild-type or un-

known rams were considered as ++.

*Within each row, percentages of the total of ewes (1,667) or lambing records (10,945) and number of ewes

or lambing records (in parentheses) are shown.

51



Effect of FecX™ allele on prolificacy in ewes

Table 5. Mean prolificacy and litter size distribution (%) of adult Rasa Aragonesa
ewes heterozygous for FecX™ or homozygous for the wild-type allele, assigned by gene-
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alogy, untreated or treated with fluorogestone acetate and 480 IU of eCGH***

Genotype X treatment

Ttem +40° R40° +4-4807 R+480°
Lambing records 599,160 6,593 62,055 866
Prolificacy 1.34° 1.69" 1.55° 1.85¢
LS distribution, %
Singletons 67.7° 42.5" 52.2° 35.7¢
Twins 31.0° 46.9" 41.1° 47.1>4
Triplets 1.3" 9.7 6.0" 14.1¢
Quadruplets 0.054" 0.77" 0.63" 2.8
Quintuplets 0.0042" 0.091%¢ 0.066° 0.35"

*dWithin a row, values without a common superscript differ at prolificacy, singletons, quadruplets: P <
0.0001. Twins, triplets: P < 0.0001; except ““P < 0.001. Quintuplets: P < 0.0001; except ““P < 0.01.

"Data recorded in flocks involved in the selection program during 12 yr (1998 to 2010).

*Daughters of FecX” genotyped hemizygous rams were assigned as R+ and daughters of wild-type or un-

known rams were considered as ++.

*Fluorogestone acetate: Sincropart 30 mg, CEVA Salud Animal S.A., Barcelona, Spain.
*Equine chorionic gonadotropin: Sincropart PMSG 6,000 IU, CEVA Salud Animal S.A.

*Wild-type ewes untreated with eCG.
b FecX™ heterozygous ewes untreated with eCG.
"Wild-type ewes treated with 480 IU of eCG.

SFecX™ heterozygous ewes treated with 480 IU of eCG.

in the BMP15 gene in other sheep breeds. The Gal-
way mutation (FecX®) in F700-Belclare and Cambridge
breeds increases OR by +0.62 in ewe lambs and 40.72
in adults (Hanrahan et al., 2004). Conversely, the Bel-
clare (FecX”) mutation in the F700-Belclare breed, and
Inverdale (FecX') and Hanna (FecX") mutations in
Romney, all increase OR by 1.0 (Galloway et al., 2000;
Hanrahan et al., 2004; Davis, 2005). The FecX" muta-
tion produces about 1.5 extra ovulations, likely because
of an additive effect of the phenotypic background of
the Lacaune breed (Bodin et al., 2007). Other polymor-
phisms in GDF9 and BMP15 genes have been described
recently in the Moghani and Ghezel breeds (Barzegari
et al., 2010), as well as in the Barbarine breed (Vac-
ca et al., 2010), though their effects still are not well
known. In both young and adult Rasa Aragonesa ewes,
this increase in OR is mainly due to an increase in
double ovulations, making the use of the FecX™ poly-
morphism suitable for application in commercial farms.
This is the first mutation in the BMP15 gene described
in a Mediterranean breed, whose natural OR. and pro-
lificacy are between 15 to 40% less than that of other
breeds in which mutations in BMP15 have been found.
This decreased natural OR could explain the smaller
increase in OR and prolificacy produced by the FecX"
mutation in this breed. This fact makes the introgres-
sion of this mutation into other Mediterranean breeds
with similarly reduced OR and which are exploited un-
der similar conditions of interest, such as some breeds
from the north of Africa or from other countries where
sheep are reared under semiextensive conditions.

One of the main objectives of this study was to assess
the response of R+ ewes to eCG for later application on
farms because hormonal treatments are widely used in
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systems such as 3 lambings/2 yr to induce out-of-season
reproduction in breeds oriented to meat production.
Although it has been demonstrated that prolific sheep
are more sensitive to PMSG (Bindon et al., 1986), it
appears that there is no previous literature dealing with
the response of BMP15-mutated sheep to this hormone.
In mutated Fec gene ewes, many authors have described
increased FSH sensitivity and precocious LH receptor
expression in antral follicles from these ewes (Fabre et
al., 2006), whereas others have demonstrated only an
earlier acquisition of LH responsiveness by granulosa
cells, but not an increase in FSH sensitivity (McNatty
et al., 2009). In our study, the OR of untreated R+
ewes was (.63 ova greater than untreated ++ ewes.
This advantage increased to 1.13 ova when ewes re-
ceived the standard dose of 480 TU eCG. This difference
in the response to eCG could not be explained by the
present work. Possible explanations could be either a
greater in vivo sensitivity to gonadotropins or a greater
population of gonadotropin-dependent follicles because
it was demonstrated in sheep that PMSG-induced OR
is significantly correlated with the number of healthy
follicles from 0.8 to 2.0 mm in diameter (Driancourt,
1987). When 480 IU eCG was used, this extremely high
OR was also accompanied by a greater PFMO. On the
contrary, when the dose was halved (240 IU), a more
suitable OR and a reduced PFMO were achieved. In
fact, OR and PFMO of R+ ewes stimulated with 240
IU were very close to those recorded in the wild-type
ewes stimulated with 480 IU of eCG. Whereas this is
the first report of BMP15-mutant animal response to
eCG stimulation, our results demonstrate a similar re-
sponse to that reported with the Booroola genotype,
a mutation in the type 1B receptor of BMP (BMPR-
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1B), where the OR response to doses <750 TU of eCG
was significantly different between heterozygous carrier
and homozygous noncarrier ewes (Kelly et al., 1983;
Gootwine et al., 1993). We found similar results in nul-
liparous Rasa Aragonesa ewes at the beginning of the
anestrus season (February; Lahoz et al., 2009), in agree-
ment with previous studies showing that prepubertal
ewe lambs carrying the Booroola mutation presented
increased sensitivity to PMSG when compared with
noncarrier ewe lambs (Bindon et al., 1986). In conclu-
sion, our results confirm that FecX”™ heterozygous ewes
present a greater response to eCG. Therefore, it may be
beneficial to halve the standard dose used on farms in
this breed to avoid increased PFMO. However, Al tri-
als on farms would be necessary before recommending
halving of the eCG dose in R+ ewes.

No differences were observed in birth weight among
lambs of the same birth type between heterozygous
or wild-type ewes. Hence, the lighter BW observed in
lambs born from R+ ewes were only due to their great-
er prolificacy. Differences between genotypes in birth
weight is of concern as lighter birth weights contrib-
ute to reduced perinatal survival (Hinch et al., 1985;
Owens et al., 1985). It appears that no published data
concerning birth weight of lambs from ewes carrying
any mutation in BMP15 are available. Several studies
concerning the effects of the Booroola mutation (FecB)
on the BW of lambs at birth have been performed,
with discrepant results (Fogarty, 2009); in this way, in
Garole (FecB fixed) x Malpura crossbred sheep, the
birth weight of BB and B+ lambs was less than that
of noncarriers (Kumar et al., 2008). In Booroola-Assaf
crosses, BB ewe lambs were significantly lighter at birth
than 4+, but also lighter than B+ ewe lambs. More-
over, a lighter birth weight was observed in ewe lambs
born to BB compared with B+ or ++ dams (Gootwine
et al., 2006). Conversely, there was no significant effect
of maternal genotype on birth weight in the Mérinos
d’Arles breed (Abella et al., 2005). In these 3 reports,
LS differences among genotypes were taken into ac-
count when analyzing the effect of the genotype on the
BW at birth. Hence, the effect of the Booroola mu-
tation on birth weight, corrected for LS, may depend
on the breed where it is introgressed. It remains to be
seen whether similar results will be discovered with the
BMP15 mutations where homozygous carrier ewes are
sterile.

In the present work, PCR validation was used with
2 main objectives: to validate prolificacy data recorded
in flocks and to validate the suitability of identifica-
tion of FecX™ heterozygous ewes on farms by geneal-
ogy assignation. We have shown that misclassification
induced by genealogy assignation was rare. Genotyping
demonstrated that 3.3% of ewes classified as R+ by
genealogy were in fact ++, and 2.0% of ewes classi-
fied as ++ were confirmed as R+ after genotyping. On
these farms, because only a small percentage of ewes
are inseminated while the remainder (the vast major-
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ity) are naturally mated to rams at the same time, once
an error of parental assignation occurs, the probability
of assigning lambs from inseminated ewes to naturally
mated ewes is very great, whereas the probability of
assigning lambs from naturally mated ewes to insemi-
nated ewes is negligible. Under these circumstances, the
3.3% of lambs misclassified as R+ would arise from pa-
ternity error after inseminations with R sires, whereas
these 2% unidentified R+ ewes would mainly reflect
the R4+ ewes born to R rams present on farms, or to
hidden R+ ewes, because the daughters of known R+
ewes have been discarded in this work. Regardless, mis-
classification due to incorrect genotype assignation by
genealogy did not affect mean prolificacy estimates in
a population with 16.3% of FecX™ heterozygous ewes.
When considering all of the flocks, where the frequency
of FecX™ ewes may be close to 2.96% (data not shown),
the error induced by misclassification would presum-
ably be even less. Thus, the prolificacy estimates of
eCG-treated or untreated ewes of both genotypes re-
ported here, obtained on farms in which genotypes were
assigned by genealogy, can be considered reliable. Fur-
thermore, in a recent study carried out in this breed,
no significant differences in prolificacy estimates were
found between noncarrier ewes born to FecX" geno-
typed rams and ewes assumed as noncarriers born to
unknown rams (—0.031 lambs/lambing ewe), which in-
dicates that the percentage of unknown R+ ewes in
flocks is minimal (Jurado et al., 2008). This fact could
be explained by the small percentage of R rams serving
in flocks (<7%) detected by PCR genotyping in 2007
(Martinez-Royo et al., 2009). The frequency of R rams
serving on farms is low because farmers keep sires from
Al as replacement animals. Because FecX” is located
in the X chromosome, these rams do not receive the
mutated allele unless the mother was heterozygous for
FecX"™. As stated above, the percentage of unknown R+
ewes is negligible. Thus, assignation of FecX™ hetero-
zygotes through genealogy on farms has proven to be
reliable, as demonstrated by similar results found after
PCR identification. This technique is simpler and less
expensive for on-farm application and allows the spread
of the polymorphism in a controlled way due to the fact
that FecX" polymorphism is X-linked, and therefore, it
could be spread from FecX™ hemizygous rams to their
daughters. In conclusion, identification of heterozygous
ewes on farms by genealogy assignation may provide
an effective and simple method of identification once
FecX"™ hemizygous rams and heterozygous ewes have
been previously identified.

Prolificacy recorded on farms in heterozygous FecX"
ewes, treated or not with eCG, reflects the increase in
OR observed at our experimental center. In untreated
ewes, the presence of the FecX™ allele increases prolifi-
cacy by 0.35 extra lambs per lambing ewe, similar to the
previous estimation (40.32) reported by Jurado et al.
(2008) in this breed. These results are slightly less than
those described for similar polymorphisms in BMP15.
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Effect of FecX™ allele on prolificacy in ewes

One copy of the Inverdale (FecX') or Hanna (FecX")
allele increases LS by about 0.6 lambs per lambing ewe
in the Romney breed (Davis, 2005), and the Galway
(FecX®) allele increases prolificacy by 0.55 in the Small
Tailed Han breed (Chu et al., 2007). A similar difference
in prolificacy (0.30) was observed between FecX” and
wild-type ewes under eCG stimulation. The stimulation
with eCG produced 0.21 extra lambs born in wild-type
ewes, compared with only 0.16 in carrier ewes. Con-
cerning the distribution of the type of lambing, R+
ewes receiving eCG treatment did not demonstrate an
increase in the percentage of twin births. The observed
increment in prolificacy was only due to increased per-
centages of triple and higher-order births. Our results
confirm those of Bodin and Elsen (1989) showing that
a common pattern of distribution occurs independently
of breed. According to this pattern, the percentage of
twin births increases with prolificacy reaching a thresh-
old, and from this point forward starts decreasing. The
increased percentages of triplet and higher-order births
under eCG treatment observed on farms reinforces the
results obtained at our experimental center and should
be taken into account. Triple and higher-order births
are problematic because of their reduced lamb survival
rates. In a work carried out in New Zealand it was re-
ported that lamb survival in intensive conditions was
0.90 for single, 0.85 for twins, 0.65 for triplets, and 0.55
for quadruplets (Amer et al., 1999). In Australia, the
poorer lamb survival from Booroola x Merino com-
pared with control Merino ewes was attributed to re-
duced survival of triple and higher-order births because
survival rates were similar for singles and twins. In-
dustry exploitation of the advantages of the FecB car-
rier ewes is dependent upon reducing lamb losses, espe-
cially among higher-order births (Fogarty, 2009). Rasa
Aragonesa is an autochthonous sheep breed oriented
to meat production. In normal conditions, the breed
displays a low prolificacy (1.34) accompanied by <1.5%
triplet births as shown in this study. Therefore, to avoid
increased lamb mortality in FecX”™ heterozygous ewes,
either eCG dose should be reduced or their manage-
ment conditions should be improved (e.g., increasing
maternal nutrition during pregnancy or implementing
supplemental supply of milk to the lambs).

A recent study carried out in the Rasa Aragonesa
breed highlighted the importance of the number of
lambs born per ewe on the efficiency and viability of
these sheep farms (Pardos et al., 2008). In this way,
it has been demonstrated that Rasa Aragonesa farms
with >5% of FecX” ewes present better reproductive
and economic results, selling 0.34 extra lambs per ewe
per year when compared with farms using breeding
programs without FecX” ewes (Pardos et al., 2010).
Commercial use of the Inverdale mutation (FecX') in
New Zealand was also shown to be highly beneficial
(Amer et al., 1998). The observed trend to increase the
proportion of carrier ewes in the population of Rasa
Aragonesa ewes demonstrates the interest of farmers
in the use of this allele. In fact, in 2009, 120 out of 203
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flocks of Rasa Aragonesa ewes enrolled in the breed-
ing program had FecX” ewes, with varying percentages
ranging from 0.1 to 24.8% (J. L. Alabart, B. Lahoz, J.
H. Calvo, E. Fantova, J. J. Jurado, A Martinez-Royo,
and J. Folch, unpublished data). This variation in per-
centages of R+ ewes within flocks could be explained
by an unintentional dissemination of the mutation
when selecting dams and sires based on their breed-
ing value, before the discovery of this polymorphism.
In 2009, the percentage of FecX” heterozygous ewes
in relation to the total population of Rasa Aragonesa
ewes was 2.20%, reaching 2.96% when only considering
flocks with both genotypes present. This percentage is
expected to increase considerably, as shown by the fact
that in 2009, 6,218 out of 10,776 (58%), and in 2010,
7,002 out of 10,833 (65%) total AI performed in flocks
enrolled in the selection program were performed with
semen from FecX" hemizygous rams (J. L. Alabart, B.
Lahoz, J. H. Calvo, E. Fantova, J. J. Jurado, A Mar-
tinez-Royo, and J. Folch, unpublished data).

As has been described by Notter (2008), the optimal
fecundity in most situations is well below the maxi-
mum attainable level, and can be targeted by combin-
ing selection within breeds using an expanding array
of single-gene mutations affecting OR and LS. Our
results suggest that it is possible to quickly improve
prolificacy on farms by correctly using the FecX” al-
lele, with a minor use of hormonal treatments. In the
case of mutations in the BMP15 gene, carrier animals
must be maintained in a crossbreeding system to avoid
the appearance of sterile ewes, which makes the use
of these genes slightly more complex when compared
with other major genes that do not produce sterility
in homozygous ewes. On the other hand, because these
mutations are linked to the X chromosome, the control
of carrier ewes coming from a carrier male makes pos-
sible their identification and control by genealogy, as
has been demonstrated in this work. The use of this
marker-assisted selection using BMP15 genotypic in-
formation allows the accurate identification of valuable
young animals, which is of great economic interest for
farmers. However, traditional polygenic selection also
remains necessary while the possible existence of as-
sociated genes, undesirable characteristics, or inbreed-
ing problems are being studied, as well as to preserve
genetic variability.

In conclusion, in the present study the effect of the
new FecX™ allele in the ovine BMP15 gene was quanti-
fied for the first time. Heterozygous FecX”™ ewes pres-
ent 0.63 extra ovulations and 0.35 additional lambs per
lambing adult ewe, increments less than those previ-
ously reported in more prolific breeds carrying other
polymorphisms in the BMP15 gene. These reproduc-
tive advantages are behind the increasing interest in
the use of this polymorphism. Nevertheless, care must
be taken in the application of eCG to ewes carrying
this polymorphism, with the current results showing
that a standard dose increases their prolificacy by only
increasing triple and higher-order births.
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Resumen

La presencia del alelo FecX® en heterocigosis produce un incremento de la tasa de ovulacién y prolifi-
cidad, asi como una mayor respuesta a la eCG. Sin embargo, todavia se desconocen sus posibles efec-
tos sobre la descarga preovulatoria de LH, lo cual es esencial para realizar la inseminacion artificial en
el momento 6ptimo. Con este objetivo, se extrajeron muestras sanguineas a intervalos de 4-6 horas du-
rante las 72 horas siguientes a la retirada de una esponja (FGA, 30 mg), de 50 ovejas adultas agrupa-
das en 5 lotes en funcién de su genotipo (R+ y ++; portadoras y no portadoras) y tratamiento hormo-
nal (sin eCG, 240 6 480 Ul). Las concentraciones de LH se analizaron mediante un kit comercial ELISA.
No se observé ninguna diferencia significativa en el pico preovulatorio de LH entre ovejas R+ y ++. La
eCG adelanté la descarga preovulatoria de LH en ambos genotipos, sin diferencias entre ovejas R+ tra-
tadas con 240 6 480 Ul. Estos resultados demuestran que la presencia de FecX? no afecta al pico preo-
vulatorio de LH, independientemente de la dosis utilizada. Por lo tanto, la dosis de eCG que se aplique
a las ovejas R+ estara en funcién de las necesidades y posibilidades de la explotaciéon para asumir una
mayor prolificidad y multiplicidad de partos. En las ovejas ++ tratadas con eCG se recomienda seguir in-
seminando a las 54 + 1 horas de retirar las esponjas, como se hace habitualmente, ya que se observd
una buena sincronizacion del pico preovulatorio de LH a las 37 horas.

Palabras clave: BMP15, eCG, inseminacion artificial, ovulacion, PMSG, prolificidad.

Abstract
Preovulatory LH surge of Rasa Aragonesa ewes carrying or not the FecXR allele (ROA®)

The presence of the FecX® allele in heterozygosity (R+) increases ovulation rate and prolificacy in Rasa
Aragonesa ewes, and leads to a greater response to eCG. However, their potential effects on preovu-
latory LH surge are still unknown, which is essential to establish the optimum time for artificial insem-
ination. With this aim, blood samples were taken at 4-6 hours intervals during 72 hours after the re-
moval of a 30 mg FGA sponge, from 50 adult ewes divided in 5 groups depending on their genotype
(R+ and ++; carriers and non-carriers) and hormonal treatment (without eCG, 240 or 480 IU). The LH con-
centrations were analyzed using a commercial ELISA kit. There was no significant difference on the time
of the preovulatory LH surge between R+ and ++ ewes. Treatment with eCG significantly advanced the
preovulatory LH discharge in both genotypes, with no difference between R+ ewes treated with 240
or 480 IU. These results demonstrate that the presence of the FecX® allele did not affect the preovula-
tory LH surge, regardless of eCG dose. Therefore, the dose of eCG that should be applied to R+ ewes
could be a decision of the farmer depending on the needs and possibilities of the farm to manage

* Autor para correspondencia: blahozc@aragon.es
DOI: http://dx.doi.org/10.12706/itea.2013.025
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greater prolificacy and multiple births. In ++ ewes treated with eCG it is recommended to continue with
the established protocol and inseminate 54 + 1 hours after sponge withdrawal, as it is usually done,
since a good synchronization of the preovulatory LH peak was observed at 37 hours.

Key words: Artificial insemination, BMP15, eCG, ovulation, PMSG, prolificacy.

Introduccion

La Rasa Aragonesa es una raza autéctona
mediterranea principalmente explotada en
sistemas semi-extensivos orientados a la pro-
duccion de cordero ligero. En las condiciones
estructurales de Aragoén, los resultados re-
productivos son de vital importancia para la
rentabilidad y viabilidad de estas explota-
ciones, siendo esencial el nUmero de corde-
ros vendidos por oveja (Pardos et al., 2008).
Por ello, desde el afio 1994, se esta llevando
a cabo un programa de seleccion por prolifi-
cidad en las ganaderias de esta raza. En 2007,
se observé que determinados animales del
programa presentaban una prolificidad muy
elevada que no se correspondia con la espe-
rada por una herencia poligénica clasica, lo
que dio lugar al descubrimiento de un nuevo
polimorfismo en el gen BMP15 (alelo FecXR),
localizado en el cromosoma X, que produce
un aumento de la prolificidad en portadoras
heterocigotas (R+) y esterilidad en homoci-
gotas (RR; Martinez-Royo et al., 2008). Este
aumento de la prolificidad de las ovejas R+
(+0,35 corderos/parto) se debe a un aumento
de su tasa de ovulacién (+0,63 cuerpos lu-
teos/oveja; Lahoz et al., 2011). Dichas venta-
jas productivas han suscitado un creciente in-
terés en las ganaderias por la introduccién de
esta variante génica, explotandose con el
nombre comercial de ROA® (Rasa Oviaragon),
cuyas ventajas econémicas han sido reciente-
mente cuantificadas (Pardos et al., 2010).

La Rasa Aragonesa es una raza con un anes-
tro estacional moderado, presentando celos
entre un 20 y 40% de las ovejas entre finales
de invierno y principios de verano, siendo
algo mayor el porcentaje de animales ciclicos

determinado por progesterona (Sierra, 1969;
Alonso de Miguel, 1979; Forcada et al., 1992;
Folch et al., 1999). Como consecuencia, la pro-
duccioén de corderos y sus precios sufren fluc-
tuaciones a lo largo del afio, traduciéndose en
menores precios en el primer semestre del
afo y mayores en el segundo. El porcentaje de
corderos vendidos en el segundo semestre ha
demostrado ser uno de los factores que mas
inciden en el balance econémico de las ex-
plotaciones (Pardos et al., 2008; Fantova et al.,
2011). Para mejorar la fertilidad y prolificidad
durante la época de anestro estacional, asi
como para la utilizacion de la inseminacion
artificial (1A) a tiempo fijo durante todo el
ano dentro del programa de mejora genética,
el uso de tratamientos hormonales, princi-
palmente de esponjas intravaginales y eCG, es
una practica habitual en las ganaderias.

Se sabe que la aplicacién de la dosis habitual
de eCG (480 Ul) a las ovejas portadoras de la
mutacién en heterocigosis produce un im-
portante aumento en la tasa de ovulacién
que conlleva un aumento importante en los
partos triples o de orden superior. Por el con-
trario, se ha demostrado que aplicando 240 Ul
a ovejas R+ se obtiene una tasa de ovulacién
similar a cuando se aplica 480 Ul a ovejas no
portadoras (++), lo que debe tenerse en
cuenta por parte del ganadero en relacién a
su capacidad de gestion de los partos multi-
ples (Lahoz et al., 2011). Sin embargo, se des-
conocen los posibles efectos que puedan te-
ner tanto el genotipo como la utilizacion de
diferentes dosis de eCG sobre la aparicion y
agrupacion de celos y, por tanto, si debe mo-
dificarse el momento de aplicar la IA. Segun
Jabbour y Evans (1991), la causa mas comun
de fallo de la IA seria la asincronia entre la 1A
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y la ovulacion. Es por tanto necesario estudiar
si la presencia del alelo FecX® afecta al mo-
mento y concentracién de las ovulaciones, lo
cual constituye el objetivo del presente tra-
bajo. Para ello, se determiné la aparicion del
pico preovulatorio de LH en ovejas portado-
ras heterocigotas y no portadoras, tratadas o
no con dos dosis diferentes de eCG.

Material y métodos

Todos los experimentos se llevaron a cabo de
acuerdo a las recomendaciones de la Unién
Europea (2003/65/CE) y normativa espafiola
(RD 1201/2005, BOE 252/34367-91) para el
uso y cuidado de animales en experimenta-
cion. El procedimiento fue aprobado por el
comité de ética del Centro de Investigaciony
Tecnologia Agroalimentaria de Aragén (Nu-
mero de registro: CITA 2011-08).

Animales y disefio experimental

El experimento se llevo a cabo en las instala-
ciones del CITA (Zaragoza, Espafia) en no-
viembre de 2011 (estacion sexual). Se utiliza-
ron 50 ovejas adultas, multiparas y secas, con
un intervalo al parto anterior superior a tres
meses, de raza Rasa Aragonesa, siendo 30 de
ellas portadoras heterocigotas del alelo FecX?
(R+), y 20 ovejas no portadoras (++). Los ani-
males estaban mantenidos en el mismo re-
bafio en idénticas condiciones de explota-
ciéon. Previamente al inicio del experimento
los animales se dividieron en 5 lotes similares
en peso y condicién corporal (Russel et al.,
1969), dependiendo del genotipo de BMP15
y del tipo de tratamiento hormonal, tal y
como se muestra en la tabla 1. Las diferencias
en peso y condiciéon corporal entre lotes no
fueron estadisticamente significativas.

Tabla 1. Caracteristicas de los lotes experimentales: nimero de ovejas, genotipo,
tratamiento hormonal, peso y condicién corporal
Table 1. Characteristics of the experimental groups: number of ewes, genotype,
hormonal treatment, weight and body condition score

Lote N° ovejas Genotipo Dosis eCG’ Peso (kg)? Ccc?
Sin eCG
++0 10 ++ - 52,3+2,4 29+0,1
R+ 0 10 R+ - 58,3+ 2,0 2,8+0,1
Con eCG
++ 480 10 ++ 480 UI 51,5+1,9 29+0,1
R+ 480 10 R+ 480 Ul 58,0 + 3,1 29+0,1
R+ 240 10 R+ 240 Ul 56,9 +1,7 2,7+0,1

++: Ovejas de genotipo salvaje.
R+: Ovejas heterocigotas para el alelo Fecx®.

TSincropart® PMSG 6000 Ul, CEVA Salud Animal SA (Barcelona, Espafia). Todas las ovejas recibieron pre-
viamente una esponja de 30 mg de FGA (Sincropart® 30 mg; CEVA Salud Animal SA; Barcelona, Espafia).

2 medias + error estandar.
CC: Condicién corporal.
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Tratamiento hormonal

Se inserto a las 50 ovejas el mismo dia una es-
ponja vaginal de 30 mg de FGA (Sincropart®
30 mg; CEVA Salud Animal SA; Barcelona, Es-
pana), que permanecié durante 14 dias. En el
momento de la retirada, 10 ovejas ++y 10 ove-
jas R+ no recibieron ningun tratamiento hor-
monal (lotes “++0" y “R+0", respectivamente).
Las 30 ovejas restantes recibieron en ese
mismo momento una Unica dosis de eCG (Sin-
cropart® PMSG 6000 Ul, CEVA Salud Animal
SA; Barcelona, Espafia) de la siguiente ma-
nera: 10 ovejas ++ y 10 ovejas R+ recibieron
480 Ul de eCG (dosis estandar utilizada en IA
en las ganaderias de esta raza; lotes “++480"
y "R+480", respectivamente), y 10 ovejas R+
recibieron 240 Ul de eCG (lote “R+240").

No se utilizaron machos para deteccién de ce-
los con el fin de reproducir las condiciones de
IA de las ganaderias, asi como para evitar un
posible adelanto de la descarga preovulato-
ria de LH y de la ovulacién (Signoret y Cognié,
1975; Maxwell 1986; Romano et al., 2001).

Toma de muestras sanguineas

Se tomaron muestras de sangre de todas las
ovejas mediante puncién yugular utilizando
tubos con heparina de litio. La toma de mues-
tras se inicié en el momento de la retirada de
la esponja de FGA (0 h), a intervalos de 6 ho-
ras durante las 24 horas siguientes y cada 4
horas desde las 24 hasta las 72 horas (17
muestras por animal). Inmediatamente tras la
obtencién, las muestras fueron centrifuga-
das durante 25 minutos a 2100 x g para ob-
tener el plasma que fue congelado a -20°Cy
almacenado hasta su posterior analisis de LH.

Determinacion de la tasa de ovulaciéon

Con el objetivo de verificar la ocurrencia de la
ovulacién, ésta se determiné en todos los ani-
males por endoscopia siete dias después de la
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retirada de la esponja, siguiendo la metodo-
logia descrita previamente (Lahoz et al., 2011).

Anaélisis hormonales

Las muestras se analizaron mediante un kit
ELISA comercial (LH-DETECT, ReproPharm,
INRA Tours, Nouzilly, France), siguiendo las ins-
trucciones del fabricante. El limite de deteccion
fue 0,3 ng/ml. Los coeficientes de variacion in-
traanélisis e interandlisis fueron los siguien-
tes: para un pool de 28,2 ng/ml, 7,4y 10,9%;
para un pool de 45,5 ng/ml, 6,7 y 10,4%, res-
pectivamente. Las muestras con valores sospe-
chosamente anémalos se volvieron a analizar.

Andlisis estadistico

Para la caracterizacion de la descarga preo-
vulatoria de LH se consideraron las siguientes
variables: Su concentracion maxima (ng/ml),
tiempo al pico preovulatorio de LH, comienzo,
final y duracién del pico preovulatorio de LH
(en horas tras la retirada de la esponja) y area
del pico preovulatorio de LH [(ng/ml)eh].

El tiempo al pico preovulatorio de LH se cal-
culé como las horas transcurridas desde la re-
tirada de la esponja hasta el momento de
maxima concentracién de LH. La hora de co-
mienzo del pico preovulatorio de LH se de-
terminé como la de la toma anterior al pico
de LH con una concentracién por debajo del
limite de deteccidon mas cercana al pico pre-
ovulatorio. De igual modo, la hora del final
del pico preovulatorio de LH se determiné
como la de la toma posterior al pico de LH
con una concentracién por debajo del limite
de deteccién mas cercana al pico preovula-
torio de LH. La duracién del pico preovula-
torio de LH se calculé como la diferencia en-
tre ambas horas. El area bajo el pico de LH se
calculé mediante la regla trapezoidal.

Dichas variables, junto con el peso y la condi-
Cioén corporal, se analizaron mediante ANOVA,
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utilizando el procedimiento MIXED del pa-
quete estadistico SAS (SAS Institute Inc.,
2011). El modelo incluyé el genotipo y la do-
sis de eCG jerarquizada al genotipo como
efectos fijos. La normalidad de los residuos se
comprobo con el test de Jarque-Bera (Proce-
dimiento AUTOREG de SAS), aplicando la co-
rreccion para muestras finitas (Lawford,
2005). La falta de normalidad sélo se ob-
servo en la concentracion maxima de LH. Me-
diante el procedimiento TRANSREG de SAS,
se determiné que la transformacién mas con-
veniente para esta variable era la transfor-
macién logaritmica. La homogeneidad de las
varianzas se comprobdé mediante el test de
Levene. La falta de homogeneidad se ob-
servo en las siguientes variables: horas al pico
preovulatorio de LH, y comienzo y final del
mismo. En dichas variables, la significacién
corregida por comparaciones multiples de
las diferencias entre las medias de minimos
cuadrados (LSMEANS) se determiné median-
te el método MaxT con simulacién y correc-
cion de Satterthwaite para los grados de li-
bertad (Westfall et al., 2011a). Para el resto
de variables, se aplico el ajuste por etapas de
Shaffer con simulacién (Shaffer, 1986; Wes-
tfall, 1997), incluyendo restricciones logicas.
En ambos casos se utilizé el comando LSMES-
TIMATE (Westfall et al., 2011b).

Las correlaciones se analizaron mediante el
procedimiento CORR de SAS.

Resultados

Observacion de las ovulaciones y valores
anoémalos de LH

Todas las ovejas ovularon, aunque en dos de
ellas no se pudo determinar exactamente el
numero de cuerpos lUteos por la presencia de
adherencias a nivel del ovario. Una oveja del
lote ++0 fue eliminada del estudio ya que no
presentd pico preovulatorio de LH, presen-
tando una concentracion maxima de 0,4 ng/ml

a las 6 horas de la retirada de la esponja. Di-
cha oveja presenté dos cuerpos luteos de as-
pecto mas reciente comparado con el resto de
ovejas. Una oveja del lote ++480 fue eliminada
por presentar un pico débil de LH anormal-
mente retrasado (concentracién maxima a las
60 horas de 8,76 ng/ml). En el momento de la
endoscopia presentd dos cuerpos lUteos.
Mientras que en la mayoria de ovejas las con-
centraciones basales de LH estuvieron por de-
bajo del limite de deteccion (datos no pre-
sentados), una oveja del lote R+240 present6
una LH basal extremadamente alta (5,9 + 0,6
ng/ml; media = DS), y cinco cuerpos luteos, por
lo que también fue excluida del estudio (Fi-
gura 2). Todas las ovejas presentaron el pico
preovulatorio de LH a partir de las 24 horas
tras la retirada de la esponja.

Efecto del alelo FecXR

No se observé ninguna diferencia significa-
tiva en ninguna de las variables estudiadas
entre ovejas de los genotipos R+ y ++, inde-
pendientemente de si fueron tratadas o no
con eCG. Las concentraciones medias de LH
no fueron significativamente diferentes en-
tre los dos genotipos, y el pico preovulatorio
de LH apareci6 en tiempos muy similares (Ta-
bla 2, Figura 1).

Efecto del tratamiento con eCG

El tratamiento con eCG adelanté significati-
vamente el pico preovulatorio de LH, su co-
mienzo y finalizacién, en ambos genotipos,
mientras que no tuvo ningun efecto sobre el
resto de variables. Cuando no se aplicé eCG,
el pico preovulatorio de LH se produjo a las
48,4 = 2,7 hen lasovejas ++yalas 52,8 + 2,6
h en las ovejas R+ (NS).

En las ovejas ++, el tiempo transcurrido desde
la retirada de la esponja hasta el pico preovu-
latorio de LH fue 11,1 horas menor en las ove-
jas tratadas con eCG (P < 0,01), comenzandoy
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Figura 1. Pico preovulatorio de LH en ovejas portadoras heterocigotas del alelo FecX?
y no portadoras, tratadas o no con dos dosis diferentes de eCG (240 y 480 Ul).
Se han representado las medias de cada grupo.

++: Ovejas de genotipo salvaje.

R+: Ovejas heterocigotas para el alelo FecX®.

Figure 1. Preovulatory LH surge in FecX® heterozygous carrier and non-carrier ewes, treated
or not with two different doses of eCG (240 and 480 IU). Means of each group are shown.

finalizando 12 y 12,9 horas antes, respectiva-
mente (ambos P < 0,01), sin afectar a la dura-
cion, concentraciéon maxima o area del mismo.

En las ovejas R+, la eCG adelanto el pico pre-
ovulatorio de LH respecto a las ovejas R+ no
tratadas, tanto cuando se trataron con 480 Ul
(-12 h, P < 0,05), como con 240 Ul (-11,9 h, P
< 0,01). Tanto en las ovejas R+480 como en
las R+240, la descarga preovulatoria de LH
comenz6 antes (-11,6 h y -10 h; ambos P <
0,05), y finaliz6 antes (-13,6 hy -12,9 h; am-
bos P < 0,01). No se observé ninguna dife-

rencia significativa en ninguna de las varia-
bles estudiadas entre las ovejas R+ tratadas
con 480 Ul o con 240 Ul de eCG.

Aunque la eCG adelanto la aparicion del pico
preovulatorio de LH en ambos genotipos, los
picos de LH mostraron rangos diferentes,
como puede verse en la figura 2. Cuando se
aplico la dosis estandar de 480 Ul a las ove-
jas ++, se obtuvo una gran sincronizaciéon en
el pico preovulatorio de LH, con un 90% de
animales que lo presentaron entre las 36 y 40
horas tras la retirada. Cuando se aplicé la
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eCG a las ovejas R+, se observé una mayor
dispersion en la presentacién de los picos
preovulatorios de LH en comparaciéon con
las ovejas ++. No hubo diferencias entre apli-
car 240 o0 480 Ul de eCG.

En todos los grupos se observd una correla-
cién muy significativa entre la concentracion
maxima de LH y el area del pico preovulato-
rio de LH (+0,87; P < 0,001). En las ovejas R+

Lahoz et al. ITEA (en prensa), Vol. xx, 1-14

sin tratamiento, se observd una correlacion
positiva entre el area del pico preovulatorio
de LH y la tasa de ovulacién posterior (+0,83;
P < 0,01), y una tendencia a la significacién
entre la concentracién maxima de LH y la
tasa de ovulacién (+0,57; P < 0,1); Figura 3.
No se observé ninguna correlacion significa-
tiva entre la tasa de ovulacién y ambas va-
riables en ovejas ++, 0 en ambos genotipos
cuando fueron tratados con eCG.

®R+0
O4++0
A R+ 240
® R+ 480
O ++ 480

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72

Tiempo al pico de LH (h)

Figura 2. Sincronizacién de los picos preovulatorios de LH en cada uno de los lotes de ovejas
portadoras heterocigotas del alelo FecX® y no portadoras, tratadas o no con dos dosis diferentes
de eCG (240 y 480 Ul). Se han representado los valores individuales de cada animal (Dotplot).

El tiempo al pico de LH corresponde con las horas desde la retirada de las esponjas de 30 mg de FGA
hasta el momento de maxima concentracion de LH. Las ovejas excluidas del estudio
por presentar valores anémalos se han representado con el simbolo “x".

Figure 2. Synchronization of preovulatory LH surges in experimental groups of FecXR heterozygous
carrier and non-carrier ewes, treated or not with two different doses of eCG (240 and 480 IU).
Individual values for each ewe are shown (Dotplot).
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Figura 3. Correlacion entre: a) la concentracion maxima de LH y la tasa de ovulacion; b) el area
del pico preovulatorio de LH y la tasa de ovulacién; en ovejas portadoras heterocigotas
del alelo FecX® (R+) y no portadoras (++) no tratadas hormonalmente.

Figure 3. Correlation between: a) the maximum concentration of LH and ovulation rate,

b) the area of the preovulatory LH surge and ovulation rate, in FecX® heterozygous

carrier and non-carrier ewes, hormonally untreated.
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Discusion

Nuestros resultados muestran que la presen-
cia del alelo FecX® no afecta al pico preovu-
latorio de LH en ovejas Rasa Aragonesa. Es-
tos resultados concurren con los observados
por otros autores que han estudiado muta-
ciones similares localizadas en genes perte-
necientes a la familia del TGF-B, como son
BMP15 y su receptor BMPR-1B. Asi, Shackell
et al. (1993) observaron que las ovejas de
raza Inverdale heterocigotas portadoras de
una mutacion similar (FecX') en el mismo gen
(BMP15) no presentaban diferencias en rela-
cion a los niveles plasmaticos de P4, inhibina,
o de gonadotropinas pituitarias en relacion a
ovejas no portadoras. De igual modo, Camp-
bell et al. (2003) tampoco observaron dife-
rencias endocrinas en ovejas Booroola ho-
mocigotas para esta mutacion.

Por el contrario, en ovejas de raza Lacaune
homocigotas para la mutacién FecL!, se han
encontrado importantes diferencias endocri-
nas entre ovejas silvestres (++) y portadoras
(LL). En concreto, se ha observado que el pico
preovulatorio de LH estaba adelantado en
las ovejas portadoras de la mutacion (Drouil-
het et al., 2010). Hay que tener en cuenta
que, aunque esta mutacion también incre-
menta la tasa de ovulacion, no se trata de una
mutacion en el gen BMP15, como es el caso
del polimorfismo hiperprolifico FecXt tam-
bién descrito en esta raza (Bodin et al., 2007),
sino en otro gen recientemente identificado
en el cromosoma 11. Ademas, estudios re-
cientes parecen indicar que el incremento de
la tasa de ovulacion debido a FecL! se produ-
ciria siguiendo una ruta fisiologica diferente
a la que siguen los miembros de la superfa-
milia del TGF- (Mansanet et al., 2012), por lo
gue no puede compararse directamente.

El tratamiento con esponjas de FGA 'y eCG en
ovejas se aplica en Aragén (Espaia) desde
hace anos con fines genéticos o comerciales
(Folch et al., 1979). Actualmente, es una prac-
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tica muy habitual. Sirva a modo de ejemplo
que durante el afio 2012, dentro del programa
de seleccién de la UPRA-Grupo Pastores cons-
tituido por 204.360 ovejas (a 30/12/2012), se
realizaron 9.835 tratamientos con esponja +
eCG para realizar IA (datos cedidos por la
Asociacion). Ese mismo afo, de las mas de
400.000 ovejas que forman parte de la Coo-
perativa Carnes Oviaragon S.C.L., 35.588 (al-
rededor del 10%) recibieron un tratamiento
de esponja + eCG para realizar monta natu-
ral. A pesar de ello, hasta donde nosotros co-
nocemos no existen datos publicados sobre el
pico preovulatorio de LH en estas condicio-
nes, lo cual es importante de cara a futuras
decisiones, especialmente a la hora de plani-
ficar la IA. En los estudios previos realizados
en ovejas de esta raza se determiné la con-
centracion del pico de LH cuando fueron tra-
tadas sélo con una esponja de FGA (42,5
ng/ml; Alabart et al., 1988). En estudios pos-
teriores se observé que aplicando un trata-
miento de superestimulacion con FSH/LH, o
FSH/LH mas GH, el tiempo al pico asi como la
concentracién maxima fueron 32,0 hy 34,3
ng/ml, y 34,6 hy 27,1 ng/ml, respectivamente,
algo inferiores a los observados en el pre-
sente estudio (Folch et al., 2001). En estudios
anteriores realizados en condiciones similares
(esponjas intravaginales de FGA y 500 Ul de
eCG) pero en ovejas de raza Manchega, se
observo que el pico de LH aparecié de media
alas 37,1 hy las ovulaciones ocurrieron a las
64,3 horas de media (entre las 61y 66 horas
tras la retirada de la esponja), con un inter-
valo constante del celo al primer incremento
de la concentracion de LH (3,4 horas; Lépez-
Sebastian, 1991). Cumming et al. (1973), tam-
bién observaron que en ovejas sincroniza-
das con progestagenos el intervalo entre el
pico preovulatorio de LH y la ovulaciéon era
constante (entre 21y 26 horas). Por lo tanto,
a partir de nuestros datos podriamos estimar
que el momento de ovulacién en las ovejas
Rasa Aragonesa tratadas con eCG estaria en
torno a las 61-66 horas. Teniendo en cuenta
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que la A a tiempo fijo en las ganaderias se re-
alizaalas 54 =1 h, y que el tiempo estimado
de migracion de los espermatozoides desde la
vagina hasta el oviducto es de 8-10 horas
(Hunter et al., 1980; Druart et al., 2009), nues-
tros resultados parecen indicar que el mo-
mento de IA que se viene utilizando en las ga-
naderias es adecuado.

La eCG adelanté la descarga preovulatoria de
LH en todas las ovejas, tal y como ya descri-
bieron Cognié et al. (1970). Sin embargo, los
patrones de agrupacién de los picos preovu-
latorios de LH obtenidos en ambos genotipos
fueron distintos. En las ovejas R+ tratadas con
ambas dosis de eCG se obtuvo una menor sin-
cronizacion que en las ovejas ++ tratadas. Las
causas de dichas diferencias no pueden ser
dilucidadas en el presente trabajo; tal vez pu-
dieran estar relacionadas con diferencias en su
foliculogénesis y tasa de ovulacion.

En resumen, la respuesta de LH a la aplicacién
de eCG fue similar en ambos genotipos, ya
gue no se observé ninguna diferencia signi-
ficativa en ninguna de las variables estudiadas
relacionadas con la LH entre ovejas portado-
ras o no. Por lo tanto, en el caso de realizar IA
a ovejas R+, se harian extensivas las reco-
mendaciones sobre el momento de IA de las
ovejas ++. Tampoco se encontraron diferen-
cias en relaciéon a la dosis de eCG aplicada
cuando se compararon los resultados entre las
ovejas R+ tratadas con 480 Ul o con 240 Ul de
eCG. Estos resultados son importantes porque
posibilitan la eleccién de la dosis de eCG a
aplicar a las ovejas R+ en funcién de la capa-
cidad de gestion de los partos multiples del
ganadero, sin afectar a la descarga preovula-
toria de LH, y por tanto, a los resultados de la
IA. Con una dosis reducida de eCG en las ove-
jas R+ (240 Ul), se obtendra una tasa de ovu-
lacién similar a la de ovejas ++ tratadas con
una dosis estandar de 480 Ul, sin que esto
afecte a su pico preovulatorio de LH. Si se
aplicase una dosis estandar de 480 Ul de eCG
a las R+, se lograria una mayor prolificidad
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debido a un aumento del porcentaje de par-
tos triples y de orden superior, pero sin que se
viese afectado el pico preovulatorio de LH.

Estudios previos llevados a cabo en ganade-
rias de Oviaragon-Grupo Pastores sobre re-
sultados de fertilidad de mas de 16.000 ove-
jas inseminadas a tiempo fijo utilizando 480
Ul de eCG mostraron que las hembras R+ tu-
vieron una fertilidad igual o superior a la de
las ovejas no portadoras (Alabart et al., 2009).
Resultados similares se obtuvieron en traba-
jos experimentales realizados con un nimero
mas reducido de animales en las instalaciones
del CITA (Zaragoza, Espana). Se observé que
la fertilidad del lote ++480 fue del 40%, mien-
tras que la de los lotes R+480 y R+240 fue del
61% y 58%, respectivamente (Datos no pu-
blicados). Con los resultados del presente es-
tudio, se demostraria que no se debieron a di-
ferencias en la descarga preovulatoria de LH.
Al tratarse de fertilidad al parto, podrian es-
tar relacionados con la mayor tasa de ovula-
cion de la ovejas R+, o bien a otros parame-
tros relacionados con la fertilidad que no han
sido estudiados todavia en este genotipo.

En las ovejas portadoras del alelo FecX® se
observé una correlacién significativa entre el
area total del pico de LH, su concentracion
maxima y la tasa de ovulaciéon, como puede
verse en la figura 3. Hasta donde nosotros co-
nocemos, no existen trabajos similares al res-
pecto. En trabajos previos llevados a cabo
por nuestro equipo, se observé que las ove-
jas R+ tratadas con FSH presentaban un ma-
yor numero de foliculos ovaricos de un me-
nor didmetro respecto a las ovejas ++ (Lahoz
etal., 2013). Estos resultados apoyarian la hi-
poétesis segun la cual las ovejas Fec heteroci-
gotas tendrian un mayor numero de folicu-
los de menor didmetro susceptibles de ovular
(Fabre et al., 2006).

En conclusién, el tratamiento actualmente co-
mercializado de esponjas vaginales de 30 mg
de FGA y 480 Ul de eCG induce una buena sin-
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cronizacién del pico preovulatorio de LH en
ovejas ++ Rasa Aragonesa adultas en otofo.
La presencia del alelo FecX® no tuvo ninguin
efecto sobre el pico preovulatorio de LH, in-
dependientemente de la dosis de eCG utili-
zada. Estos datos refuerzan la recomendacion
de que la dosis de eCG aplicada a las ovejas R+
debera adaptarse a las necesidades y posibili-
dades de la explotacion, sin que afecte a los
resultados de la IA. No es recomendable mo-
dificar el momento de realizar la A cervical a
tiempo fijo en ninguno de los dos genotipos.
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Ewes heterozygous for the FecX® allele (R+) in the bone
morphogenetic protein 15 (BMP15) gene display increased
ovulation rate and prolificacy. Besides this phenotypic advan-
tage, the influence of the FecX® allele on follicle number and size,
oocyte competence and in vitro production (IVP) remains
undefined. With these aims, 8§ R+ and 8 wild-type (++) ewes were
subjected to 2 laparoscopic ovum pick-up (LOPU) trials (four
sessions per trial; two with and two without FSH) and
subsequent IVP and fresh embryo transfer. All follicles >3 mm
were punctured (n = 1673). Genotype did not significantly affect
the number of punctured follicles per ewe and session (10.4 and
10.2 in R+ and ++ untreated ewes, 17.4 and 14.3 in R+ and ++
FSH-treated ewes, respectively), but follicular diameter of R+
ewes was significantly reduced compared with ++ ewes
(—0.2 mm in untreated and —0.8 mm in FSH-treated ewes;
p < 0.01). R+ ewes showed higher recovery rate and increased
numbers of total and suitable cumulus—oocyte complexes for in
vitro maturation (IVM). Similar rates of day 8 blastocysts were
observed in R+(36.1%, 147/407) and ++ (32.6%, 100/307) ewes,
but the final output of day 8 blastocysts per ewe and session was
higher in R+ ewes (+0.75; p < 0.005), without differences in
survival rate at birth of the transferred embryos (40.4%,21/52 vs
36.4%, 16/44, respectively). In conclusion, a higher number of
oocytes proven to be competent for in vitro development and
embryo survival after transfer are recovered from R+ ewes,
despite the lower mean size of their follicles at puncture.

Introduction

In sheep, several breeds have been identified with
different mutations in the bone morphogenetic protein
15 (BMP15) gene, which display a higher ovulation rate
in heterozygous ewes when compared with wild-type
animals (Galloway et al. 2000; Hanrahan et al. 2004;
Bodin et al. 2007; Martinez-Royo et al. 2008). One of
these polymorphisms corresponds to the FecX™® allele in
the Rasa Aragonesa breed and was discovered in 2008
(Martinez-Royo et al. 2008). In a previous study, we
described phenotypic effects of 0.63 extra ovulations and
0.35 extra lambs per FecX™ heterozygous (R+) lambing
ewe (Lahoz et al. 2011). However, the influence of the
FecX™® allele on follicle number and size, oocyte com-
petence and how it could further affect in vitro embryo
production and viability remains to be assessed.

The exact mechanism by which these mutations
increase ovulation rate is still unclear, although reduced
activity of the BMP signalling system in heterozygous
ewes may cause smaller antral follicles with fewer
granulosa cells and altered sensitivity to gonadotropins
(revised by Fabreet al. 20006). Thereby, folliculogenesis in
heterozygous ewes is expected to be altered, which
potentially affects the proportion of developmentally
competent oocytes, that is, with the ability to mature, be
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fertilized and give rise to normal and fertile offspring after
normal gestation (Duranthon and Renard 2001). The
proportion of competent oocytes is widely accepted to
increase along with follicular size (Mermillod et al. 2008);
thus, follicle size undoubtedly affects the overall efficiency
of ovum pick-up, and increased productivity is associated
with large and medium follicles (Rodriguez et al. 2006).
On the other hand, BMPI5 is an important oocyte-
secreted factor (OSF), which plays key roles in folliculo-
genesis, follicular development and ovulation, as well as
in oocyte quality, in mammalian ovaries. Recent studies
highlight the importance of OSFs as regulators of
cumulus cell function and the quality of the oocyte
(Gilchrist et al. 2008). Supplementing in vitro oocyte
maturation media with exogenous OSFs [BMP15 or
growth differentiation factor (GDF) 9] enhances oocyte
developmental competence in cattle (Hussein et al. 2000),
and the lower developmental competence of calf oocytes
compared with those of adult cows has been proposed to
be due to different expression of BMP15 and/or GDF9 in
oocytes and cumulus cells between calves and cows
(Hosoe et al. 2011). In humans, oocytes retrieved from
follicles with a significantly higher follicular fluid level of
BMPI15 had a higher fertilization rate and superior
cleavage and embryo quality (Wu et al. 2007). A very
recent study in Booroola ewes has confirmed lower
oocyte-derived BMP15 mRNA levels in ewes homozy-
gous for a mutation in BMPR-1B (Crawford et al. 2011),
and lower overall concentration or biological activity of
BMP15 has been proposed in Inverdale (FecX”) or Hana
(FecX™) ewes heterozygous for a mutation in BMPI5
(Galloway et al. 2000). Because analogous reductions are
expected in R+ ewes, a hypothetical deleterious effect on
oocyte competence should be discarded in this genotype.
Moreover, the overall efficiency of certain embryo
biotechnologies in ovines, such as laparoscopic ovum
pick-up (LOPU)~in vitro production (IVP) programmes,
is still low. Therefore, protocols including exogenous
gonadotropins are commonly used to increase oocyte
number. Considering that gonadotropins may affect R+
ewes differently, in the present study we aimed to
investigate the suitability of R+ ewes for embryo
biotechnologies. To our knowledge, the only reported
study on IVP of embryos in Fec-mutation carrier ewes
involve the Booroola mutation (Cogni€ et al. 1998), but
there are no reports on the results of LOPU procedures
in any of these genotypes. It must be taken into account
that the FecB” allele is located in a different gene,
corresponding to a single mutation in the coding
sequence of the bone morphogenetic protein receptor
type 1B (revised by Fabre et al. 2006), a receptor of
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BMP15 as well as other BMPs and other members of the
transforming growth factor-beta (TGF-p) superfamily,
such as anti-Muillerian hormone (Kaivo-oja et al. 20006).

Thus, the aims of the gresent study were to evaluate
the influence of the FecX™ allele, with or without in vivo
FSH treatment, on (i) the quantity and size of follicles
available for aspiration in a LOPU-IVP programme and
(i1) the competence of LOPU-derived oocytes subjected
to in vitro production of embryos and their further
ability to sustain pregnancy to term.

Materials and Methods

All experimental procedures were performed in accordance
with the guidelines of the European Union (2003/65/CE)
and Spanish regulations (RD 1201/2005, BOE 252/34367-
91) for the use and care of animals in research. All chemicals
used for IVP were purchased from Sigma-Aldrich (Madrid,
Spain) unless otherwise specified. All FSH used in this
study was highly purified porcine FSH provided by J.F.
Beckers (Laboratory of Endocrinology of the Faculty of
Veterinary Medicine, University of Liege, Belgium). Quan-
tities are expressed in mg of the NIH-FSH-P1 standard
(1 mg NIH-FSH-P1 = 0.038 mg NIADDK-oFSH-17).

Animals and experimental design

The experiment was performed in January and November
2010 (breeding season) at the facilities of the research
centre (CITA). The live donors included 16 healthy adult
Rasa Aragonesa ewes, similar in weight and bodX
condition score. Half the ewes (n =8) were FecX
heterozygous (R+) and the other half (n = 8) were wild-
type ewes (++). Two LOPU-IVP trials, 10 months apart,
were performed. In each trial, four LOPU sessions were
conducted at 7-day intervals, the first two without and the
last two with FSH treatment. Collected cumulus—oocyte
complexes (COCs) were subjected to in vitro maturation,
fertilization and culture procedures. Day 7 and 8 blast-
ocysts were fresh-transferred to assess their viability by
their ability to sustain pregnancy to term.

Hormonal treatment

Prior to each LOPU trial, all animals received two doses
of 125 ng cloprostenol (Estrumate®; Schering-Plough
Animal Health, Madrid, Spain) 8 days apart, and 5 days
after the second injection, a 30-mg fluorogestone acetate
(FGA) sponge (Sincropart® 30 mg; CEVA Animal
Health SA, Barcelona, Spain) was inserted and replaced
by a new one in each LOPU session. The first LOPU
session was performed 12 days after the insertion of the
sponge and the second session 7 days later. For the third
and fourth LOPU sessions, ewes received a total of 32 mg
FSH administered in decreasing doses: 8 mg (60 h), 8 mg
(48 h), 6 mg (36 h),6 mg (24 h)and 4 mg (12 h) prior to
each LOPU session. Coinciding with the first injection of
FSH, 125 g cloprostenol was administered.

Recovery of oocytes by LOPU

Donor ewes were fasted for 12 h prior to each LOPU
session. Ewes were anaesthetized with 3 mg/kg propofol
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(Propofol ®Lipuro 1%; Braun, Barcelona, Spain) intra-
venously (i.v.) followed by inhalation maintenance
anaesthesia with isofluorane (IsoFlo®; Veterinary Esteve,
Barcelona, Spain). Follicular puncture was performed
by a modified LOPU procedure based on the technique
previously described by Alberio et al. (2002). An endo-
scope was inserted through a l-cm incision, approxi-
mately 10 cm cranial to the udder, into the abdominal
cavity, and an atraumatic grasping forceps was intro-
duced through a contralateral incision to immobilize the
ovary. By a third 1-cm incision adjacent to the midline,
a 23-G needle connected to a vacuum pump (V-MAR
5100; Cook Ltd, Eight Mile Plains, Australia) adjusted
to 25 mmHg was introduced to aspirate all ovarian
follicles >3 mm in diameter. The number and diameter
of punctured follicles in each donor and session were
recorded, using a 2-mm scale located on the needle.
COCs were collected into 15-ml falcon tubes, which
contained 2 ml collection medium [TCM 199 with
10 mm/ml HEPES supplemented with 100 IU/ml hep-
arin, 4 pl/ml gentamicin and 0.2% bovine serum albu-
min (BSA)]. Falcon tubes were maintained in a water
bath at 35°C until processing. After oocyte collection,
the ovaries were flushed with sterile physiological saline
solution (0.9% NaCl) supplemented with 5 Ul/ml
heparin. The incisions were closed with staples and
sprayed with topical chlortetracycline hydrochloride
(Pederol® spray; Syva, Ledn, Spain), and 200 mg/
10 kg oxytetracycline dihydrate (Oxycen-200 L.A.,
s.p.® veterinaria, s.a., Tarragona, Spain) was adminis-
tered by intramuscular injection to each ewe. During
each session, ewes of both genotypes were subjected to
LOPU in alternate order and the practitioner was
blinded to the genotype.

In vitro maturation (IVM)

The recovered COCs were washed four times in TCM
199 + 10 mm HEPES + 0.04 mg/ml gentamicin and
morphologically scored into five categories (I to V) as
previously described by Stangl et al. (1999). Only those
surrounded by continuous multilayer unexpanded
cumulus cells and showing a homogeneous cytoplasm
(categories I, II and III) were used for IVM. Until
placed in the maturation medium, all the COCs
remained in TCM 199 + 0.04 mg/ml gentamicin. For
maturation, 30-40 COCs were placed in 500 pl matu-
ration medium, containing TCM 199 + 132 pg/ml
pFSH (equivalent to 5 pg/ml NIADDK-oFSH-17)
+ 10% (v/v) follicular fluid + 40 pg/ml gentamicin
sulphate, using 4-well plates (Nunclon®; Fisher Bio-
block, Madrid, Spain). Follicular fluid was prepared as
described previously (Cocero et al. 2011). Plates were
incubated at 38.5°C in 5% CO» in humidified air for
24 h.

In vitro fertilization (IVF)

Oocytes were denuded by gentle pipetting with a small-
bore pipette and washed three times in fertilization
medium [synthetic oviductal fluid (SOF) + 4 pl/ml
gentamicin + 20% heat-inactivated oestrous ewe serum].
Ten to 15 oocytes were placed into 49-pl droplets of IVF

© 2013 Blackwell Verlag GmbH



LOPU and IVP of Embryos from FecX® Donor Ewes

719

medium on polystyrene Petri dishes under mineral oil.
Fresh semen from a single Rasa Aragonesa ram of
proved in vitro fertility was used in all sessions. For
capacitation, semen was maintained at room tempera-
ture in the dark for 2 h after collection, subsequently
diluted 1:10 (v/v) in SOF + 0.3% BSA + 40 pg/ml
gentamicin sulphate and then centrifuged at 200 g for
5 min. After counting and evaluating progressive indi-
vidual subjective motility, the pellet was diluted with
fertilization medium, and 1 pl was introduced into each
49-ul oocyte-containing drop, yielding a final concen-
tration in the drop of 1 x 10° spz/ml. Incubation was
carried out for 20-24 h at 38.5°C in 5% CO, humidified
air.

In vitro culture (IVC)

After IVF, presumptive zygotes were washed four times
in culture medium, containing SOF + 0.3% BSA (fatty
acid free) + 40 pg/ml gentamicin sulphate. Once sper-
matozoa were removed, presumptive zygotes were
transferred in 30-pl droplets containing culture medium
overlaid with mineral oil on Petri dishes (10-15
presumptive zygotes/droplet) and incubated for 8 days
at 38.5°C in a 5% CO,/5% 0,/90% N, humidified
atmosphere. At days 3 and 5 after IVF, half of the
media (15 pl) was replaced with 15-ul SOF supple-
mented with 20% and 10% (v/v) foetal calf serum
(FCS), respectively, to obtain from day 3 onwards a
FCS concentration of 10% (v/v). Cleavage and blasto-
cyst rates were assessed at 48 h and 7 and 8 days after
IVF.

Embryo transfer

Blastocysts produced in vitro were functionally assessed
by their ability to sustain pregnancy to term. For this
purpose, a random sample of either day 7 or 8§
blastocysts showing good morphology, from all the
experimental groups and LOPU-IVP trials, were
directly transferred. A total of 48 adult wild-type Rasa
Aragonesa ewes were used as recipients. Prior to the
embryo transfer, ewes received 2 doses of 125 ug
cloprostenol 7 days apart, and 4 days after the second
injection, a 30-mg FGA sponge was inserted for
12 days. At sponge withdrawal, 400 IU ¢CG (Sincro-
part® PMSG 6000 IU; CEVA Animal Health SA) was
administered. Eight or 9 days after withdrawal, depending
on whether day 7 or 8 blastocysts were transferred,
respectively, ovulation rate was assessed by laparoscopy
and embryo transfer was carried out.

Sedation was performed using propofol (8 ml/ewei.v.).
Two blastocysts were placed preferably into the
uterine horn ipsilateral to the ovary showing a mor-
phologically healthy corpus luteum using a tomcat
catheter.

In vivo embryo viability

For early pregnancy diagnosis, a blood sample was
collected from each recipient by jugular puncture 25 days
after embryo transfer using 5-ml vacuum tubes contain-
ing lithium heparin for plasmatic pregnancy-associated
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glycoprotein (PAG) determination. Ewes with a plasma
PAG concentration > 1.3 ng/ml were considered preg-
nant (Alabart et al. 2010). Additionally, abdominal
ultrasound pregnancy diagnosis was performed 30 days
after embryo transfer. One week before lambing, ewes
were placed in individual pens and the offspring were
immediately identified at lambing.

Statistical analysis

The effects of genotype and FSH treatment on the
following LOPU-related variables, which were
measured per ewe and session, were analysed by
repeated-measures analysis of variance (ANOvA) using
the MIXED procedure of SAS Institute Inc., 2004 (SAS
OnlineDoc® 9.1.3; SAS Institute Inc., Cary, NC, USA):
the number of punctured follicles of each size, the mean
follicle size, the number of recovered COCs of each
quality score and individual recovery rate. The follow-
ing fixed effects were included in the models: genotype,
treatment and session, as well as all the possible
interactions among them. Treatment and session within
each treatment were treated as repeated factors.
Normality of residuals was tested by the Jarque—Bera
test, applying a correction for finite samples (Lawford
2005). A Box—Cox transformation was applied to
variables failing to accomplish the requirement of
residual normality.

The effects of genotype, FSH treatment and their
interaction on the variables related either to in vitro
embryo production, survival of the transferred embryos,
or fertility of the recipient ewes were analysed by ANOVA
for categorical variables using the categorical modelling
procedure (PROC CATMOD) of SAS (SAS Institute
Inc. 2004).

Results

Follicular puncture and recovery of LOPU-derived
oocytes

A total of 1673 follicles were aspirated in 8 LOPU
sessions, yielding 995 recovered oocytes (mean collec-
tion rate, 59.5%). Genotype did not affect the total
number of aspirated follicles per ewe and session (10.4
and 10.2 in R+ and ++ untreated ewes, 17.4 and 14.3 in
R+ and ++ FSH-treated ewes, respectively) but signif-
icantly affected mean follicular size (Table 1). The
FecX™ heterozygous ewes showed smaller follicular
diameter, lower number of >6 mm follicles (p < 0.01,
both with and without FSH treatment) and higher
number of 4-mm follicles (p < 0.02, only with FSH
treatment), compared with ++ ewes. Genotype signifi-
cantly affected the recovery rate, favouring R+ over ++
ewes. The number of collected COCs as well as the
number of suitable COCs for IVM was higher in R+
than in ++ treated ewes (+3.8 and + 3.6, respectively;
p< 0.01 for both). The number of quality I COCs was
similar in R+ and ++ ewes, but the number of quality I1-
IIT COCs was higher in R+ ewes when treated with FSH
(7.0 in R+ vs. 3.3 in ++; p < 0.01).

Independent of genotype, FSH treatment increased all
the LOPU-related variables, except the number of 3-mm
follicles, significantly (Table 1). FSH treatment affected
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Table 1. Follicle population and COC recovery depending on genotype and treatment
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COCs

Follicles

RR

IV+v o

TI+111

4 mm 5 mm 6 mm >6 mm Total MES Total MIV

mm

Untreated

59.2 +£ 3.7
52.0 + 3.7

59 £+ 0.6 50+ 0.5 28 +04 234+03 0.9 +0.2
4.7 +£0.5 2.6 +£04 2.0+ 0.3 0.7 £ 0.2

54+ 0.6

4.1 £ 0.1
43 +0.1

2.0+ 0.3 1.2 4+£0.2 0.8 +£0.2 0.6 £ 0.2 104 + 1.1
0.9 + 0.2 0.9 + 0.2 1.3+£0.2

22403

58+ 0.7
49 +0.7

R+

102 + 1.1

++
FSH treated

68.2 + 2.5
56.5 + 2.6

53 +0.7 38+ 04 1.7+ 0.3 1.0 £ 0.2 174 + 1.3 43 +0.1 11.8 £ 0.8 11.0 +£ 0.7 4.0 £0.7 7.0 +£ 0.6 0.8 +0.3
32+04 1.9 +0.3 3.0 +£04 143+ 13 51+ 0.1 8.0 £ 09 7.4 +0.7 4.1 £0.7 3.3 +£0.6 0.6 +0.3

2.7+ 04

5.6 + 0.6
3.5+ 0.6

R+

++
Significance (p<)

0.03
0.01
0.47

0.76
0.45
0.94

0.01
0.01
0.01

0.03
0.95
0.95

0.01
0.01
0.01

0.01
0.01
0.01

0.01
0.01
0.31

0.01
0.23
0.16

0.01
0.01
0.13

0.01
0.47
0.97

0.01
0.17
0.62

0.01
0.02
0.01

0.23
0.06
0.19

Treatment (T)

Genotype (G)

TxG

Least squares means per ewe and LOPU session + SEM. R+: heterozygous FecX™ ewes. ++: wild-type ewes. Follicles: number of follicles of each diameter (mm). MFS: mean follicle size (mm). COCs: cumulus—oocyte complexes.

MIV: COCs of quality I, IT and III according to the classification of Stangl et al. (1999). RR: recovery rate (100 x COCs total/follicles total) on a per ewe basis. Within each column, bold values indicate significant differences due to

treatment, genotype and/or their interaction (p < 0.05).

R+ ewes differently from ++ ewes with regard to the
numbers of 4-mm follicles, total COCs, IVM COCs, and
quality II-IIT COCs (p < 0.01 for all) and the propor-
tion of quality I COCs over IVM COCs (p < 0.02), as
shown by the significant interactions found between
genotype and treatment.

IVM, IVF and IVC

Cleavage rate ranged from 84.0% to 87.8%, with no
differences between oocytes originating from R+ or ++
ewes, either with or without FSH treatment (Table 2).
No significant differences were observed in day 7 and 8
blastocysts, as well as the in vitro final yield, between R+
and ++ groups (average differences, 1.6, 3.9 and 3.6
percentage points, respectively). The effect of R+ geno-
type on day 7 and 8 blastocysts, and on in vitro final
yield, was slightly higher in untreated ewes, although the
interaction between genotype and treatment was not
significant.

The percentage of day 7 and 8 blastocysts, as well as
in vitro final yield, was significantly higher in both R+
and ++ groups treated with FSH when compared with
untreated groups (average increases, 8.3, 8.2 and 7.6
percentage points, respectively). The increases in day 7
and 8 blastocysts due to FSH treatment were slightly
higher in ++ than in R+ ewes, although significance was
not achieved. In fact, there was no significant interaction
between treatment and genotype in any of the studied
variables.

As the number of recovered and suitable COCs for
IVM was higher in R+ donors, and no significant
differences in blastocyst rate were observed between
genotypes, R+ ewes demonstrated a better yielding of
competent oocytes than ++ ewes in the whole. Thereby,
R+ ewes produced 0.75 extra day 8 blastocysts per
session compared with ++ ewes, and FSH-treated ewes
produced 1.6 extra day 8 blastocysts compared with
untreated ewes (average increases). Therefore, the global
output of IVP blastocysts obtained at day 8 per ewe and
session was significantly affected by both genotype and
FSH treatment (p < 0.005 and p < 0.0001, respectively;
Table 2).

Embryo transfer and viability

Fertility of recipients and survival rate of transferred
embryos are shown in Table 3. No differences were
observed in any of these variables, neither between
genotypes nor between treatment groups. Overall fertil-
ity was 77.1% (37/48 recipients) at 25 days post-transfer
determined by PAG, 66.7% (32/48 recipients) at 30 days
determined by ultrasound diagnosis and 56.3% (27/48)
at lambing. Overall in vivo survival rate of transferred
embryos was 38.5% (37/96).

Discussion

In the present study, the FecX™® allele did not affect the
number of follicles >3 mm, but reduced the mean
follicle size in R+ ewes. In particular, R+ showed a
decreased number of follicles larger than 6 mm in
diameter when compared with ++ ewes. These results
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Table 2. Embryo IVP depending on genotype and treatment

Cleavage rate (%) Day 7 blastocyst rate (%)

Day 8 blastocyst rate (%)

In vitro final yield (%) Day 8 blastocysts per ewe and session®

Untreated
R+ 84.0 (126/150) 27.0 (34/126) 32.5 (41/126) 27.3 (41/150) 1.3+03
++ 85.4 (117/137) 21.4 (25/117) 25.6 (30/117) 21.9 (30/137) 09+03
FSH treated
R+ 87.8 (281/320) 31.3 (88/281) 37.7 (106/281) 33.1 (106/320) 33+0.1
++ 84.8 (190/224) 33.7 (64/190) 36.8 (70/190) 31.3 (70/224) 22+£02
Significance (p<)
Treatment (T) 0.53 0.02 0.03 0.02 0.0001
Genotype (G) 0.76 0.64 0.29 0.26 0.005
Tx G 0.40 0.26 0.41 0.58 0.13

R+: heterozygous FecX® ewes. ++: wild-type ewes.

*Means + SEM per ewe and LOPU session. Within each column, bold values indicate significant differences due to treatment, genotype and/or their interaction

(p < 0.05).

Table 3. Fertility of recipients and embryo survival depending on
genotype and treatment

Survival

Fertility (%)* rate (%)°

At day 25 At day 30
(PAG) (ultrasound) At lambing At lambing
Untreated
R+ 83.3 (5/6) 66.7 (4/6) 66.7 (4/6) 41.7 (5/12)
++ 66.7 (4/6) 50.0 (3/6) 50.0 (3/6) 50.0 (6/12)
FSH treated
R+ 75.0 (15/20)  70.0 (14/20)  60.0 (12/20)  40.0 (16/40)
++ 81.2 (13/16)  68.7 (11/16)  50.0 (8/16) 31.3 (10/32)
Significance (p<)
Treatment (T) 0.82 0.49 0.84 0.38
Genotype (G) 0.71 0.58 0.41 0.99
T x G 0.41 0.63 0.84 0.46

R+: heterozygous FecX® ewes. ++: wild-type ewes.
“Pregnant/transferred recipients.
"Lambs born/transferred embryos.

therefore concur with those previously reported in
Belclare ewes carrying a similar mutation on BMPI15
gene (Reynaud et al. 1999), as well as in Booroola
(FecB) ewes carrying a mutation in the BMP type 1B
receptor (Driancourt et al. 1985; McNatty et al. 1986).
In both studies, ovulatory follicles from carrier ewes
were also found to be smaller. Similar differences in
follicular population were found between Inverdale
ewes carrying a similar mutation in BMPI5 (FecX’)
and wild-type ewes, exhibiting more small follicles
(1-2.5 mm) than ++ ewes, with no differences in larger
follicles (Shackell et al. 1993). The increased ovulation
rate and prolificacy observed in FecX and FecB carrier
ewes are thought to be due to follicles having a lower
number of granulosa cells, with precocious LH receptor
expression, which results in a higher number of smaller
follicles susceptible for selection and ovulation, which
explains such differences in follicle size between geno-
types (revised by Fabre et al. 2000).

FSH treatment increased the mean follicle diameter,
the number of punctured follicles per ewe and session,
the recovery rate, and the numbers of recovered COCs
and suitable COCs for IVM per ewe and session in both
genotypes. This fact highlights the usefulness of stimu-
lation treatment with FSH to increase the performance
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of LOPU-IVP procedures in sheep. Regarding to follicle
population, FSH treatment increased the numbers of
follicles from 4 mm onwards in both genotypes. How-
ever, the observed increase in the number of 4-mm
follicles due to FSH treatment was significantly higher
(6.6 times) in R+ than in ++ ewes. Although the cause of
this difference between genotypes could not be eluci-
dated with the present work, it is reasonable to assume
that R+ ewes could have had a greater proportion of
non-atretic follicles smaller than 4 mm able to respond
to gonadotropins the days before LOPU, when FSH
was administered. If so, this would agree with recent
results in Inverdale ewes (FecX”), which yielded a greater
proportion of non-atretic follicles >2.5 mm with gran-
ulosa cells able to respond to hCG (McNatty et al.
2009). Conversely, the increase in the number of follicles
> 6 mm due to FSH treatment was higher in ++ than in
R+ ewes (4.25 times), although significance was not
achieved. The reduced size of the preovulatory follicles
is a characteristic of ewes carrgling the FecX” (Inverdale),
FecB® (Booroola) and FecL” (Lacaune) mutations, as
well as in wild-type prolific Romanov breed, whose
control of ovulation rate is polygenic (Drouilhet et al.
2010).

The FSH treatment also increased the proportion of
grade II-1IT COCs over the suitable COCs for IVM in
R+ but not in ++ ewes. In our opinion, this observa-
tion may be due to the fact that R+ ewes showed
smaller follicle diameter and therefore their follicles are
assumed to have fewer granulosa cell layers. As
explained before, similar ovarian phenotypes with
reduced number of granulosa cells were found in ewes
carrying similar FecX mutations (Belclare: Reynaud
et al. 1999; Inverdale: Shackell et al. 1993), as well as
in FecB® mutated Booroola ewes (McNatty et al.
1986). As a result, the morphological evaluation
method used in this study for assessing COC quality
(Stangl et al. 1999), widely accepted and used by many
groups, could have disadvantaged the FecX™ hetero-
zygous ewes when classifying their COCs. Nevertheless,
it should be noted that, while follicles from R+ ewes
were smaller and their COCs apparently had fewer
granulosa cell layers, IVP did not show differences in
developmental competence. In our opinion, this is an
indication of advanced developmental competence for
smaller follicle size in R+ ewes. Nevertheless, this
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should be further confirmed by comparing the
developmental competence of oocytes of both geno-
types for each follicle size.

In addition, these differences in follicular diameters
between genotypes could partially be responsible for the
higher recovery rate found in R+ ewes. Some authors
have reported in sheep a tendency for higher rates of
recovery for 1- to 5-mm follicles compared with follicles
>5 mm, as large follicles have increased density of
follicular fluid and aspiration may be negatively affected
by low flow rates and small needle diameters (Bald-
assarre et al. 1994). Others have found no influence of
follicular diameter on recovery rate (Rodriguez et al.
2006). Discrepancy between authors exists regarding the
effect of follicle size on recovery rate, although in our
work, the potential influence of an advanced follicle
structure on recovery rate should not be discarded.

In the present work, no differences were observed
between genotypes for in vitro embryo production and
in vivo survival rates regardless of FSH treatment,
demonstrating their ability to yield healthy offspring
after the LOPU-IVP process. However we would expect
lower in vitro development of oocytes from R+ ewes as
they are supposed to have lower BMP15 protein levels,
and in our work, a greater number of grade II and III
oocytes from R+ ewes were included in IVP. Therefore,
based on our findings, it is reasonable to assume that
oocytes from R+ ewes acquire competence at earlier
stages of antral follicular development, as there was a
higher number of suitable oocytes for IVM recovered
from R+ ewes, which came from smaller follicles, but
which displayed similar percentages of day 7 and 8§
blastocysts when compared with those from ++ ewes.
This would be possibly due to an altered folliculogen-
esis, resulting in a mismatch between follicular diameter
and maturation status, when comparing R+ and ++
ewes. Although there are no similar works on BMPI5
mutated ewes, oocytes from heterozygous Booroola
ewes are able to resume meiosis and develop to the
blastocyst stage at a smaller size compared with wild-
type oocytes (Cogni€ et al. 1998). These in vitro results
in Rasa Aragonesa ewes concur with what is observed
in vivo, as we did not find differences on fertility between
R+ and ++ ewes using artificial insemination (Alabart
et al. 2009). Likewise, oocytes from mature follicles in
homozygous Booroola (FecB®) ewes appear fully

competent and produce viable offspring with no appar-
ent differences in fertility or embryo viability among
genotypes (Montgomery et al. 2001). Moreover, in
short-term immunizations against BMPI15 protein,
which results in an increment in ovulation rate similar
to that observed in BMPI5-mutated ewes, no adverse
affects on fertilization, embryo survival or ability of
ewes to maintain their pregnancy were observed (McN-
atty et al. 2004).

Regarding FSH treatment of LOPU donor ewes, it
enhanced day 7 and 8 blastocyst rates as well as in vitro
final yield, independently of genotype, without affecting
embryo quality. From a productive point of view, FSH
treatment still plays an important role in increasing
the output of embryo biotechnology programmes in
sheep.

In conclusion, the FecX® allele did not affect the
number of punctured follicles per ewe and session, but
reduced follicular size. In addition, R+ ewes displayed
higher performance in the number of competent oocytes
available after LOPU, demonstrating to be as compe-
tent as those from wild-type ewes for IVP, with no
differences between genotypes in survival rate at birth of
the transferred embryos, despite their follicles being
smaller. Collectively, the increased number of IVP
blastocysts per R+ donor and session demonstrated
the higher efficiency of R+ ewes as donors in a LOPU-
IVP programme when compared with ++ ewes.
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Abstract

Embryo biotechnologies contribute significantly to the genetic enhancement of livestock, although
their efficiency is still limited in sheep, mainly due to variable ovarian responses to gonadotropins. At
present, anti-Miillerian hormone (AMH), which is produced by the granulosa cells of the small antral
follicles, is a reliable endocrine marker of the ovarian follicle reserve in many species. The expression
of AMH in granulosa cells was shown to be stimulated by bone morphogenetic proteins (BMPs) in
vitro, so a mutation affecting the BMP15 gene might modulate AMH production in vivo. The present
study aimed to assess plasma AMH concentrations before puberty in two groups of Rasa Aragonesa
ewes that were carrying (R+) or not carrying (++) the prolific FecX* allele and to relate them with their
AMH concentrations at adulthood. Additionally, we sought to establish in both genotypes whether
AMH measurements during a LOPU programme could be predictive of the number of ovarian follicles
(> 3 mm) and recovered cumulus-oocyte complexes (COCs). No differences in AMH were found
between the R+ and ++ ewes before puberty or during the adult age. Before puberty, the AMH
concentration tended to increase from 3 to 4.5 months and to decline at 6 months to levels similar to
those observed later in adults (333.8 + 73.3, 483.2 + 135.5 and 184.1 £ 38.2 pg/mL, respectively; P <
0.1), showing a large variability between individuals and between ages. A relationship between the

* Corresponding author. Tel.:-+34 976716448; fax: +34 976713503.
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AMH concentrations before puberty and during adulthood was not found, likely reflecting different
follicular growth dynamics. In adults, the AMH concentration at the beginning of the FSH treatment
was strongly correlated with the number of punctured follicles at LOPU in R+ and ++ ewes (r = 0.75
and 0.78, respectively; P < 0.001), and it was possible to accurate determine AMH cut-off values for
both genotypes to identify high-responding ewes. On average, 5.1 extra follicles and 2.7 extra COCs
were expected per each 100 pg/mL increase in AMH (P < 0.0001 and P < 0.01, respectively). The
repeatability of AMH concentration from session to session was 0.70 (P < 0.0001). Our results
demonstrated that, regardless of age, the presence of the FecX® allele did not affect plasma AMH
levels. During adulthood, AMH proved to be a good predictor of the ovarian response to FSH
stimulation. Such an indicator could therefore be used to improve the performance of embryo
biotechnologies in sheep.

Keywords: COCs; FecX; follicle; FSH; ovarian reserve; ovum pick-up

1. Introduction

Reproductive efficiency in sheep is of great importance to optimise labour, improve the
income of farmers and the viability of farms, and contribute to optimising the use of
resources. The use of embryo biotechnologies contributes to an increase in the selection
intensity and shortens the generation interval, allowing for the production of a large number
of descendants from ewes with high genetic merit. In sheep, embryo biotechnologies have
developed considerably in recent years due to a higher demand and an increased efficiency
of the protocols and techniques. Apart from artificial insemination (AI) and multiple
ovulation and embryo transfer (MOET), laparoscopic-ovum pick up (LOPU) and in vitro
production of embryos (IVP) represent the next generation of techniques to improve the
number of offspring in small ruminants [1], presenting many advantages over traditional
MOET. Using OPU-IVP, more embryos can be produced in the same period of time per
donor animal, as the procedure can be performed over a long period, including pregnancy,
prepuberty, or anestrus, without detrimental effects on the fertility of the donor. LOPU-IVP
is a versatile technique with a much greater potential for the future compared with MOET,
and it could therefore significantly contribute to enhancing genetic improvement and
preserving endangered breeds.

However, the overall efficiency of LOPU-IVP in sheep is still far from the yields reached
in cattle [2]. Apart from the aspects related to IVP and the conservation of the produced
embryos, a major limiting factor is the large between-individual variability in the ovarian
response to stimulation treatments using exogenous FSH [3], resulting in high variability in
the final number of transferable embryos in sheep. Variations in the ovarian response to FSH
reflect the variability of the follicular population present at the beginning of the treatment in
small ruminants [4-6].

Anti-Miillerian hormone is a glycoprotein belonging to the transforming growth factor
(TGF)-B family that is only expressed in the gonads [7,8]. In women and female animals,
AMH is a reliable marker of the size of the ovarian pool of growing follicles. At present,
AMH is the best predictive endocrine marker of the number of available follicles in Assisted
Reproductive Technologies (ART) in response to ovarian stimulatory treatment in humans
[9], cows [10], goats [11], and mares [12]. In the sheep ovary, AMH has recently been found
to be highly produced by the antral follicles from 1 to 3 mm in diameter [13], but its ability
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to predict the number of follicles available for puncture in a LOPU programme has not been
investigated yet. While the use of AMH in adulthood is of great interest, it would be even
more interesting if it could be determined earlier in life. In a previous work, we investigated
the ability of plasma AMH to predict the ovarian follicle reserve before puberty and to
correlate it with early fertility at the first lambing for the early selection of replacement ewe
lambs. Our results suggested that AMH could be a marker of the ovarian follicle reserve
before puberty related to sexual precocity [14]. Thus, in the present work, we aimed to
assess the usefulness of AMH determination at an early age for the precocious selection of
the best future donors for embryo biotechnologies.

In recent years, several sheep breeds have been identified with different mutations in the
bone morphogenetic protein 15 (BMP15) gene, which are responsible for an increase in the
ovulation rate and prolificacy in heterozygous ewes [15-19]. One of the mentioned
polymorphisms corresponds to the FecX® allele in the Rasa Aragonesa breed [18]. We
recently found that the presence of the FecX” allele in heterozygosity led to a decrease in
follicle diameter, with no effects on the developmental competence of their oocytes [20].
The BMPI5 gene, like AMH, belongs to the TGF-B superfamily [21]. Other BMPs
belonging to this superfamily have recently been shown to stimulate 4MH mRNA
expression in granulosa cells in vitro, both in cattle (BMP4 and BMP6) [22] and sheep
(BMP4) [13]. These recent results strongly suggest an important role for BMPs in enhancing
AMH production in small antral follicles in vivo. Many questions remain to be addressed
regarding regulation of AMH expression, including the potential effects of other members of
the BMP family, such as BMP15 or GDF9. For this reason, the potential influence of a
decrease in BMP15 protein expression in the oocyte due to a mutation affecting the BMP15
gene, on AMH production in follicles and therefore, on its endocrine level, should not be
disregarded. Due to the reproductive advantages of the FecX" allele, ewes heterozygous for
FecX® coexist with wild-type ewes in Rasa Aragonesa flocks. Therefore, potential
differences in plasma AMH concentrations between genotypes should be assessed to
determine whether the predictive ability of AMH could be extended or not to both genotypes
and therefore if distinctions between the genotypes when using AMH as a selection tool
should be made or not.

Therefore, the aims of this study were the following: 1) to assess whether the presence of
the FecX® mutation in the BMPI5 gene could affect the AMH plasma concentrations; 2) to
characterise the plasma AMH concentrations before puberty and to establish the relationship
between AMH measured during this period of life and AMH and LOPU performance at the
adult age; and 3) to establish whether plasma measurements of AMH during adulthood
could be used to determine the number of ovarian follicles and cumulus-oocyte complexes
(COCs) that a given sheep can produce during repeated LOPU sessions, using FSH or not.

2. Materials and methods

All experimental procedures were performed in accordance with the guidelines of the
European Union (2003/65/CE) and Spanish regulations (RD 1201/2005, BOE 252/34367-
91) for the use and care of animals in research. The experiments were carried out at the
facilities of the research centre (CITA de Aragdén, Spain). The BMPI5 genotype was
determined in all animals by PCR genotyping, as previously described by Martinez-Royo et
al. [23].
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2.1. Experiment 1: Plasma AMH concentration before puberty

Twelve ewe lambs of the Rasa Aragonesa breed, including six heterozygous for the FecX”
allele (R+) and six wild-type ewe lambs (++), were used. The animals were born in April,
with a maximum age difference between animals of 3 days. They were provided feed and
water ad libitum and reared under the same conditions. Ewe lambs were submitted to blood
sampling at 3, 4.5, and 6 months. The experimental protocol aimed to compare the plasma
AMH concentrations depending on age and genotype.

2.1.1. Blood sampling

For AMH determination, three blood samples were obtained from each ewe lamb before
puberty as follows: first sampling at 90 days of age (July), second sampling at 135 days of
age (August), and third sampling at 180 days of age (October). All samples were taken at 9
a.m., with a maximum interval from the first to the last sampling of 10-15 minutes. In order
to determine whether puberty had occurred by the time of AMH sampling, two blood
samples at nine days interval were taken at 3, 4.5 and 6 months of age for P4 determination.
The samples were collected by jugular puncture using 5-mL vacuum tubes with lithium
heparin that were immediately centrifuged at 2100 X g for 25 min. The plasma was stored at
-20 °C until it was assayed for AMH and P4. After that, the ewe lambs were kept in irrigated
pastures with ad libitum access to water and mineral supplements.

2.2. Experiment 2: Plasma AMH concentration at LOPU

When the ewe lambs from experiment 1 were adults (19 months), ten of them were
submitted to four LOPU sessions, together with six additional ewes of similar age (8 R+ and
8 ++ in total), and blood samples were taken during each session for AMH measurement.
The AMH samples were taken in the second LOPU trial of a previous work, consisting in
two LOPU-IVP trials performed to evaluate the effects of the FecX” allele and FSH on
follicle population and oocyte quality [20]. The present experiment aimed to assess the
ability of the plasma AMH concentrations to predict the performance of an individual ewe
submitted to a LOPU program, taking into account the potential effect of the R+ genotype
and LOPU session on the AMH concentration. In addition, the relationships between the
AMH concentrations of the ewe lambs before puberty with the AMH concentrations and
performance (number of punctured follicles and COCs) of adult ewes submitted to LOPU
were investigated.

2.2.1. Hormonal treatment and blood sampling

Four LOPU sessions were carried out 7 days apart, as follows (Fig. 1). The first and
second sessions were carried out without FSH treatment, and the third and fourth sessions
took place following FSH treatment. Prior to the first session, the ewes received two doses
of 125 pg of cloprostenol (Estrumate, Schering-Plough Animal Health, Madrid, Spain) 8
days apart. Five days after the second injection, 30 mg fluorogestone acetate sponges (FGA;
Sincropart 30 mg, CEVA Animal Health SA, Barcelona, Spain) were inserted and replaced
by new ones at each LOPU session. The first LOPU session took place 12 days after the
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insertion of the first sponge, and the second took place one week after. Prior to the third and
forth LOPU sessions, the ewes received a total of 32 mg of FSH (ULG, Liege, Belgium)
administered in decreasing doses as follows: 8 mg (60 h), 8 mg (48 h), 6 mg (36 h), 6 mg
(24 h), and 4 mg (12 h). Coinciding with the first injection of FSH, 125 pg of cloprostenol
was injected. All FSH used in this study was highly purified porcine FSH, supplied by the
Laboratory of Endocrinology of the Faculty of Veterinary Medicine, University of Liege,
Belgium. The quantities are expressed in mg of the NIH-FSH-P1 standard.

A total of four blood samples for plasma AMH determination were taken from each ewe
in different moments to establish the relationship between follicle and COC numbers with
AMH. In sessions 1 and 2, samples were taken at the time of LOPU, and in sessions 3 and 4,
the samples were taken coinciding with the first FSH injection in each session (60 h prior to
LOPU). Blood sampling and storing was performed as in experiment 1.

LOPU 1 LOPU 2 LOPU 3 LOPU 4
-25 17 -12 0 7 14 21
125 ug 125 ug 32 mg 32mg
cloprostenol cloprostenol lFSH* 1 FSH*
AMH-1 AMH-2 AMH-3 AMH-4
sampling sampling || sampling sampling
125 pg
cloprostenol
FGA sponge Sponge Sponge Sponge Sponge
insertion replacement replacement replacement withdrawal

Fig. 1. Experimental design of laparoscopic ovum pick-up (LOPU). Hormonal treatment and blood sampling for
AMH determination performed in 16 adult ewes, carrying or not carrying the F ecX” allele (R+;n=38, ++; n=_8).

2.2.2. Laparoscopic Ovum Pick Up (LOPU) and recovery of oocytes

Follicular aspiration was carried out as previously described [20]. Briefly, the donors
were fasted for 12 hours before the LOPU session, anesthetised with 3 mg / kg body weight
of propofol (Propofol ®Lipuro 1%, Braun, Spain) and submitted to inhalation anaesthesia
with isofluorane (IsoFlo®, Veterinary Esteve, Spain). An endoscope and an atraumatic
grasping forceps were inserted into the abdominal cavity, and a 23G needle was introduced
by a third incision to aspirate the contents of all the antral follicles > 3 mm in diameter
present on the ovaries, using a vacuum pump adjusted to -25 mm Hg (V-MAR 5100; Cook
Ltd, Eight Mile Plains, Australia). The number and diameter of the punctured follicles was
recorded for each donor and session. After oocyte collection, the ovaries were washed with
sterile physiological saline solution (0.9% NaCl) supplemented with 5 IU heparin / mL. A
staple and topical spraying with chlortetracycline hydrochloride (Pederol® spray, Syva,
Leon, Spain) were applied to each of the three 1-cm incisions, and 1 mL/10 kg im of
oxytetracycline (Oxycen-200 L.A. ®, S.P.veterinaria, s.a., Tarragona, Spain) was
administered to each ewe. The Falcon tubes were brought to the laboratory and poured into a
petri dish to recover the COCs, that were morphologically scored into five categories as
previously described by Stangl et al. [24]. Only those surrounded by continuous multilayer
unexpanded cumulus cells and showing a homogeneous cytoplasm were considered as
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suitable for in vitro maturation (IVM, categories I, II and III).
2.3. Assay for anti-Miillerian hormone

The plasma concentrations of AMH were measured with the AMH Genll ELISA Kit
(Beckman Coulter France, Roissy CDG, France). This kit is an enzymatically amplified two-
site immunoassay, providing materials for the quantitative measurement of AMH in human
serum. For validation of the assay in sheep, serial dilutions of different ovine plasma and
follicular fluid samples in steer plasma were analysed using the kit. The results showed that
the follicular fluid dilution curves were linear and parallel to the standard curve (data not
shown). Just before the assay, the frozen plasma samples were thawed in a warm water bath,
vortexed and centrifuged (3200 g, 10 min, 4 °C) to remove any cell fragments that could
interfere with the reagents of the assay. The anti-Miillerian hormone concentrations were
determined in 50-puL undiluted plasma samples. The samples were incubated overnight at 4
°C in the presence of the primary antibody and then for 1.5 h at room temperature in the
presence of the secondary antibody. Dilutions of the points of the standard curve were made
in steer plasma. With these conditions, the limit of detection of the assay was found to be 15
pg/mL. The intra-assay coefficients of variation were 9.9, 6.0, and 2.7% for the three quality
control blood samples that were tested, containing 80, 160, and 400 pg/mL of AMH,
respectively.

2.4. Assay for progesterone

Progesterone was analyzed by a direct competitive ELISA kit intended for ovine plasma
(Ridgeway Science, St. Briavels, Gloucestershire, UK), following the manufacturer’s
instructions. The sensitivity was 0.28 ng/mL. All samples were run in the same assay. Intra-
assay coefficients of variation for plasma pools of 0.5 and 1 ng/mL were 11.5 and 15.0%,
respectively. The threshold considered for luteal activity was 0.5 ng/mL.

2.5. Statistical analyses

The effects of FecX® genotype and age on AMH concentrations at a prepubertal age were
tested by repeated-measures analysis of variance (ANOVA) using the MIXED procedure of
SAS [25]. The following terms were included in the model: genotype, age, and their
interaction as fixed effects and the donor ewe within genotype as random.

Correlations between the variables were assessed by the Pearson’s correlation coefficient.
The repeatability of the AMH concentrations at different times was calculated as the ratio of
the between-animal variance to the sum of the between-animal and the within-animals
variance. The variance components were estimated by the method of restricted maximum
likelihood using the VARCOMP procedure of SAS. The statistical significance from zero of
the repeatability estimates were assessed using confidence intervals [26].

The effects of FecX® genotype and FSH treatment on the total number of punctured
follicles (> 3 mm), recovered COCS and COCs suitable for [IVM per ewe and session were
analysed by repeated-measures ANOVA using the MIXED procedure of SAS. The
following fixed effects were included in the models: genotype, treatment, and session, as
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well as all the possible interactions among them. The treatment and the session within each
treatment were treated as repeated factors. The donor ewe within the genotype group was
included as a random term.

The effects of the FecX® genotype and the number of sessions on the plasma AMH
concentrations, which were measured per ewe and per session, were analysed by repeated-
measures ANOVA using the MIXED procedure of SAS. The following fixed effects were
included in the model: genotype, session, and their interaction. Session was treated as the
repeated factor. The donor ewe within the genotype group was included as a random term.

Between-groups comparisons were performed by pairwise contrasts and the raw
probabilities were adjusted for multiple comparisons by the step-down Shaffer-simulated
method incorporating logical constraints [27,28] using the LSMESTIMATE statement [29].

The effect of the FecX® genotype on the linear relationship between the variables recorded
in the LOPU sessions (number of punctured follicles, recovery rate, numbers of recovered
COCs and COCs suitable for IVM per ewe and per session) and AMH was analysed by
repeated-measures analysis of the variance-covariance (ANCOVA). Separate models were
fitted for untreated sessions (first and second) and treated sessions (third and fourth). The
terms included in the models were the following: FecX" genotype (allowing for different
intercepts for each genotype), AMH (included as covariate), and their interaction (allowing
for different slopes for each genotype), as fixed effects; and the donor ewe within the
genotype as random. If the interaction between genotype and AMH was not significant, a
common slope could be assumed (two parallel lines were fitted, one for each genotype). In
addition, if the genotype effect was not significant, a common intercept could be assumed (a
common line was fitted for both genotypes) [30].

The performance of the plasma AMH concentration prior to FSH treatment to predict
donor ewes with higher numbers of punctured follicles (> 3 mm) at the day of LOPU was
tested by receiver-operating characteristic (ROC) analysis, using the LOGISTIC procedure
of SAS. Donors with more than 18 punctured follicles per session were considered as “high-
responding” and those with 18 follicles or less as “low-responding” ewes, as the median
number in all ewes (both genotypes pooled) was 18.5 follicles per session in treated
sessions. Sensitivity (Se) was defined as the ratio between the donors correctly predicted as
“high-responding” and the total number of “high-responding” donors. Specificity (Sp) was
defined as the ratio between the donors correctly predicted as “low-responding” and the total
number of “low-responding” donors. The ROC curve is a plot of sensitivity (the true
positive rate) versus one minus specificity (the false positive rate). The area under the ROC
curve (AUC) was used as a measure of the predicting ability of AMH. As it is known that
the values of AUC are too higher when obtained from the data set used to fit the model,
AUC values obtained by the leave-one-out cross-validation method are also reported.
Between-genotypes comparisons of the AUC values were carried out using the method
described by Greiner et al. [31]. The maximum value of the Youden index (J =Se + Sp - 1)
was used to determine the optimal value of plasma AMH (cut-off value) to discriminate
between “high” and “low responding” donors to FSH.

The normality of the ANOVA and ANCOVA residuals were tested by the Jarque—Bera
test, applying a correction for finite samples [32]. A Box—Cox transformation was applied to
variables failing to meet the requirement of residual normality. The significance level was
set at P < 0.05. Otherwise indicated, results are reported as means + standard errors.
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3. Results

3.1. Experiment 1. Plasma AMH concentration before puberty

Progesterone was lower than 0.5 ng/mL in the two samples taken from all ewe lambs at 3,
4.5 or 6 months, so all animals were assumed to have not reached puberty at these ages.
Plasma AMH was detected in all the ewe lambs, although one of them showed a non-
detectable value at 6 months, preceded by concentrations higher than 250 pg/mL at 3 and 4.5
months, and with AMH values higher than 100 pg/mL at the adult age. Therefore, the value
at 6 months was not taken into account in this ewe lamb.

Effect of the FecX" genotype on plasma AMH concentration before puberty

No significant differences in plasma AMH concentrations were found between R+ and ++
ewes at 3 months (355.3 £ 118.0 vs. 312.2 + 86.4 pg/mL), at 4.5 months (490.5 + 205.4 vs.
476.0 = 176.6 pg/mL), or at 6 months (145.1 £ 56.5 vs. 223.1 + 65.5 pg/mL), respectively
(Fig. 2). The interaction between genotype and age was not significant, indicating that
variations in AMH with age were similar in both genotypes.
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Fig. 2. Changes in the plasma anti-Miillerian hormone (AMH) concentration before puberty and the AMH
concentrations at the adult age in ewes carrying or not carrying the F ecX” allele. Blood samples were taken at 3,
4.5, 6, and 19 months of age (Mean + S.E.M.) in 12 ewe lambs (R+; n =6, ++; n = 6) and in 16 adult ewes (R+; n =
8, ++;n=28).

Effect of age on plasma AMH concentration before puberty

Plasma AMH levels at 3, 4.5 and 6 months were 333.8 + 73.3, 483.2 + 135.5 and 184.1 +
38.2 pg/mL, respectively. Plasma AMH concentrations at 6 months were lower than those
found at 3 or 4.5 months (P < 0.05 for both), although significance was not attained when
probabilities were adjusted for multiple comparisons (P < 0.1 for both). The AMH profile
throughout this period was different between animals, so the maximum AMH values were
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found at different times in different ewe lambs at 3 months (n = 4), at 4.5 months (n = 6), or
at 6 months (n = 2). The plasma AMH concentrations ranged from 20.4 to 829.1 pg/mL at 3
months, from 69.3 to 1370.8 pg/mL at 4.5 months, and from 69.3 to 471.4 pg/mL at 6
months, demonstrating high between-individual variability. Overall, the within-animal
repeatability in the plasma AMH concentration at 3, 4.5, and 6 months was found to be low
(0.17; NS). When only those ewe lambs that presented the AMH peak at the same time (4.5
months) were considered, the overall within-animal repeatability at 3, 4.5, and 6 months was
higher, although significance was not attained (0.39; P <0.1).

3.2. Experiment 2: Plasma AMH concentration at LOPU

Plasma AMH was detected in all the animals and sessions, ranging from 19.6 to 446.0
pg/mL.

Effect of the FecX® genotype and LOPU session on plasma AMH concentration at LOPU

No significant differences in the plasma AMH concentration were found between R+ and
++ ewes (Table 1). The interaction between genotype and session was not significant,
indicating that variations in AMH within a session were similar in both genotypes. The
interaction between genotype and treatment was not significant.

Table 1. Plasma AMH concentrations (pg/mL) in adult ewes that were carrying (R+) or not carrying (++) the FecX"
allele of the BMP15 gene, submitted to four LOPU sessions, with or without FSH treatment, one week apart.

Effect AMH (pg/mL) P-value
Genotype (G)
R+ 166.2 +14.9 0.71
++ 179.8+17.8
Session (S)
1 213.8+199° 0.0001
2 213.6 258"
3 1544+£210°
4 109.9+14.9°
GXS
R+ 1 200.9 +30.5 0.88
2 214.9 +28.3
3 149.8 £ 26.5
4 99.1+17.0
++ 1 227.3+£26.7
2 212.3+454
3 158.9+34.5
4 120.8 £25.1
a,b: P<0.02
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In sessions 1 and 2, the plasma AMH concentrations were similar (213.8 £ 19.9 vs. 213.6
+ 25.8 pg/mL), and both were higher than those in the subsequent sessions 3 and 4 (P <
0.02). The plasma AMH concentrations were slightly higher in the third than in the fourth
session, although significance was not attained (154.4 + 21.0 vs. 109.9 + 14.9; P <0.1). A
trend to significance was found for the interaction between session and FSH treatment (P <
0.1).

Repeatability of AMH concentrations during LOPU sessions

The individual repeatability of plasma AMH concentration during repeated sessions of
LOPU was 0.57 (P <0.0001), increasing up to 0.70 when only considering sessions 3 and 4
(with FSH; P <0.0001 for both).

Representative ewes of both genotypes are shown in Fig. 3.
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Fig. 3. Plasma AMH concentrations and the number of punctured follicles (> 3 mm) during each LOPU session.
Representative profiles with high and low AMH (above and below the determined cutt-off point to detect “high-
responding” ewes) and follicle numbers are shown for two ewes of each genotype; with (R+) and without (++) the
FecX" allele.
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Relationships between plasma AMH concentrations and LOPU yields

No significant differences were found between R+ and ++ ewes in the number of
punctured follicles (16.9 + 1.1 vs. 14.8 £ 0.9), total COCs (10.2 + 0.8 vs. 8.3 = 0.6) and
COC:s suitable for IVM (8.8 = 0.8 vs. 7.2 + 0.7, respectively).

In sessions 1 and 2 (without FSH), the number of punctured follicles was lower than in
sessions 3 and 4, with FSH (12.9 = 0.9 vs. 18.8 = 1.1; P < 0.001). We found a weak
correlation between the AMH concentrations and the number of punctured follicles (> 3
mm) at LOPUs 1 and 2 (r = 0.30; P <0.1). As shown in Fig. 4, a common regression line for
both genotypes could be assumed. The correlations between AMH and recovery rate, total
COCs recovered, or COCs suitable for [IVM were not significant (r = -0.08; r = 0.09 and r =
-0.08; respectively). For each of these variables, a common regression line for both
genotypes could be assumed (not shown).

Conversely, in sessions 3 and 4 (with FSH), the number of punctured follicles (> 3 mm) at
LOPU was strongly correlated with the AMH concentrations measured at the beginning of
the FSH treatment in both R+ and ++ ewes (r = 0.75 and r = 0.78, respectively; P <0.001 for
both). In this way, 5.1 = 1.0 extra follicles were expected to be punctured per 100 pg/mL
increase in AMH in both genotypes (P < 0.0001). In this case, two parallel regression lines,
one for each genotype, were fitted (Fig. 4). For the same AMH concentrations, 4.5 + 1.6
extra follicles were expected to be punctured in the R+ genotype than in ++ genotype (P <
0.05). As in sessions 1 and 2, the recovery rate of COCs was not correlated with plasma
AMH measured at the beginning of FSH treatment (r = -0.13; P < 0.49) and a common
regression line could be assumed for both genotypes (not shown). Conversely, correlations
with plasma AMH were also found for total COCs recovered or COCs suitable for [IVM (r =
0.41 and 0.39, respectively; both each P < 0.05). For these variables two parallel regression
lines, one for each genotype, were fitted (not shown). In this way, 2.7 £ 0.7 extra COCs
were expected to be recovered per 100 pg/mL increase in AMH in both genotypes (P <
0.01). In addition, for the same AMH concentrations, 4.0 + 1.2 extra COCs were expected to
be recovered in R+ than in ++ genotype (P < 0.01). Likewise, 2.3 £+ 0.8 extra COCs suitable
for IMV were expected to be recovered per 100 pg/mL increase in AMH in both genotypes
(P <0.01). For the same AMH concentrations, 3.7 £+ 1.2 extra COCs suitable for IVM were
expected to be recovered in R+ than in ++ genotype (P < 0.01).

Determination and predicting performance of AMH cut-off values to detect “high-
responding” ewes

The AUC values were 0.867 = 0.107 and 0.883 £ 0.086 for the R+ and ++ genotypes,
respectively. These values were different from 0.5, the AUC value of a test without
discriminatory capacity (both P < 0.001). After cross-validation, these were lowered to
0.783 £ 0.129 and 0.767 + 0.132, respectively, also different from 0.5 (both P < 0.05). The
AUC values were similar for both genotypes, either prior to (P < 0.90) or after cross-
validation (P < 0.93). The optimal cut-offs for selecting “high-responding” ewes were 112
pg/mL for the R+ genotype (corresponding to 80.0% sensitivity and 83.3% specificity) and
169 pg/mL for the ++ genotype (corresponding to 66.7% sensitivity and 100% specificity;
Fig. 5).
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Fig. 4. Relationship between plasma AMH concentration and the number of punctured follicles (> 3 mm) at LOPU.
Plasma AMH was measured in 16 adult ewes carrying or not carrying the F' ecX” allele (R+; n =8, ++; n = 8) at the
time of LOPU in non-stimulated ewes (a; sessions 1+2), or at the beginning of the FSH treatment in LOPUs using
FSH (b; sessions 3+4).
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Fig. 5. Receiver-operating characteristic (ROC) curves for predicting high (>18 follicles) and low (<18 follicles)
responding R+ and ++ ewes at LOPU. The arrows show the cut-off points for both genotypes that maximize the
Youden index and their corresponding AMH values. A test without capacity of discrimination (random test) is
represented (diagonal).

Relationship between plasma AMH concentration at puberty and LOPU performance at the
adult age

There was no significant relationship between the plasma AMH concentrations before
puberty (at 3, 4.5 and 6 months) and the plasma AMH at the adult age (at the first, second,
third, and fourth LOPU sessions) for any genotype. In the same way, the relationships
between plasma AMH concentrations at 3, 4.5, and 6 months and the follicle yield at the
LOPU sessions at the adult age were not significant (Fig. 6). The within-animal repeatability
of AMH at 3, 4.5, or 6 months with AMH at the adult age was close to zero.
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Fig. 6. Relationships between the plasma AMH concentrations before puberty and during adulthood. Plasma AMH
at 3 (a), 4.5 (b), and 6 (c) months in relationship to the plasma AMH concentration at 19 months (open squares,
dotted line) and the total number of follicles > 3 mm to be punctured after FSH treatment at 19 months (closed
squares, solid line).

In (c), nine points are represented both for AMH and punctured follicles, as there was one ewe lamb with non-detectable plasma
AMH concentration at 6 months not taken into account.
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4. Discussion

The present study shows that: 1) the presence of the FecX® mutation in the BMPI5 gene
did not affect the plasma AMH concentrations; 2) the plasma AMH concentration in the
prepubertal age was demonstrated to be highly variable between individuals and months,
and it did not demonstrate a relationship with the plasma AMH or follicle number at the
adult age; 3) In adults, the plasma AMH proved to be a good predictor of the response to
FSH stimulation, and therefore it could be used to improve the performance of the LOPU-
IVP procedures in both R+ and ++ ewes.

In the present study, we aimed to investigate whether the presence of the FecX” allele,
with a deletion in the sequence encoding the BMPI5 gene, influences the plasma AMH
concentrations, as other BMP factors (BMP4 and BMP6) have been shown to promote in
vitro AMH expression in granulosa cells in cattle [22] and sheep [13]. We found no
differences in the average plasma AMH concentrations between R+ and ++ ewes, neither
before puberty, nor at the adult age. Nevertheless, when ewes with similar AMH
concentrations at the time of FSH administration were compared, we found that R+ ewes
developed a higher number of follicles at LOPU in response to FSH than ++ ewes. In fact,
we proposed a different AMH cut-off value for each genotype to select the best-responding
ewes. We found similar indications of an increased response of R+ ewes to exogenous
gonadotropins in previous works. First, the advantage on the ovulation rate of the R+ ewes
with respect to the ++ ewes was doubled when applying a standard dose of eCG [33].
Second, in LOPU experiments, the punctured follicles from R+ ewes were smaller than
those from ++ ewes, and the application of FSH leads to approximately three extra follicles
in R+ ewes, while similar numbers of follicles were punctured without FSH in both
genotypes [20]. Third, we found a positive correlation in the untreated R+ ewes, but not in
++ ewes, between the LH peak area and ovulation rate, suggesting that the same LH
concentration can trigger the ovulation of an increased number of follicles in R+ ewes [34].
This increased ovulatory response of R+ ewes could be explained by the “window” theory
proposed by Scaramuzzi et al. [35]. According to that theory, the multiple ovulations could
be due to an increase in the pool of gonadotropin-dependent follicles and/or to a lowering of
the FSH threshold, or an increase in circulating FSH levels. The most accepted model for
ewes carrying the Booroola mutation or other mutations in BMPI5 or GDF9 relies on an
increased size of the pool of gonadotropin-dependent follicles of smaller size, without
apparent changes in endocrine patterns [36,37]. We can therefore hypothesise that R+ ewes
could have an increased number of small growing follicles able to respond to gonadotropins,
contributing to the secretion of AMH, that we have not taken into account in the present
study. In addition, in other prolific breeds (Finn ewes) the increased ovulation rate was
found to be achieved by rescuing some follicles from atresia, which came from the
preceding follicular wave [38]. The rescue of some follicles undergoing atresia would be
another hypothesis to explain the increased ovulatory response of R+ ewes. Our results are a
first and gross analysis at the plasma level of differences in AMH between animals carrying
or not carrying a deletion in the BMPI5 gene. Therefore, further studies are needed to
address whether R+ ewes could have an increased number of small antral follicles able to
respond to gonadotropins, as well as the AMH secretory capacity of R+ follicles in
relationship with their diameter.

Studies on plasma AMH at the prepubertal age in domestic animals are scarce. In beef
heifers, plasma AMH concentrations were found to increase markedly between 1 and 3
months of age, remaining high at 6 months, and then declining slowly until 12 months,
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which corresponds with their age of puberty [13]. In the present study, using Rasa
Aragonesa ewes in which puberty occurs at approximately 7 to 8 months [39], we found a
similar profile for AMH, showing an increase at 4.5 months, and low AMH concentrations
at 6 months, similar to those observed later in adulthood. This increase in AMH
concentrations at 4.5 months would be coincident with a period where a peak in the total
number of follicles > 3 mm has been observed in other sheep breeds at approximately 16
weeks [40]. However, in the present study the maximum AMH concentrations were not
found at the same time in all the ewe lambs, so individuals were not consistently ranked,
which could explain the low repeatability found at these ages. In Sarda sheep, the plasma
AMH concentrations determined at 40 and 110 days have been related to the total antral
follicle count (AFC) [41]. It therefore appears that AMH at these early ages reflects changes
in the ovarian follicle status; however, future studies are needed to assess the causes of these
AMH variations before puberty and to evaluate whether these observed changes in AMH
reflect changes in the number of small antral follicles or are due to changes in the amount of
AMH secreted by each follicle.

In the present study, the AMH concentration in the plasma before puberty was not related
with AMH concentration or the number of follicles that could be punctured after FSH
treatment at the adult age. In a previous study, we found that plasma AMH measured at
three months in prepubertal ewe lambs was a marker of the number of ovarian follicles able
to respond to gonadotropins at these early ages and was also positively correlated with
fertility at their first mating [14]. According to both studies, it appears that AMH is a
quantitative marker of the number of ovarian follicles at any age, although its implications
before puberty may be different than later in life. The large between-animal variations
observed in the pattern of plasma AMH concentrations before puberty appear to reflect that
ovarian maturity has occurred at an earlier age in some ewe lambs than in others. During the
prepubertal phase, the AMH levels have been found to be negatively correlated with the
FSH levels in cattle [13]. In our opinion, this relationship should be further investigated with
a larger number of animals, a higher sampling frequency, and determination of other
hormones related to puberty.

In the present study, the plasma AMH concentration at LOPUs without FSH were not
fully predictive of the number of follicles > 3 mm present in the ovary at these time points,
although a tendency was found. In follicles from sheep, AMH concentrations are the highest
in small antral follicles and decrease markedly when follicles increase to their preovulatory
size. In Romanov ewes, the highest intrafollicular AMH concentrations were found in
follicles from 1 to 3 mm, where it was approximately three-fold higher than the
intrafollicular AMH found in 3 to 5-mm follicles, while it was almost negligible in follicles
greater than 5 mm [13]. This pattern of production, together with the fact that the population
of follicles from 1 to 3 mm is usually larger than the other populations, could explain the
trend observed in the present study: when puncturing follicles from 3 mm onwards, we are
only accounting for one small part of the AMH-producing follicles.

On the other hand, AMH prior to FSH treatment was highly predictive of the ovarian
response to FSH treatment at LOPU, being correlated with the number of punctured
follicles, recovered COCs and COCs suitable for IVM. As expected, correlations between
AMH and punctured follicles were stronger than AMH and COCs, as the number of
retrieved oocytes is affected by the recovery rate, which usually varies among animals and
sessions, and which can be affected by several technical aspects external to the animal itself.
Regarding the performance of AMH determination to detect high or low-responding ewes,
the AUC values were greater than 0.7 in both genotypes, even after cross-validation.
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According to an arbitrary rule that classifies tests as non-informative (AUC = 0.5), less
accurate (0.5 < AUC < 0.7), moderately accurate (0.7 < AUC < 0.9), highly accurate (0.9 <
AUC < 1) and perfect tests (AUC = 1) [31], we can rate this AMH test as “moderately
accurate”. Moreover, AMH was demonstrated to be highly repeatable between the sessions.
Our results are in agreement with those previously found by Rico et al. [42] in cows
undergoing repeated OPUs. Variations in the ovarian responses to FSH treatments are
known to reflect the ovarian follicular population present at the beginning of treatment in
small ruminants [5,43], so according to our results in sheep, it appears that the follicle
population that produces the highest amounts of AMH is the same population able to be
stimulated to grow by FSH. In conclusion, the use of AMH as a predictive method to select
the best-responding donor ewes for embryo biotechnologies could improve the poor
performance of the technique, and the cost of the analyses are expected to be largely offset
by the reduced spending on stimulatory treatments, labour, or the optimised use of
recipients.

In goats, the administration of exogenous FSH induces a decrease in the AMH
concentrations, which occurs 3 to 4 days after treatment, apparently due to the temporary
depletion of gonadotropin-responsive follicles, which return to the initial values before 3
weeks [11]. In agreement with this work, in the present study we found a diminution of
plasma AMH after the administration of FSH. In the conditions of our work, this occurred
seven days after the last FSH injection, in the last session. The diminution of AMH observed
in the third session, which was not preceded by FSH treatment, is likely due to the short
interval between follicle puncture in session 2 and sampling in session 3, separated only by
4.5 days, suggesting that the population of AMH-producing follicles was not fully restored
after puncture. During the first two sessions, when FSH was not used, the plasma AMH
concentrations remained constant, despite the AMH sampling in session 2 was preceded by
ovarian puncture in session 1.

5. Conclusions

In conclusion, regardless of age, the presence of the FecX® allele did not affect plasma
AMH concentrations. Therefore, for its application on farms as a selection tool for early
fertility, distinction between genotypes would not be needed. However, when applied to
select the best-responding ewes to FSH for LOPU-IVP technologies, the FecX® genotype
should be taken into account. At the adult age, we propose that the determination of the
plasma AMH concentration in a single blood sample prior to FSH treatment is a suitable
method for selecting the best oocyte donors for embryo biotechnologies. However, the
precocious selection of such animals by AMH sampling at their prepubertal age would not
currently be feasible, as the plasma AMH concentrations before puberty varied significantly
between months and between individuals.
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Abstract

P < 0.001).

Background: In mammals, the ovarian follicular reserve is highly variable between individuals and impacts strongly
on ovarian function and fertility. Nowadays, the best endocrine marker of this reserve in human, mouse and cattle
is the anti-Mullerian hormone (AMH). The objectives of this work were to determine whether AMH could be
detected in the plasma of prepubertal ewe lambs and to assess its relationship with their fertility at a young age.

Results: Plasma was taken from 76 Rasa Aragonesa ewe lambs at 3.6 months of age for AMH determination.
Simultaneously, 600 IU equine chorionic gonadotropin (eCG) was administered and the number of ovulations
recorded 6 days later. AMH was detected in 93% of the lambs, and the concentrations were about 3-4-fold higher
in ovulating than in non-ovulating lambs (P < 0.004). Ewes aged around 10 months were mated, giving an overall
fertility of 29%, and those failing to conceive were mated again 4 months later. Fertility at first mating was
significantly correlated with plasma AMH concentration at 3.6 months (Spearman’s p = 0.34;, P < 0.01). To use
plasma AMH concentration as a screening test, a value of 97 pg/mL was determined as the optimum cutoff value
to predict fertility at first mating (sensitivity = 68.2%; specificity = 72.2%). Fertility at first mating was 34.8 percentage
points higher in ewe lambs with an AMH = 97 pg/mL than in those with lower AMH concentrations (50% vs. 15%;

Conclusions: Plasma AMH concentration might be a reliable marker of the ovarian status of prepubertal ewe
lambs, reflecting their ability to respond to eCG stimulation. A single AMH measurement performed on ewe lambs
early in age could be useful to select for replacement ewes with a higher predicted fertility at first mating.

Background

The successful mating of ewe lambs within their first
year of age reduces the effective cost of replacement
ewes, increases the lifetime productivity of ewes in
the flock, reduces the generation interval [1] and
reduces the culling risks [2]. Moreover, an earlier first
lambing brings about a higher productivity of the ewe
throughout its life [3]. In some breeds such as the
Rasa Aragonesa, even though females reach an ad-
equate live weight at 12-13 months, the mean age at
first lambing is 17-18 months [3], leading to extended
unproductive periods. Therefore, it is challenging to
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find endocrine markers that could help to select the
most precocious ewes, particularly if they could be
used very early in life.

Sheep, as other mammals, are born with a limited and
highly variable number of ovarian germ cells, which
decreases drastically with age [4]. At birth, the oocytes
are mostly contained in resting primordial and early
growing follicles that constitute the so-called follicular
reserve. Genetic factors and maternal nutrition during
gestation both seem to contribute to this inherently high
variation in the follicular reserve in sheep [4-8]. At 12—
14 weeks after birth, an important population of
gonadotropin-sensitive follicles is already present in the
ovary [9,10]. Moreover, recent results suggest that the
number of growing antral follicles present in the ovaries
of young adult cattle may be related to their fertility
[11]. Therefore, the follicular populations present in the

© 2012 Lahoz et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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ovaries of young ruminants seem to have a great impact
on their adult reproductive life.

Presently, anti-Miillerian hormone (AMH) is the best
endocrine marker of the ovarian follicular reserve of
growing follicles, and it is used as a predictor of the
ovarian response to gonadotropins in the human [12,13],
mouse [14] and bovine species [15]. In the cow, AMH
concentration in plasma is highly correlated with the
number of antral follicles of 3 to 7 mm in diameter,
which are the main targets of superovulatory treatments
[15]. Also, AMH measurement can help to predict the
aptitude of individuals to produce high or low numbers
of embryos after superovulation, a repeatable and pos-
sibly heritable trait in the cow [16]. Recently, similar
results were reported in mares, indicating that AMH
could be a predictor of the number of follicles available
in a follicle aspiration program [17]. Although a direct
relationship between AMH and fertility has not been
reported to date in domestic animals, some evidence
supports this idea. On one hand, in young adult cattle, a
high degree of correlation among AMH, antral follicle
count (AFC) and the number of healthy follicles and
oocytes in ovaries has been demonstrated; and on the
other hand, lower numbers of antral growing follicles
(AFC) have been related with suboptimal fertility [11].
Up to now, there are no data on plasma AMH concen-
tration in sheep, though it would be of great interest for
the future selection of animals for embryo production,
as well as of young animals with a high fertility in the
adult age.

Therefore, the aims of the present study were, first, to
determine if AMH can be detected in the plasma of pre-
pubertal Rasa Aragonesa ewes and to evaluate its rela-
tionship with the ovarian response to a gonadotropin
treatment, and second, to relate AMH with fertility at
first and second mating opportunities. With this aim,
the plasma AMH concentration of ewe lambs aged
around 3.6 months was assessed as well as the ovarian
response to an equine chorionic gonadotropin (eCG)
challenge, and their fertility was established after mating
at 10 and 14 months.

Results

Plasma AMH concentration and its relationship with
eCG-induced ovulation in prepubertal ewe lambs

AMH was detected in the plasma of 71 out of 76 ewe
lambs (94%). The concentrations were highly variable
between animals, ranging from 0 (n=5) to 590 pg/mL.
The age and weight of the ewe lambs with nondetectable
AMH concentrations ranged from 88 to 126 days and
from 23.5 to 28 kg. AMH was detected in the youngest
lamb of this study (68 days) as well as in the lightest
lamb (19 kg), reaching 3625 and 53.7 pg/mL,
respectively.
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AMH concentration in plasma was not correlated with
age (p=-0.19; NS) or live weight (p = -0.08; NS). Plasma
AMH concentration was correlated with the occurrence
of ovulation in response to eCG (p=0.42; P <0.0001)
but not with the number of ovulations when only con-
sidering ovulating ewes (p = 0.08; NS). Neither the occur-
rence of ovulation nor the number of ovulations of
ovulating ewes were correlated with age (p=0.13 and
-0.27, respectively; both NS) or live weight (p = 0.04 and
0.02; both NS). As expected, age and live weight were
highly correlated (p =0.38; P < 0.001).

Non-ovulating ewe lambs had lower plasma AMH
concentrations than ovulating ewe lambs with 1, 2 or>3
ovulations (all P < 0.004; Table 1). However, no signifi-
cant differences in AMH were found between the differ-
ent groups of ovulating ewe lambs. No significant
differences in live weight or age were found between any
of the groups.

Relationship between plasma AMH concentration of
prepubertal ewe lambs and their fertility at the first and
second service periods

Ultrasound pregnancy diagnosis was coincident with fer-
tility results both in the first (28.9%, n=22 pregnant
ewes) and in the second mating (77.8%, n =42 pregnant
ewes), at 10 and 14 months, respectively, revealing the
absence of abortions and of mistakes in the lambing
records. The overall fertility after the two consecutive
mating opportunities was 84.2%.

The fertility of adult ewes at first, at second and after
both consecutive service periods was correlated with
their AMH concentration in the prepubertal phase
(p=0.34, P<0.01; p=0.33, P<0.05 p=0.36, P<0.01,
respectively). At the first mating, neither age nor live
weight was significantly different between pregnant and
non-pregnant ewes (315+5 vs. 311+3 days and
33.4+0.6 vs. 32.6 £0.5 kg, respectively; both NS). Pre-
pubertal plasma AMH concentration was higher in ewes
that became pregnant at the first mating than in those
which failed to conceive at first but became pregnant at
the second mating (P < 0.05) or in non-pregnant ewes

Table 1 Plasma anti-Miillerian hormone (AMH)
concentration (pg/mL), age (d) and live weight (kg) at the
moment of ovarian stimulation with 600 IU eCG, for each
ovulation group (0, 1, 2 and >3 ovulations) of
prepubertal ewe lambs (means + SEM)

No. of ovulations No. of ewes Age Live weight AMH
0 19 108+2°% 250+04° 430+146°
1 17 118+4° 255+406° 1269+340°
21 104+5° 247+04°2 998+183°
23 19 108+42 247+08°% 163.1+410°

Within columns, means with different superscripts differ significantly: a,b:
P < 0.004.
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after two service periods (P < 0.01). It was also higher in
ewes which became pregnant at the second mating than
in non-pregnant ewes (P < 0.05; Figure 1).

The performance of AMH concentration at prepuber-
tal age for predicting the fertility of adult ewes at first
mating is shown in Figure 2. The receiver-operating
characteristic (ROC) curve represents the relationship
between the sensitivity of the diagnostic test based on
AMH concentration at prepubertal age to predict the
occurrence of pregnancy in adults (true-positive per-
centage) and 100 minus the specificity of the test to
predict the failure of pregnancy (false-positive percent-
age) at first mating.

The predicting performance of plasma AMH concen-
tration, assessed by the AUC (area under the ROC
curve), was 0.698 +0.063, significantly different from 0.5
(the AUC value corresponding to a non-informative or
“random test”) (P < 0.01). The AUC values estimated by
the leave-one-out validation and 10-fold cross-validation
methods were somewhat lower (0.660+0.066 and
0.650 + 0.013, respectively), although also different from
0.5 (P < 0.02 and P < 0.001, respectively).

The cutoff point of plasma AMH concentration that
could be used for a screening test of the future ability of
ewes to get pregnant at first mating was found to be
97 pg/mL. This AMH concentration corresponded to a
sensitivity value to predict the occurrence of pregnancy
of 68.2% (15/22) and a specificity to predict the failure
of pregnancy of 72.2% (39/54). The positive and negative
predictive values (PPV and NPV) were 50.0% and 84.4%,
respectively (Table 2). The fertility at first mating of ewes
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Figure 2 Receiver-operating characteristic (ROC) curve for
predicting fertility at first mating through AMH in prepubertal
age. The arrow shows the cutoff point maximizing the Youden
index, and its corresponding AMH concentration is shown within
brackets. A test without capacity of discrimination (random test) is
represented as a dashed line.

with AMH concentrations equal or higher than 97 pg/
mL before puberty was 34.8 percentage points higher
than that of ewes with lower AMH concentrations
(P < 0.001).

The fertility at second mating or after both consecutive
service periods was also higher in ewes with AMH

180
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Figure 1 Relationship between AMH at prepubertal age and pregnancy outcome. AMH: Anti-Mullerian hormone plasma concentration
(pg/mL) at prepubertal age (means + SEM). Pregnancy outcome: 1st, ewes pregnant at first service (n=22); 2nd, ewes pregnant at second service
(n=42); Non-pregnant, ewes failing to conceive after being mated twice four months apart (n=12). Means with different superscripts differ:

2nd Non-pregnant
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Table 2 Number and percentages (between brackets) of

lambing and non-lambing ewes at first mating predicted
through their plasma AMH concentration at prepubertal
age using a cutoff value of 97 pg/mL

Selection AMH group Lambing Non-lambing No. of ewes

criterion

AMH =97 pg/mL 15 (50.0) ° 15 (50.0) 30
<97pg/mL  7(152)° 39 (84.8) 46

No selection — 22289 54 (71.1) 76

Within columns, percentages with different superscripts differ: a,b: P < 0.001.

concentration equal or higher than 97 pg/mL before
puberty (93.3 vs. 71.8%; P <0.03 and 96.7 vs. 76.1%; P
< 0.004, respectively).

In the present work, the benefit of selecting replace-
ment ewes by AMH (calculated as the difference between
PPV, 50% and overall flock fertility at first mating,
28.9%), was 21.1 percentage points. As PPV (as well as
NPV) depends on the prevalence of the character in the
population [18] (herein, the overall flock fertility), PPV
for assumed flock fertility values at first mating from 5 to
95% has been depicted in Figure 3. It is shown that the
benefit obtained selecting replacement ewes by prepuber-
tal AMH would be higher for intermediate than for
either high or low flock fertility values.

100

920

80

70

60

50

40

30

20
v
’
’
’
7

10 —0— AMH test
/7 - - -- Random test

Fertility of selected ewes % (PPV)

0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Flock fertilty (%)

Figure 3 Fertility of the selected ewes as a function of the flock
fertility at first mating. Data represent the predictive positive
values (PPV, open circles). PPV values were calculated using the
sensitivity and specificity corresponding to the cutoff point (plasma
AMH 2 97 pg/mL; Se: 68.2%; Sp: 72.2%). The closed circle shows the
PPV value corresponding to flock fertility at the first mating in the
present study (28.9%). A test without capacity of discrimination
(random test) is represented as a dashed line. The arrow shows the
increase in fertility obtained in the present work by selecting ewes
with AMH 297 pg/mL.
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Discussion

This study shows for the first time that: (1) AMH is
present in the plasma of prepubertal ewe lambs; (2)
plasma AMH concentration is related to the occurrence
of ovulation in ewe lambs after administration of an
ovarian stimulation treatment, possibly reflecting that a
population of gonadotropin-responsive follicles is
already present at this age in most ewes; and (3) plasma
AMH concentration before puberty could be used as a
predictor of the fertility of adult ewes at first mating.
This test would allow farmers to perform a precocious
selection of replacement ewe lambs with the highest
expected fertility at first mating. In the conditions of the
present study, plasma AMH concentrations did not de-
pend on age and weight, being detectable in most ewe
lambs. Nevertheless, longitudinal studies would be ne-
cessary to accurately determine the age and weight at
which AMH becomes detectable as well as the precise
relationships of AMH with age and live weight.

In ewe lambs at around 3.6 months of age, plasma
AMH concentration was about 3—4-fold higher in ovu-
lating than in non-ovulating ewe lambs after eCG treat-
ment. This difference could be due to the presence of a
different numbers of antral gonadotropin-responsive fol-
licles between animals at this age. In this way, the mean
age of the ewe lambs of this study (15.6 weeks) would be
coincident with a period where a peak in the total num-
ber of follicles > 3 mm has been observed in other breeds
of sheep, varying between 14 weeks [13] and 16 weeks
[19]. Therefore, the relationship found between the ovu-
latory response to eCG and plasma AMH concentrations
could be explained by the fact that they likely both re-
flect the presence of antral gonadotropin-responsive fol-
licles in the ovaries of ewe lambs. In adult cows, a high
correlation of plasma AMH concentrations with the
number of corpora lutea after superovulation was found
[15]. However, in the present study a relationship be-
tween AMH and the number of ovulations in ovulating
ewe lambs was not found. This discrepancy could be
attributed to physiological differences between prepuber-
tal and adult females and/or to differences in the ovarian
stimulation treatments. In this way, the ovarian response
to a single eCG treatment without previous progestogen
priming might be different to the response to a supero-
vulation protocol consisting in multiple FSH decreasing
doses with previous progestogen synchronization.

In the present work, neither plasma AMH concentra-
tion before puberty nor fertility at first mating was
related with age or live weight. Moreover, all ewes
received the same feeding plane during the whole ex-
periment. Therefore, the observed differences in plasma
AMH concentrations amongst ewes of similar age and
similar live weight may be due to inherent variations in
the follicular population, possibly influencing fertility at
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first mating. Genetic factors or maternal nutrition during
pregnancy could therefore be responsible for this asyn-
chronous follicular development; as in sheep, alterations
in the maternal diet have been demonstrated to affect
fetal ovarian development [5,7]. Nevertheless, further
studies are needed to elucidate the causes of this asyn-
chronous development of the ovary between the same
aged and weighted ewes, as well as to determine whether
it could affect ovarian function and reproductive per-
formance during the adult life.

Apart from age, live weight and nutritional status, it is
widely known that successful pregnancy is affected by
many other factors, such as season, endocrine status or
uterine conditions [20]. In the present work, healthy ewe
lambs were reared under the same conditions to
minimize the impact of such factors, although possible
unknown individual disorders can not be discarded. The
results of the present study showed that ewes with
higher prepubertal plasma AMH concentrations dis-
played a higher probability of becoming pregnant at first
mating than those with lower plasma AMH concentra-
tions. Moreover, those ewes which failed to conceive
after two consecutive mating opportunities had the low-
est prepubertal plasma AMH concentrations. As far as
we know, this is the first time that a relationship be-
tween AMH and early fertility has been established in a
domestic species. Our study reinforces the prognostic
value of AMH, even when the physiological status is not
fully known. Both in the human and bovine, AMH levels
are almost independent of the phase of the ovarian cycle,
explaining why a single AMH measurement is usually
sufficient [21,22]. This could be due to the fact that
AMH is not involved in feed-back mechanisms of the
hypothalamo-pituitary-gonadal axis [21]. Previous stud-
ies in the human have demonstrated a relationship be-
tween AMH and fertility. Very low concentrations of
AMH are associated with infertility in the case of pre-
menopause and premature ovarian failure, and very high
AMH concentrations with an absence of ovulation in
women with polycystic ovarian syndrome. Low or un-
detectable levels of AMH is explained by decrease or ab-
sence of follicular growth due to depletion of the ovarian
reserve of primordial follicles. Abnormally high levels of
AMH are explained by an excess of antral follicles whose
growth is blocked prior to ovulation [21]. Recent results
have also evidenced that AMH seems to be an excellent
marker of ovarian function in girls and adolescents. In
this way, elevated serum AMH levels have been found in
girls with a precocious maturation of the adrenal cortex,
suggesting that follicular development has proceeded to
a more advanced developmental stage than expected for
chronological age [23]. It has been demonstrated in ado-
lescent patients with inherited reproductive problems
(Turner syndrome) that their AMH concentrations
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correlate significantly with ovarian function at time of
AMH measurement, showing an excellent sensitivity
and specificity as a screening test of premature ovarian
failure. Furthermore, it has been suggested that varia-
tions in AMH concentrations during childhood may the-
oretically predict the duration of any given girls
reproductive lifespan [24], as AMH seems to reflect the
continuous decline of the follicle pool with age [25].

In the case of ewe lambs, the observed AMH values
would be rather a reflection of the beginning of follicular
growth in prepubertal animals, showing an ovarian activ-
ity quantitatively different between animals of the same
age. It is possible that ewe lambs in our study with the
highest ovarian activity at 3.6 months were also the most
precocious in terms of early puberty, resulting in the
improved fertility observed when testing fertility of dif-
ferent ewes at the same age. The lambs with the earliest
follicular development would be fertile at an early age.
All these findings highlight the importance of individual
differences in chronological follicular development and
in the follicular reserve as being responsible for future
reproductive life.

In sheep, recent in vitro studies have demonstrated
that prepubertal oocytes isolated from ovaries with a
high number of follicles larger than 2 mm are more
competent for in vitro development, presenting a higher
cleavage rate, developmental kinetics and cell number at
the blastocyst stage [26]. As it has been established that
the granulosa cells of large preantral and small antral
healthy follicles produce the highest AMH amounts in
rat [27] and cow [15,22], prepubertal ewe lambs with
higher plasma AMH concentrations are supposed to
have a higher number of healthy follicles in these stages,
suggesting that the quality of the oocytes and embryos
coming from these ewes may be higher. Although fur-
ther studies are needed to confirm this hypothesis, it
could partially explain the increased fertility at first mat-
ing of ewe lambs with the higher concentrations in
plasma AMH during their prepubertal phase.

Concerning the ability of AMH to be used as a screening
test to select the most precocious ewes in terms of fertility
at first mating, in the present study the AUC value for
AMH (0.698) was very close to 0.7, the limit value to clas-
sify tests as "moderately accurate” according to an arbitrary
guideline. This guideline distinguishes between non-
informative (AUC=0.5), less accurate (0.5< AUC < 0.7),
moderately accurate (0.7 < AUC<0.9), highly accurate
(09 < AUC <1) and perfect tests (AUC=1) [28]. The
values obtained by cross-validation methods were some-
what lower and would correspond to a “less accurate” test.
This is not strange as it its well known that the establish-
ment and maintenance of pregnancy depends upon several
genetic and environmental factors. Previous reports in the
human have shown that while high AMH levels prior to
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the initiation of IVF treatments is a good predictor of the
ovarian response, it has not proven to be as predictive of
successful pregnancy. This indicates that factors other than
the quantitative aspects of ovarian reserve may influence
the fate of pregnancy [29]. Nevertheless, although not being
highly accurate, we have shown that fertility of replacement
ewes at first mating can be increased up to about 20 per-
centage points by using plasma AMH concentration as a
screening test. It remains to be assessed at which age and
weight the diagnostic test based on the measurement of
AMH concentrations on ewe lambs is the most efficient for
accurate prediction. Concerning fertility at the second mat-
ing and fertility after two consecutive service periods, we
have shown that the differences between ewes with AMH
concentration above and below the cutoff point are also
significant and of great practical importance (+21.5 and
+20.6 percentage points, respectively). This would indicate
that AMH could also be a predictor of fertility in adult-
hood, but this needs further confirmation.

Conclusions

In conclusion, a single AMH measurement in the
plasma of prepubertal ewe lambs may be useful to select,
in a very early age, the replacement ewes with a high
predicted fertility at first mating.

Methods

All experimental procedures were performed in accord-
ance with the guidelines of the European Union (2003/65/
CE) and Spanish regulations (RD 1201/2005, BOE 252/
34367-91) for the use and care of animals in research.

Experimental design

Prepubertal ewe lambs (aged around 3.6 months) were
sampled for plasma AMH determination. In order to test
the presence of gonadotropin-sensitive follicles at this
age, an injection of eCG was applied, and 6 days after, the
induced ovulation (number of ovulations) was recorded
by laparoscopy. The relationship between AMH concen-
tration and the ovarian response to eCG was investigated.
Seven months later, the same young ewes were first
joined to rams twice, 4 months apart. The relationship
between fertility at these mating opportunities and
plasma AMH concentration before puberty was studied.
A ROC curve for AMH was analyzed to find the best cut-
off value to predict fertility at first mating.

Plasma sampling and determination of eCG-induced
ovulation in prepubertal ewe lambs

The experiment started in July (beginning of the breed-
ing season) in the facilities of the research center
(CITA). A total of 76 Rasa Aragonesa prepubertal ewe
lambs aged 109 +18 days (mean+ SD) and weighing of
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25.0 £ 2.4 kg (mean +SD) were used. Lamb ewes were
weaned at 50 days postpartum and fed at libitum with
concentrate until the beginning of the experiment. Ewe
lambs received eCG (600 IU im; Sincropart PMSG,
CEVA Salud Animal S.A., Barcelona, Spain), and simul-
taneously, blood samples were collected by jugular punc-
ture using 5 mL vacuum tubes with lithium heparin that
were immediately centrifuged at 2100 xg for 25 min.
Plasma was stored at —20°C until analyzed for AMH. Six
days after eCG treatment, ovulation was recorded by
laparoscopy as follows. Ewe lambs were sedated with
propofol (6 mL iv; Propofol Lipuro 1%, Braun, Spain)
and local anesthesia with lidocaine was applied. An
endoscope was inserted into the abdominal cavity
through a 1-cm incision, approximately 10 cm cranial to
the udder, and an atraumatic grasping forceps was intro-
duced through a contralateral 1-cm incision. After total
visualization of both ovaries, the number of healthy cor-
pora lutea was recorded. The incisions were closed with
staples and sprayed with topical chlortetracycline hydro-
chloride, and 1 mL/10 kg oxytetracyclinedihydrate (200
mg/mL; Oxycen-200 L.A., s.p.” veterinaria, s.a., Tarragona,
Spain) was administered intramuscularly. After that, ani-
mals were fed at libitum under grazing conditions.

Evaluation of the fertility of the ewes at first and second
mating

In this study, fertility was defined as the ability of a ewe
to become pregnant in a given mating period. In January
(end of the breeding season), when ewes were
312 + 18 days old (mean + SD) and weighing 33.1 + 3.1 kg
(mean £ SD), they were first joined to four adult Rasa
Aragonesa rams of proven fertility. The minimum ram-
ewe lamb ratio was around 5% (first mating: 4/76; sec-
ond mating: 4/54). This ratio was similar or slightly
greater than those proposed by other authors [30,31].
Males were removed after 34 days. Fertility at first mat-
ing was calculated as the percentage of ewes lambing
(and thus successfully mated) over ewes exposed to rams
(n=76) in this first service period. Four months later (in
May), the non-pregnant ewes were mated again for
34 days, according to an accelerated lambing program of
three lambings in 2 years. Fertility at second mating was
calculated as the percentage of ewes lambing (and thus
successfully mated) over ewes exposed to rams (not con-
sidering pregnant ewes at first mating) in this second
service period. Overall fertility after the two consecutive
mating periods was calculated as the percentage of ewes
lambing after either first or second mating periods, over
all the ewes exposed to rams (n="76). Ten and 30 days
after the rams’ removal, ultrasound diagnosis of preg-
nancy was performed. Lambing took place in individual
pens and offspring were immediately identified.
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AMH assay

Plasma concentrations of AMH were measured with the
Active MIS/AMH ELISA Kit (Beckman Coulter France,
Roissy CDG, France), as described previously [15,32].
Just before the assay, the frozen plasma samples were
thawed in a warm water bath, vortexed and centrifuged
(3200 g, 10 min, 4°C) to remove any cell fragments that
could interfere with the reagents of the assay. AMH con-
centrations were determined in 50-uL undiluted plasma
samples. The samples were incubated overnight at 4°C
in the presence of the primary antibody, then for 1.5 h
at room temperature in the presence of the secondary
antibody. Dilutions of the points of the standard curve
were made in steer plasma. With these conditions, the
limit of detection of the assay was found to be 15 pg/mL.
All the plasma samples were analyzed in the same assay.
The intra-assay coefficients of variation were all lower
than 5 % for the four quality control plasma samples that
were tested, containing 27, 112, 195 and 274 pg/mL of
AMH. For further validation of the assay, serial dilutions
of different ovine plasma and follicular fluid samples in
steer plasma were analyzed. Results showed that dilution
curves were linear and parallel to the standard curve
(Figure 4).

Evaluation of plasma AMH concentration in prepubertal
age as a predictor of fertility of the ewe at first and
second mating

An ROC analysis was performed to evaluate the predict-
ing ability of plasma AMH concentration to detect the
ewes with a high fertility at first mating. The sensitivity
was defined as the ratio between the ewes correctly pre-
dicted as pregnant above an AMH value and all the
pregnant ewes. The specificity was the ratio between the

g e sC
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Figure 4 Parallelism of dilution curves of ovine plasma and
follicular fluids with the human AMH standard curve in the
Active MIS/AMH ELISA kit. The figure depicts the results of the
serial dilutions of ovine follicular fluid samples (FF1, FF2 and FF3),
plasma from 2 ewes (E57056 and E47059) and the standard curve
(SO) of the AMH ELISA. Dilutions of the standard points and the
ovine samples were all made in steer plasma. The absorbance
(optical density) measured at 450 nm at the end of the test is
directly proportional to the concentration of AMH in the samples.
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ewes correctly predicted as non-pregnant below an
AMH value and all the non-pregnant ewes. The PPV
was the ratio between the ewes correctly classified as
pregnant and those predicted as pregnant (in other
words, the fertility of the selected ewes above an AMH
value). The NPV was the ratio of ewes correctly classi-
fied as non-pregnant and those predicted as non-
pregnant (100 minus fertility of non-selected ewes,
below an AMH value).

Statistical analysis

Correlations among the variables: occurrence of ovula-
tion (1 = ovulating; 0 = non-ovulating), number of ovula-
tions in ovulating ewes, plasma AMH concentration,
age, live weight and fertility (1 = pregnant; 0 = non-preg-
nant) were assessed by the Spearman correlation coeffi-
cient (p). Continuous variables (age, live weight, plasma
AMH concentration) were tested by general linear mod-
els (ANOVA). Normality of residuals was tested by the
Jarque-Bera test, applying a correction for finite samples
[33]. Homogeneity of within-groups variances (homosce-
dasticity) was tested by the Brown-Forsythe test. As
plasma AMH concentration failed to accomplish the
requirements of residuals normality and homoscedasti-
city, its values (expressed in pg/mL) were transformed to
decimal logarithms (log;o[AMH + 1]) prior to ANOVA
tests. Pairwise comparisons between means were carried
out by the least significant difference test, applying the
“false discovery rate” approach [34] to adjust probabil-
ities for multiple comparisons. For plasma AMH con-
centrations, although significance shown in tables was
obtained through the transformed data, arithmetic
means and SEM of the original, non-transformed data
are presented. Dichotomous variables, presented as per-
centages in text and tables, were analyzed by chi-square
tests. When the number of ovulations was used as inde-
pendent variable in ANOVA, ewes with numbers of ovu-
lations higher than two (from 3 to 7) were grouped into
one category owing to the small number of ewes in these
categories. In order to evaluate plasma AMH concentra-
tion as a predictor test of the fertility at first mating, the
ROC curve was analyzed. The AUC was used as an indi-
cator of the global performance of the test. The values
of AUC were compared with 0.5 (AUC for a “random
test”), using the non-parametric approach for testing
statistical significance [28]. As AUC values computed
from the data set used for model fitting tend to indicate
better accuracy than the actual model allows in practice,
AUC values estimated by the leave-one-out validation
method and by 10-fold cross-validation method are also
presented [35]. The 10-fold cross-validation was
repeated 10 times and the average AUC of these 10
replicates + SD was calculated. The cutoff value of AMH
to discern between fertile and non-fertile ewes at first
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mating was chosen as the corresponding point of the
ROC curve that maximized the Youden index, a
prevalence-independent criterion [28].

All statistical analyses were performed using SAS soft-
ware [36]. Otherwise specified, all data presented in text
are means + standard errors.
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4. Resumen

Resumen

Esta Tesis Doctoral se planteé para avanzar en el conocimiento y la utilizacion de
marcadores genéticos y endocrinos de la poblacion folicular en ovejas para ser
seleccionadas por su eficiencia reproductiva. Para ello se evaluo el efecto del alelo FecX”
del gen BMP15 sobre el rendimiento reproductivo (publicaciones 1, 2 y 3), y se investigo la
capacidad de la hormona Anti-Mulleriana como otro posible biomarcador (publicaciones 4 y
5). Todos los experimentos se llevaron a cabo en el Centro de Investigacion y Tecnologia
Agroalimentaria (CITA) de Aragdn (Coordenadas: 41°43'19”N-0°48'32"W), o bien a partir de
datos obtenidos en las ganaderias que integran el programa de mejora genética por
prolificidad de la UPRA-Grupo Pastores. Los analisis de LH, PAG y P4 se llevaron a cabo en
el CITA y los de AMH en el Institut National de la Recherche Agronomique (INRA) de
Nouzilly (Francia). Todos los estudios se llevaron a cabo en animales de la raza Rasa
Aragonesa, siendo los lotes similares en peso y condicion corporal dentro de cada
experimento. Todos los procedimientos experimentales se realizaron de conformidad con las
directrices de la Unién Europea (2003/65/CE) y la normativa espafiola (RD 1201/2005, BOE
252/34367-91) para el uso y cuidado de los animales en la investigacion.

Publicacion 1. Effect of the FecX® polymorphism in the bone morphogenetic protein

15 gene on natural or equine chorionic gonadotropin-induced ovulation rate and litter
size in Rasa Aragonesa ewes and implications for on-farm application.

En 2007, se descubri6 en la Rasa Aragonesa una nueva mutacion en el gen BMP15, un Gen
Mayor con gran efecto sobre la tasa de ovulacion y la prolificidad. Cuando esta presente en
heterocigosis produce un incremento de la prolificidad y en homocigosis da lugar a fenotipos
estériles. Mediante los experimentos de la presente publicacién se trataron de caracterizar
sus efectos sobre dichos caracteres reproductivos (objetivo 1 de la Tesis). Para ello se
realizaron tres experimentos:

En el primer experimento se comparé la tasa de ovulacion natural de corderas y ovejas
adultas portadoras del alelo FecX” en heterocigosis (R+) con la de las ovejas no portadoras
(++). Este experimento se llevd a cabo entre noviembre y diciembre (estacion sexual). Se
utilizaron 111 corderas (91 R+ y 20 ++) con una edad media de 311+11 dias, y 103 ovejas
adultas (84 R+ y 19 ++) con una edad media de 683+37 dias (mediastSD; grupos ‘R+
young’, ‘++ young’, ‘R+ adult’ y ‘++ adult’, respectivamente). Todos los animales se trataron
con esponjas de 30 mg de acetato de fluorogestona (FGA) durante 14 dias con el objetivo
de sincronizar el ciclo sexual. No se aplico eCG a la retirada de las esponjas para no
interferir con su tasa de ovulacion. La tasa de ovulacion se determind durante tres ciclos
consecutivos en cada animal mediante observacion laparoscopica, realizando la primera

observacion el sexto dia tras la retirada de la esponja, y repitiéndola a los 17 y 34 dias. La
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tasa de ovulacién de cada animal fue la media de las observaciones registradas en los ciclos
ovulatorios.

Se observo que las hembras R+ presentaron una tasa de ovulacién superior a las ++, tanto
en corderas como en adultas (+0,44 y +0,63 ovulaciones, respectivamente; ambas P<0,01).
En cuanto a la distribucion de las ovulaciones, las corderas R+ presentaron un mayor
porcentaje de ovulaciones dobles que las corderas ++ (+50,5%; P<0,01). Las ovejas adultas
R+, ademas de un incremento de las ovulaciones dobles (+36,4%; P<0,01), también
presentaron un mayor porcentaje de ovulaciones triples o de orden superior respecto a las
ovejas ++ (+12,8%; P<0,05).

En el segundo experimento se tratd de evaluar la posible interaccion entre el genotipo y la
aplicaciéon de gonadotropinas, comunmente utilizadas en los tratamientos comerciales de
sincronizacién de celos. Para ello se determiné la tasa de ovulacion de las ovejas adultas R+
en respuesta a dos dosis diferentes de eCG. Se estudié la influencia del incremento en la
tasa de ovulacion sobre la mortalidad embrionaria y el peso al nacimiento de los corderos,
con el fin de determinar la dosis 6ptima a aplicar a las ovejas R+ en condiciones de campo.

El experimento se llevo a cabo en septiembre (estacidén sexual). Se utilizaron 119 ovejas (71
R+ y 48 ++), que se trataron con esponjas vaginales de 30 mg de FGA durante 14 dias. En
el momento de la retirada de las esponjas, las ovejas ++ recibieron 480 Ul de eCG im (grupo
“++480"), la dosis estandar que se utiliza en las ganaderias para la IA en ovejas Rasa
Aragonesa, mientras que las ovejas R+ recibieron 240 Ul (grupo “R+240"; n=35) 6 480 Ul
(grupo “R+480"; n=36) de eCG. A las 54+1 h de la retirada de las esponjas se realizé la IA
cervical con semen refrigerado a 15°C (400x10° espermatozoides/oveja). La tasa de
ovulacion se determind 8 dias después de la retirada de las esponjas, durante un Unico
ciclo, en 75 de las 119 ovejas (“R+240": n=21; “R+480": n=21; “++480": n=33 ovejas),
siguiendo la metodologia del experimento 1. Una semana antes del parto, las ovejas se
individualizaron en jaulas de paricibn y los corderos se identificaron y pesaron. Se
determinaron las pérdidas embrionarias (PFMO: Partial Failure of Multiple Ovulation)
calculando la diferencia entre la tasa de ovulacion y la prolificidad en aquellas ovejas que
parieron y cuya tasa de ovulacion fue igual o superior a 2.

La mayor tasa de ovulacion se observé en las ovejas R+ tratadas con 480 Ul de eCG (3,95;
P<0,01), mostrando casi un 60% de ovulaciones cuadruples o de mayor orden. Cuando se
redujo la dosis a 240 Ul, la tasa de ovulacion de las ovejas R+ fue similar a la de las ovejas
++ que recibieron 480 Ul (2,90 vs. 2,82). En el grupo “R+240” predominaron las ovulaciones
triples (47,6%), mientras que en el grupo “++480" predominaron las dobles (42,4%). El
mayor PFMO se observé en el grupo “R+480" (1,85; P<0,05), mientras que no hubo
diferencias significativas entre los grupos “R+240" y “++480". Cuando se compararon las
tasas de ovulacién de los experimentos 1 y 2 para determinar el efecto de la eCG dentro de
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cada genotipo, se observdé una mayor respuesta en las hembras R+ (+0,50 ovulaciones
adicionales).

Los resultados de este trabajo indican que, desde un punto de vista aplicativo, seria
recomendable reducir la dosis estandar de eCG a la mitad cuando se aplique a ovejas R+ en
las ganaderias para evitar porcentajes muy elevados de ovulaciones mdltiples. Los registros
de partos mostraron que no hubo diferencias en el peso al nacimiento de los corderos
debidas al genotipo cuando se compararon los corderos del mismo tipo de parto.

En el tercer experimento se determiné la prolificidad de las ovejas adultas R+ tratadas o no
con eCG en las ganaderias que forman parte del programa de mejora genética por
prolificidad de la UPRA-Grupo Pastores. Para ello fue necesario en primer lugar, validar la
asignacion por genealogia como un método de identificacién de las hembras R+ nacidas en
los rebafios antes del descubrimiento de la mutacién en BMP15. Para ello se genotiparon
todas las ovejas de cuatro rebafios élite pertenecientes al programa de seleccion (1.667
ovejas con 10.945 partos), en las que se suponia una alta proporcibn de animales
portadores. Se determiné el genotipo FecX” mediante PCR en muestras sanguineas
utilizando tubos con EDTA. Para la asignacion del genotipo por genealogia se consideré que
todas las hijas de machos hemicigotos para el alelo FecX” (R) eran portadoras (R+),
mientras que las hijas de machos no portadores (+) o de padre desconocido se consideraron
como ++. Las hijas de madre R+ conocida se eliminaron del estudio. La asignacion del
genotipo por genealogia fue consistente con la identificacion por PCR (98% de hembras
correctamente clasificadas). Esta validacion nos permitié estimar la prolificidad de las
poblaciones de ovejas R+ y ++, tratadas 0 no con eCG, en todos los rebafios del programa
de seleccion.

Se analizaron un total de 668.674 registros de partos, recogidos en el control de
producciones desde 1998 hasta 2008. Dentro de cada genotipo, los partos se dividieron en 2
grupos dependiendo de si la cubriciébn se llevdo a cabo en condiciones naturales (++:
n=599.160; R+: n=6.593) o tras la aplicacién de un tratamiento de esponja de FGA y 480 Ul
de eCG (++: n=62.055; R+: n=866). Se observé que en ovejas no tratadas la presencia del
alelo FecX™ aumenta la prolificidad en 0,35 corderos por oveja y parto (P<0,0001). Cuando
se aplica eCG, esta diferencia de prolificidad entre genotipos es de 0,30 corderos mas por
oveja R+ y parto (P<0,0001). Este incremento de prolificidad observado en las ovejas R+
tratadas se debié Unicamente a un incremento de los porcentajes de partos triples (+4,4%;
P<0,001) y cuadruples (+2,0%; P<0,0001).

En conclusion, la variante génica FecX” en la Rasa Aragonesa va asociada a un
incremento moderado de la prolificidad en condiciones normales de reproduccion, algo
menor que los incrementos descritos en otras razas con mutaciones similares en BMP15.
Por el contrario, si se emplea eCG, el incremento de prolificidad que se consigue es debido
a un incremento en los partos triples o de orden superior, 1o que debe tenerse en cuenta por
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parte de los ganaderos y técnicos. La asignacion del genotipo FecX” por genealogia en las
ganaderias es un meétodo efectivo y viable, siempre que se lleve a cabo un control estricto
de las cubriciones y de la identificacién de los animales, realizando el genotipado por PCR
en los casos que se estime necesario.

Publicacion 2. Caracterizaciéon del pico preovulatorio de LH en ovejas Rasa Aragonesa

portadoras o no del alelo FecX® (ROA®).

En las ganaderias de la UPRA-Grupo Pastores se realizan de forma habitual unas 10.000
inseminaciones artificiales al afio con machos mejorantes para el caracter prolificidad, tanto
poligénicos como portadores de FecX”. Las ovejas son sincronizadas previamente con
esponjas de FGA y 480 Ul de eCG para poder llevar a cabo la IA a tiempo fijo. Dado que
existe un namero creciente de hembras R+ en las ganaderias, y que en los experimentos
anteriores se demostré que el alelo FecX” tenia un efecto sobre la tasa de ovulacion, la
prolificidad, y la respuesta a la eCG, en el presente experimento se estudié el pico
preovulatorio de LH con el fin de determinar posibles diferencias endocrinas entre genotipos.
Los resultados de este estudio completan el primer objetivo de la Tesis. El experimento se
llevo a cabo en noviembre (estacidn sexual). Se utilizaron 50 ovejas, que se dividieron en 5
lotes de 10 ovejas dependiendo de su genotipo y del tratamiento hormonal (mismos grupos
gue en los estudios de tasa de ovulacion; publicacién 1): lote “R+" y lote “++” sin tratamiento
hormonal, lote “R+" con 240 Ul de eCG, lote “R+” con 480 Ul de eCG y lote “++” con 480 Ul
de eCG. Se insert6 una esponja de FGA de 30 mg a todas las ovejas, que permanecio
durante 14 dias. Se tomaron muestras sanguineas mediante puncién yugular utilizando
tubos de 5 ml con heparina de litio de la siguiente manera: durante las primeras 24 horas
tras la retirada de la esponja, 1 muestra cada 6 horas, y de las 24 a las 72 horas siguientes
1 muestra cada 4 horas. Las muestras se centrifugaron a 2100 x g durante 25 minutos y el
plasma se almacendé a -20°C para el posterior analisis de LH. Las muestras fueron
analizadas mediante un kit comercial ELISA (LH-DETECT, ReproPharm, Tours INRA,
Nouzilly, Francia).

No se observaron diferencias significativas en el pico de LH entre ovejas R+ y ++. La eCG
adelanto el pico de LH en ambos genotipos, sin diferencias entre ovejas R+ tratadas con 240
6 480 Ul. Cuando se aplicé la dosis estandar de 480 Ul a las ovejas ++, se logré una gran
sincronizacién del pico de LH, de forma que el 90% de los animales lo presentd entre las 36
y 40 h. Sin embargo, se observd una mayor dispersion en las ovejas R+ tratadas. Estos
resultados demostraron que la presencia del alelo FecX” no afecta al pico preovulatorio de
LH, independientemente de la dosis de eCG utilizada. Nuestros resultados coinciden con los
encontrados en otras razas con polimorfismos similares en BMP15 o en su receptor
(BMPR1B), donde no se han encontraron diferencias a nivel endocrino entre los genotipos.
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Teniendo en cuenta también los resultados del primer articulo, se concluye que la dosis de
eCG que se aplique a las ovejas R+ en las ganaderias podra elegirse en funcién de las
necesidades y posibilidades del ganadero para asumir una mayor prolificidad y multiplicidad
de partos. Se recomienda seguir inseminando en ambos genotipos a las 54+1 horas, como
se viene haciendo habitualmente, ya que se observé una buena sincronizacién del pico de
LH en torno a las 37 horas de la retirada de las esponjas y aplicacion de la eCG.

Publicacién_3. Influence of the FecX® allele in heterozygous ewes on follicular

population and outcomes of IVP and ET using LOPU-derived oocytes.

Los efectos observados del alelo FecX" sobre la tasa de ovulacion podian conllevar cambios
a nivel de la poblacion folicular que afectasen a la calidad del oocito y a la fertilidad, por lo
que se vio la conveniencia de profundizar en el conocimiento de sus efectos a ese nivel.
Para ello se evalu6 la influencia del alelo FecX” sobre el nimero y tamafio de los foliculos
ovaricos y su repercusion sobre la calidad del oocito, utilizando técnicas de produccion in
vitro y transferencia de embriones (TE) a partir de oocitos derivados de LOPU, lo cual
constituyd el segundo objetivo de la Tesis.

Se llevaron a cabo dos ensayos de LOPU-PIV (Laparoscopic Ovum Pick Up-Produccién /n
Vitro), ambos en estacion sexual (enero y noviembre), utilizando como donantes de oocitos
8 ovejas R+ y 8 ++. En cada ensayo se realizaron 4 sesiones de LOPU separadas 7 dias,
las dos primeras sin aplicar FSH y las 2 ultimas aplicando un tratamiento de estimulacion
ovarica con 32 mg de FSH porcina. Las donantes se mantuvieron permanentemente con
esponjas (FGA, 30 mg) que se reemplazaron en cada sesién de LOPU. Se aspiraron todos
los foliculos ovaricos mayores o iguales de 3 mm. Los COCs (complejo cumulus-oocito)
recuperados se transportaron al laboratorio en tubos con medio de recoleccién (TCM199 +
10 mM HEPES suplementado con 10 Ul/ml de heparina, 40 ug/ml de gentamicina, y 0,2%
BSA), para su posterior maduracion (MIV), fertilizacion (FIV) y cultivo (CIV) in vitro. EI medio
de MIV consistio en TCM199 + 132 pg/ml pFSH + 10% FF + 40 pg/ml de gentamicina. La
FIV se llevé a cabo en medio SOF + 40 ug/ml gentamicina + 20% de SOC. El CIV se realiz6
en SOF + 0,3% BSA + 40 pg/ml gentamicina, suplementado con 10% de FCS a partir del
tercer dia de cultivo. Las tasas de division y de blastocistos se evaluaron a las 48 horas y a
los 7 y 8 dias de la FIV. La viabilidad de los blastocistos producidos in vitro se evalu6 por su
capacidad para llevar a término la gestacion. Para ello se transfirieron blastocistos de todos
los grupos experimentales y de ambos ensayos, tanto de dia 7 como de dia 8, a un total de
48 ovejas receptoras. Para sincronizar el ciclo ovarico de las donantes y receptoras, estas
tltimas recibieron 2 dosis de 125 pg de cloprostenol con 7 dias de diferencia, y 4 dias
después de la segunda inyeccion se les insertdé una esponja de 30 mg de FGA que
permanecio durante 12 dias. En la retirada se aplicaron 400 Ul de eCG. Ocho o nueve dias
después de la retirada, dependiendo de si se transfirieron blastocistos de dia 7 u 8,
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respectivamente, se confirmd la tasa de ovulacién por laparoscopia y se transfirieron 2
blastocistos por receptora. Se realizé diagnostico de gestacion mediante determinacion de
PAG (Glicoproteina asociada a la gestacion) en plasma a los 25 dias de la TE, y mediante
ecografia abdominal 30 dias después de la transferencia. Una semana antes del parto, las
ovejas fueron individualizadas en jaulas para la correcta identificacion de la descendencia.

El genotipo no tuvo ningln efecto sobre el nimero de foliculos aspirados por oveja y sesién
(10,4 y 10,2 en R+ y ++ no tratadas; 17,4 y 14,3 en R+ y ++ tratadas con FSH). Sin
embargo, el didmetro folicular fue significativamente menor en las ovejas R+ (-0,2 mm en
ovejas no tratadas y -0,8 mm en ovejas tratadas con FSH, P<0,01). El tratamiento con FSH
aumento el tamafio folicular en ambos genotipos, aunque de diferente manera: produjo un
mayor incremento del nimero de foliculos de 4 mm en las ovejas R+, mientras que a la
inversa, incrementé mas el numero de foliculos 26 mm en las ovejas ++ (P<0,01 para
ambos). En las ovejas R+ se obtuvo una mayor tasa de recuperacion, que conllevé un
aumento del nimero total de COCs asi como del numero de COCs aptos para MIV. Aunque
los foliculos de las ovejas R+ fueron menores, se observaron tasas similares de blastocistos
de dia 8 en ovejas R+ (36,1%, 147/407) y ++ (32,6%, 100/307). El resultado global de
blastocistos de dia 8 por oveja y por sesion fue mayor en las ovejas R+ (+0,75; P<0,005), sin
observarse ninguna diferencia en la tasa de supervivencia al nacimiento de los embriones
transferidos (40,4% en R+ vs. 36.4% en ++).

En resumen, la presencia del alelo FecX” no afectd al nimero de foliculos ovaricos 23 mm,
pero si a su tamafo folicular medio. A pesar del menor tamafio de los foliculos de las
hembras R+, sus oocitos demostraron ser tan competentes como los de las hembras ++
para el desarrollo in vitro y la supervivencia embrionaria tras la transferencia, lo que sugiere
gue podrian adquirir antes la competencia para el desarrollo. El rendimiento global de la
LOPU-FIV fue mejor en las hembras R+, debido principalmente a una mayor respuesta a la
FSH y una mayor tasa de recuperacion. Estos resultados de viabilidad embrionaria
concuerdan con los observados en las ganaderias, donde no se han encontrado efectos
adversos de la presencia de FecX” sobre la fertilidad.

Publicacion 4. Anti-Mullerian hormone (AMH) concentration in sheep and its

dependence of age and independence of BMP15 genotype: an endocrine predictor to
select the best donors for embryo biotechnologies.

La AMH es en la actualidad uno de los mejores marcadores endocrinos de la reserva
folicular ovarica en varias especies. Su uso en ovino podria contribuir a mejorar la eficiencia
de las biotecnologias embrionarias. Actualmente, en los rebafios de Rasa Aragonesa las
hembras FecX” heterocigotas conviven con las no portadoras. Basandonos en estudios
previos, trabajamos sobre la hipotesis de que la disminucion de la proteina BMP15
biol6gicamente activa a nivel del ovario que ocurre en las ovejas R+ podria afectar la
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produccion de AMH de los foliculos en crecimiento y por lo tanto sus concentraciones
plasméticas. Con este objetivo, en la publicacibn 4 se investigd la relacion entre la
concentracion plasmatica de AMH en funcion de la edad, la presencia de alelo FecX” del
gen BMP15y la poblacion folicular, para abordar asi el tercer objetivo de la Tesis.

El experimento se inicié con doce corderas, 6 R+ y 6 ++, nacidas en abril, con una diferencia
de edad maxima entre ellas de 3 dias. Se obtuvieron tres muestras sanguineas para la
determinacion de AMH de cada cordera a los 90 (julio), 135 (agosto) y 180 (octubre) dias de
edad. Con el fin de determinar si habian iniciado la pubertad se analiz6 la concentracién de
progesterona en dos muestras de sangre tomadas con un intervalo de 9 dias en esos
periodos. Las muestras se obtuvieron por puncién yugular utilizando tubos de vacio de 5 ml
con heparina de litio que se centrifugaron inmediatamente a 2100 x g durante 25 min. El
plasma se almacend a -20°C hasta su analisis. Las corderas se mantuvieron en pastos de
regadio con acceso ad libitum a agua y suplementos minerales hasta que alcanzaron la
edad adulta. Para relacionar la AMH con la poblaciéon folicular, en noviembre del afio
siguiente (estacion sexual), diez de ellas fueron sometidas junto con otras seis ovejas
similares en edad (total 8 R+ y 8 ++), a cuatro sesiones de LOPU siguiendo el protocolo
descrito en la publicacion 3. Se obtuvieron cuatro muestras sanguineas de cada oveja para
la medicion de AMH de la siguiente manera: en las sesiones 1y 2, en las que no se aplico
FSH, coincidiendo con la puncién folicular, y en las sesiones 3y 4, en las que se aplicé FSH
antes de la LOPU, coincidiendo con la primera inyeccion de FSH (60 h antes de la LOPU).
Las muestras se procesaron tal y como se ha descrito anteriormente para las corderas. Las
concentraciones plasmaticas de AMH se analizaron con el kit AMH Genll Kit ELISA
(Beckman Coulter, Francia) en los laboratorios del INRA-Nouzilly (Francia). Las
concentraciones de progesterona se analizaron con un kit comercial ELISA (Ridgeway
Science, St. Briavels, Gloucestershire, UK) en los laboratorios del CITA.

No se observaron diferencias en la concentracién plasmatica de AMH entre ovejas R+ y ++,
ni antes de la pubertad, ni en la edad adulta. Antes de la pubertad, la concentracion de AMH
aumento de los 3 a los 4,5 meses, y luego disminuyé a los 6 meses hasta niveles similares a
los observados en la edad adulta (333,8+73,3, 483,2+135,5 y 184,1+38,2 pg/ml,
respectivamente, P<0,1), demostrando una gran variabilidad interindividual. Aunque el pico
de AMH se observé de media a los 4,5 meses, hubo animales que lo presentaron antes, y
otros después, lo que pareceria indicar que la AMH estaria reflejando un desarrollo folicular
mas avanzado en unas corderas respecto a otras. Como consecuencia, no se encontré una
relacion entre la AMH en la edad prepuber y la AMH o el numero de foliculos aspirados en la
edad adulta. En la LOPU, la concentracion de AMH al inicio del tratamiento con FSH estuvo
muy correlacionada con el nimero de foliculos aspirados, tanto en R+ como en ++ (r=0,75 y
0,78, respectivamente, P<0,001). Segun nuestros resultados, por cada 100 pg/mi
adicionales de AMH se podria esperar una media de 5,1 foliculos adicionales (P<0,0001).
Se pudo determinar de manera precisa un cut-off o “punto de corte” éptimo para cada
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genotipo que permitiria identificar y seleccionar las ovejas adultas con una mayor respuesta
a la FSH (>18 foliculos puncionados por sesion). Ademas, la repetibilidad de la
concentracion de AMH entre sesiones fue elevada (0,70; P<0,0001).

Este experimento nos permitio llegar a tres conclusiones principales. En primer lugar, se
observé que la presencia de FecX” independientemente de la edad no tenia ningln efecto
sobre las concentraciones plasmaticas de AMH, por lo que a efectos practicos, en el caso de
que se pudiese utilizar como predictor endocrino de los caracteres reproductivos, no habria
gue establecer diferencias entre genotipos. No obstante, cuando se comparo la respuesta
ovulatoria de ovejas que tenian la misma concentracion de AMH en el momento de
administrar la FSH, se encontré que las hembras R+ desarrollaban un mayor nimero de
foliculos en la LOPU. En segundo lugar, las concentraciones de AMH fueron muy variables
antes de la pubertad, tanto entre edades como entre individuos, lo que hizo sospechar que
la AMH podria estar reflejando una dinamica de crecimiento folicular diferente que requiere
ser estudiada en profundidad. En tercer lugar, se demostr6 que al igual que ocurria en la
vaca, la concentracion de AMH en la edad adulta estaba relacionada con la respuesta a los
tratamientos estimulatorios del ovario, por lo que podria ser utlizado con éxito para
seleccionar las mejores donantes para programas de LOPU-PIV y previsiblemente también
de MOET.

Publicacion 5. Anti-Millerian hormone plasma concentration in prepubertal ewe lambs

as a predictor of their fertility at a young age.

En la Rasa Aragonesa existe un retraso en la edad media al primer parto que conlleva
importantes pérdidas econdmicas, por lo que tiene especial interés investigar nuevas
estrategias de mejora. Como se habia visto que la concentracion de AMH era capaz de
reflejar de manera fiable la poblacion folicular en ovejas adultas, nos planteamos como
objetivo estudiar la posible relacién entre los niveles plasmaticos de AMH y la poblacion
folicular sensible a gonadotropinas en corderas prepuberes, como posibles marcadores de
precocidad sexual y fertilidad en la edad adulta, lo que constituyo el cuarto objetivo de la
Tesis.

El experimento comenzd en julio con 76 corderas prepuberes de alrededor de 3,6 meses de
edad y de peso similar. Con el fin de determinar la presencia de foliculos sensibles a
gonadotropinas a esta edad, se les aplic6 600 Ul de eCG im, inmediatamente después de
tomar muestras sanguineas mediante puncién yugular con tubos de heparina de litio. Seis
dias después se determiné la ovulacion mediante laparoscopia. El plasma se almacené a
-20°C hasta el analisis de AMH, que se llevo a cabo en el INRA-Nouzilly (Francia), utilizando
el Kit de activo MIS/AMH ELISA (Beckman Coulter Francia, Roissy Charles de Gaulle,
Francia).
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Con el fin de estudiar la relacién entre la AMH vy la fertilidad temprana, cuando las ovejas
tuvieron 312+18 dias de edad (enero), se pusieron a cubrir con cuatro machos adultos
durante 34 dias. Cuatro meses mas tarde (mayo), las ovejas que no quedaron gestantes se
cubrieron de nuevo durante 34 dias, siguiendo un programa tipico de cubriciones en esta
raza de 3 partos en 2 afos. A los 10 y 30 dias de la retirada de los machos se hizo
diagnéstico ecografico de gestacion. Los partos tuvieron lugar en jaulas individuales de
paricion. Se determin6 un punto de corte (cut-off) 6ptimo de los valores de AMH en la edad
prepuber para identificar a las ovejas con mayor fertilidad en la primera cubricién, para lo
gue se realiz6 un analisis ROC.

La AMH se detect6 en la mayor parte de las corderas (93%). Las concentraciones de AMH
en las corderas prepuberes se relacionaron con la presencia de ovulacién tras la
administracion de eCG. De esta manera, las concentraciones de AMH fueron alrededor de
3—-4 veces mayores en las corderas que ovularon que en las que no (P<0,004), lo que
sugirié que la AMH estaba reflejando la existencia de una poblacién de foliculos capaces de
responder a las gonadotropinas en la mayoria de las corderas a esa edad. La fertilidad de
las ovejas adultas en su primera cubricién (10 meses) estuvo correlacionada positivamente
con su concentracion de AMH en la edad prepuber (p=0,34, p<0,01). En este trabajo se
determind un cut-off o punto de corte de 97 pg/ml de AMH a los 3,6 meses de edad como el
mas adecuado para predecir la fertilidad en la primera cubricién. Asis, la fertilidad de la
primera cubricién fue 34,8 puntos porcentuales mayor en las ovejas con AMH=97 pg/ml en
la edad prepuber que en las que presentaron valores inferiores (P<0,001).

De este trabajo se concluyé que las concentraciones de AMH antes de la pubertad son
capaces de reflejar la capacidad de respuesta ovarica a la estimulacién con eCG, y podrian
reflejar diferencias individuales en la poblacion de foliculos sensibles a las gonadotropinas
entre animales de la misma edad. La concentracion de AMH a los 3,6 meses de edad
serviria para seleccionar las corderas de reposicion con una mayor fertilidad predicha en su
primera cubricién a los 10 meses de edad. Es importante destacar la precocidad del test,
que permite al ganadero elegir las corderas de reposicidon antes de que sean enviadas a
sacrificio para su comercializacion segun los requisitos de la IGP “Ternasco de Aragén”.

En resumen, los trabajos presentados en esta Tesis se enmarcan en la busqueda de
alternativas para aumentar la eficiencia reproductiva de las explotaciones ovinas con el
objetivo de mantener en el rebafio Unicamente a las ovejas mas productivas. Para ello se
han estudiado en la raza Rasa Aragonesa dos marcadores relacionados con su poblacién
folicular, que actdan a través de mecanismos diferentes. Ambos indicadores se pueden
determinar antes de la pubertad, en el momento en que el ganadero elige la reposicion, y
son indicadores de la capacidad reproductiva de las ovejas en su estado adulto. El primero
de ellos, el polimorfismo FecX” en el gen BMP15, produce en heterocigosis un aumento de

127



4. Resumen

la tasa de ovulacién que conlleva un aumento de la prolificidad del 26% (0,35 corderos por
parto), sin efectos adversos a nivel de mortalidad embrionaria, peso de los corderos, perfil
de LH o fertilidad. El segundo marcador es la AMH, que ha demostrado ser un indicador de
la precocidad sexual en las corderas, y que es un marcador de la poblacion folicular sensible
a las gonadotropinas en las ovejas adultas. Se puede alcanzar un incremento de 21,1
puntos en la fertilidad en la primera cubricién seleccionando las corderas con mayor AMH.
No se ha encontrado una interaccién entre la concentracién de AMH y la presencia del alelo
FecX" en heterocigosis, por lo que se pueden utilizar de manera complementaria para elegir
las ovejas mas eficientes.
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Summary

This Doctoral Thesis was designed to deepen the knowledge and use of genetic and
endocrine markers of follicular population in ewes, to assist selection of ewes by their
reproductive efficiency. With this aim, the effect of the FecX” allele of the BMP15 gene on
reproductive performance was assessed (manuscripts 1, 2 and 3), and the utility of anti-
Mdllerian hormone (AMH) as another potential biomarker was also investigated (manuscripts
4 and 5). All the experiments were carried out at the facilities of the Centro de Investigacion y
Tecnologia Agroalimentaria (CITA) de Aragon (Spain; Coordinates: 41°43'19”N-0°48'32"W),
and field data were obtained from farms belonging to the genetic selection scheme for
prolificacy of UPRA-Grupo Pastores. The assays for LH, PAG and P4 determination were
carried out at CITA, and the AMH assays were carried out at the Institut Nationale de la
Recherche Agronomique (INRA) in Nouzilly (Tours, France). All the studies were performed
in the Rasa Aragonesa sheep breed, the lots being similar in bodyweight and body condition
score within each experiment. All experimental procedures were performed in accordance
with the guidelines of the European Union (2003/65/CE) and Spanish regulations (RD
1201/2005, BOE 252/34367-91) for the use and care of animals in research.

Manuscript 1. Effect of the FecX® polymorphism in the bone morphogenetic protein 15
gene on natural or equine chorionic gonadotropin-induced ovulation rate and litter
size in Rasa Aragonesa ewes and implications for on-farm application.

In 2007, a new mutation in the BMP15 gene, a Major Gene associated with increased
ovulation and prolificacy in heterozygosity and sterility in homozygosity was found in the
Rasa Aragonesa breed. The experiments in the present publication were carried out to
characterize its effects on these reproductive traits and to address any potential adverse
effects on other productive traits (objective 1 of the Thesis). With this purpose in mind, three
experiments were carried out.

In the first experiment, the natural ovulation rates of ewe lambs and adult ewes carrying the
FecX” allele in heterozygosity (R+) were compared with those of wild-type counterparts (++).
The experiment was conducted during the breeding season (November-December).
Ovulation rate was recorded in 111 ewe lambs (91 R+ and 20 ++) aged 311 + 11 days, and
in 103 adult ewes (84 R+ and 19 ++) aged 683 + 37 days (means = SD; ‘R+ young’, ‘++
young’, ‘R+ adult’ and ‘++ adult’ groups, respectively). All animals were treated with 30 mg
fluorogestone acetate (FGA) sponges for 14 days to synchronize estrus. No eCG was
applied at the time of sponge withdrawal so as not to affect the ovulation rate. The ovulation
rate was recorded by laparoscopy during 3 consecutive cycles in each animal, at 6 days after
sponge withdrawal and 17 and 34 days later. The ovulation rate of each animal was the
mean of the observations recorded in the ovulating cycles.

129



4. Summary

The ovulation rate was higher in R+ than in ++ ewes, in both ewe lambs and adults (+0.44
and +0.63 ovulations, respectively; P<0.01 for both). Concerning the distribution of
ovulations, R+ ewe lambs showed an increase in twin ovulations with respect to ++ ewe
lambs (+50.5%; P<0.01). In adult ewes, in addition to the increase in double ovulations
(+36.4%, P<0.01), a higher rate of triple plus quadruple ovulations was found when
compared to R+ ewes (+12.8%; P<0.05).

In the second experiment we sought to evaluate the potential interaction between genotype
and the application of gonadotropins commonly used in commercial treatments for estrus
synchronization. With this aim in mind, the ovulation rate was recorded in R+ adult ewes in
response to two different doses of eCG. The influence of the increased ovulation rate on
embryo mortality and lamb weight at birth was studied to determine the optimal eCG dose to
be applied to R+ ewes under field conditions.

The experiment was carried out during the breeding season (September). A total of 119 adult
ewes (71 R+ and 48 ++) were treated with 30 mg FGA vaginal sponges for 14 days. At
sponge removal, ++ ewes received 480 IU im of eCG (“++480” group), the standard dose
used on farms for Al in Rasa Aragonesa, whereas R+ ewes received either 240 |U (“R+240"
group; n=35), or 480 IU (“R+480" group; n=36). Cervical insemination was carried out 54+1
hours after sponge withdrawal with semen of proven fertility diluted in skim milk and
refrigerated at 15°C (400x10° spermatozoa/ewe). The ovulation rate was recorded 8 days
after sponge withdrawal during only one cycle in 75 out of 119 ewes (“R+240". n=21;
“R+480": n=21; “++480": n=33 ewes), following the procedures described in experiment one.
One week before lambing, ewes were placed in individual pens and offspring were identified
and weighed. Embryo losses were calculated as “Partial failure of multiple ovulations
(PFMO)”, being the difference between OR and litter size of lambing ewes with = 2
ovulations.

The highest ovulation rate was observed in R+ ewes treated with 480 IU of eCG (3.95;
P<0.01), presenting nearly 60% of quadruple or higher-order ovulations. When the eCG dose
was reduced to 240 IU, the ovulation rate of R+ ewes was similar to that recorded in ++ ewes
treated with 480 IU (2.90 vs. 2.82). In the “R+240” group, triple ovulations were predominant
(47.6%), while in the “++480” group double ovulations predominated (42.4%). The greatest
PFMO was recorded in the “R+480” group (1.85; P<0.05), whereas no significant differences
were found between the “R+240” and “++480” groups. When the ovulation records of
experiments 1 and 2 were compared to assess the effect of the eCG within each genotype,
we found that R+ ewes displayed an increased response (+0.50 additional ovulations).

The results of the present experiment demonstrate that, from an application point of view, it
would be advisable to reduce the standard eCG dose when applied to R+ ewes on farms in
order to avoid an excessive percentage of multiple ovulations. The lambing records showed
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that there were no differences due to genotype in the weight at birth when lambs of the same
type of birth were compared.

In the third experiment we aimed to assess the prolificacy of R+ adult ewes, treated or not
with eCG, in farms belonging to the genetic selection scheme for prolificacy carried out by
UPRA-Grupo Pastores. For this purpose, first of all it was mandatory to validate genealogy
assignation as a method to identify the R+ ewes born in flocks before the mutation in the
BMP15 gene was discovered. For this purpose, all ewes from four elite flocks were
genotyped (1,667 ewes with 10,945 lambing records). These flocks belonged to the genetic
selection scheme and were suspected of having a high proportion of carrier animals. The
FecX® genotype was determined by PCR in blood samples collected using EDTA vacuum
tubes. For genotype assignation by genealogy, daughters from FecX® genotyped
hemizygous rams were considered as R+, whereas daughters of wild-type or unknown rams
were considered as ++ ewes. Daughters of known R+ ewes were discarded. Genotype
assignation by genealogy was consistent with PCR identification (98% correctly classified
ewes). This validation allowed us to estimate the prolificacy of R+ and ++ populations,
treated or not with eCG, in all flocks constituting the genetic selection scheme.

A total of 668,674 lambing records, collected from 1998 to 2008, were analysed. Within each
genotype group, lambing records were divided into two groups, depending on whether
mating took place under natural conditions (++: n=599,160; R+: n=6,593), or after being
treated with FGA sponges and 480 IU of eCG (++: n=62,055; R+: n=866). In untreated ewes,
the presence of the FecX” allele increased prolificacy in 0.35 lambs per lambing ewe
(P<0.0001). When eCG was applied, the difference in prolificacy between genotypes was
0.30 additional lambs per lambing ewe (P<0.0001). The increase in prolificacy observed
when R+ ewes were treated with eCG was due solely to an increase in the percentage of
triplets (+4.4%; P<0.001) and quadruple births (+2.0%; P<0.0001).

In conclusion, the FecX” allele in Rasa Aragonesa sheep is associated with a moderate
increase in prolificacy under normal reproduction conditions; however, this is somewhat less
than increases previously described in other breeds with similar mutations in the BMP15
gene. On the contrary, when eCG is used, the increase in prolificacy is exclusively achieved
by an increase in triplets and higher order births, which should be taken into account by
farmers and technicians. Assignment of FecX” genotype by genealogy on farms is an
effective and viable method, provided that breeding and animal identification are carried out
under strict controls and PCR genotyping is performed when necessary.
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Manuscript 2. Preovulatory LH surge of Rasa Aragonesa ewes carrying or not the
FecX® allele (ROA®).

Around 10,000 Al per year are usually performed on farms belonging to UPRA-Grupo
Pastores using prolific males, either polygenic (from the selection scheme) and/or carriers of
the FecX” allele. To perform Al at a fixed time, sheep are previously synchronized with FGA
sponges and 480 IU of eCG. Since there are increasing numbers of R+ ewes on farms and
previous experiments showed the FecX” allele had an effect on ovulation rate, litter size, and
the ovarian response to eCG, in the present experiment we aimed to study the preovulatory
LH discharge in both genotypes to identify potential endocrine differences between them. On
the other hand, R+ ewes still have an adequate ovulatory response when the eCG dose is
halved (240 instead of 480 IU). So it was necessary to determine if reducing the eCG dose
affects synchronization of ovulations before recommend its use in Al programs. The results
of this study complete the first objective of this Doctoral Thesis.

The experiment was carried out during the breeding season (November). Fifty adult ewes
were divided in 5 groups (10 ewes each) depending on their genotype and hormonal
treatment (the same groups as in the ovulation rate studies; first manuscript): “R+” and “++”
groups without eCG treatment, an “R+” group with 240 IU of eCG, an “R+” group with 480 IU
of eCG and a “++” group with 480 IU of eCG. A 30 mg FGA sponge was inserted in all ewes,
remaining for 14 days. Blood samples were taken by jugular puncture using 5 mL vacuum
tubes with lithium heparin as follows: during the first 24 hours after sponge removal, at 6 hour
interval, and from the following 24 to 72 hours at 4 hour interval. Samples were centrifuged at
2100 x g for 25 minutes and plasma was stored at -20°C until assayed for LH. The assay
was performed using a commercial ELISA kit (LH-DETECT, ReproPharm, Tours INRA,
Nouzilly, France).

There was no significant difference between R+ and ++ ewes in the timing of the
preovulatory LH surge. Treatment with eCG advanced the preovulatory LH discharge in both
genotypes, with no differences between R+ ewes treated with 240 or 480 IU. When the
standard dose of 480 IU was applied to ++ ewes, a tight synchronization of the preovulatory
LH peak was observed, with 90% of the ewes presenting the LH peak between 36 and 40
hours. However, greater dispersion was found in R+ treated ewes. These results
demonstrate that the presence of the FecX” allele did not significantly affect the preovulatory
LH surge regardless of eCG dose. Our results concur with results found in other breeds
carrying similar polymorphisms in BMP15 or in its receptor (BMPR1B), in which no
differences at the endocrine level were found between genotypes.

Also taking into account the results of manuscript 1, we concluded that the eCG dose that
should be applied to R+ ewes on farms could be chosen depending on the needs and
capabilities of farmers to manage greater prolificacy and multiple births. It is recommended to
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perform the Al at 54+1 hours after sponge removal in both genotypes, as is usually done at
present, since we observed good synchronization of the LH peak around 37 hours after
sponge removal and eCG application.

Manuscript 3. Influence of the FecX® allele in heterozygous ewes on follicular

population and outcomes of IVP and ET using LOPU-derived oocytes.

The observed effects of the FecX” allele on ovulation rate could involve changes in follicle
population, which may affect oocyte quality and fertility. Therefore, we considered it prudent
to deepen our understanding of its effects at that level. For this purpose, the influence of the
FecX" allele on the number and size of ovarian follicles and on oocyte competence was
evaluated using IVP and embryo transfer (ET) techniques from LOPU-derived oocytes, which
constitutes the second objective of the present Thesis.

Two LOPU-IVP (Laparoscopic Ovum Pick Up-/n Vitro Production) experiments, both during
the breeding season (January and November), were performed using 8 R+ and 8 ++ adult
ewes as oocyte donors. In each trial, 4 LOPU sessions were conducted at 7 day intervals,
the first 2 sessions without FSH and the last 2 sessions using previous ovarian stimulation
treatment (32 mg of porcine FSH). Prior to each LOPU trial, all animals received two doses
of 125 ug cloprostenol 8 days apart, and 5 days after the second injection, a 30 mg FGA
sponge was inserted. Sponges remained in place throughout the experiment, being replaced
by new ones at each LOPU session. All follicles greater than or equal to 3 mm that were
present on the ovarian surface were punctured at LOPU. Collected cumulus—oocyte
complexes (COCs) were transported to the laboratory in Falcon tubes containing collection
medium (TCM199 + 10 mM HEPES supplemented with 10 IU/mL heparin, 40 upg/mL
gentamicin, and 0.2% BSA), where they were further subjected to in vitro maturation (IVM),
fertilisation (IVF), and culture (IVC) procedures. The IVM medium consisted of TCM199 +
132 pg/mL pFSH + 10% FF + 40 ug/mL gentamicin. IVF was carried out in SOF medium +
40 pg/mL gentamicin + 20% oestrous ewe serum. The IVC took place in SOF medium +
0.3% BSA + 40 yg/mL gentamicin, supplemented with 10% FCS from day 3 onwards. The
fertilization and blastocyst rates were evaluated morphologically after 48 hours and again on
days 7 and 8 after IVF. The viability of the IVP blastocysts was assessed by their ability to
sustain pregnancy and give rise to a healthy offspring. For this purpose, blastocysts from all
the experimental groups and trials, from either day 7 or 8, were freshly transferred to 48
recipients. Prior to ET, recipient ewes received 2 doses of 125 g cloprostenol 7 days apatrt.
Four days after the second injection, a 30 mg FGA sponge was inserted for 12 days. Upon
sponge withdrawal, 400 IU eCG was administered. Eight or 9 days after withdrawal,
depending on whether day-7 or day-8 blastocysts were respectively transferred, the ovulation
rate was confirmed by laparoscopy and 2 blastocysts per recipient were transferred. A
pregnancy diagnosis was carried out at 25 days after ET by plasmatic pregnancy-associated
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glycoprotein (PAG) determination and at 30 days after ET by abdominal ultrasound. One
week before lambing, ewes were placed in individual pens to correctly identify the offspring.

Genotype did not affect the total number of aspirated follicles per ewe and session (10.4 and
10.2 in R+ and ++ untreated ewes, 17.4 and 14.3 in R+ and ++ FSH-treated ewes,
respectively). However, mean follicle size was significantly lower in R+ ewes
(-0.2 mm in untreated and -0.8 mm in FSH-treated ewes, P<0.01). The FSH treatment
increased follicle size in both genotypes, although in a different way: it produced a greater
increase in the number of 4 mm follicles in R+ ewes while, on the contrary, it produced a
greater increase in the number of 26 mm follicles in ++ ewes (P<0.01 for both). The recovery
rate was higher in R+ ewes, which led to an increase in the total number of collected COCs
and in the number of COCs suitable for IVM in this genotype. Whereas follicles from R+
ewes were smaller, similar blastocyst rates were observed in the R+ (day 8: 36.1%, 147/407)
and ++ (32.6%, 100/307) groups. The overall yield of day-8 blastocysts per ewe and session
was higher in R+ ewes (+0.75; P<0.005), with no significant difference in the survival rate at
lambing of the transferred embryos (40.4% in R+ vs. 36.4% in ++ groups).

To summarize, the presence of the FecX” allele did not affect the number of 23 mm ovarian
follicles, but did affect the mean follicle size. Despite the reduced size of follicles from R+
ewes, their oocytes were demonstrated to be as competent as those from ++ ewes for
embryo IVP and transfer, which might suggest an advanced acquisition of developmental
oocyte competence in this genotype. The overall yield of LOPU-IVP was greater in R+ ewes,
mainly due to an increased response to FSH and a higher recovery rate. The embryo viability
results found in this experiment agree with those observed in flocks, where no adverse
effects of the FecX"allele on fertility have been found.

Manuscript 4. Anti-Mullerian hormone (AMH) concentration in sheep and its

dependence of age an independence of BMP15 genotype: an endocrine predictor to
select the best donors for embryo biotechnologies.

Anti-Mullerian hormone is, at present, one of the best endocrine markers of the ovarian
follicular reserve in several species. Its use in sheep could contribute to improving the still
low efficiency of embryo biotechnologies. At present, in Rasa Aragonesa flocks wild-type
ewes coexist with FecX” heterozygous carrier ewes. Based on previous studies, we
hypothesize that the decrease in biologically active BMP15 protein at the ovarian level that
occurs in R+ ewes might affect AMH production in growing follicles, and thereby alter its
endocrine level. With this purpose in mind, this manuscript aimed to assess the relationship
between plasma AMH concentration depending on age, the presence of the FecX” allele,
and follicular population, to accomplish the third objective of this Thesis.
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In this experiment, twelve ewe lambs (6 R+ and 6 ++) born in April with a maximum age
difference between them of 3 days were used. Three blood samples were obtained for AMH
determination from the ewe lambs at 90 days (July), 135 days (August), and 180 days
(October) of age. In order to determine whether puberty had occurred by the time of AMH
sampling, two blood samples at nine days interval were at these time points for P4
determination. Samples were obtained by jugular puncture using 5 mL vacuum tubes with
lithium heparin, which were immediately centrifuged at 2100 x g for 25 min. The plasma was
stored at -20 °C until assayed for AMH. The ewe lambs were kept in irrigated pastures with
ad libitum access to water and mineral supplements until they reach adulthood. With the aim
of relating AMH and follicular population, in November of the following year (breeding
season) ten of them were submitted to four LOPU sessions, together with six additional ewes
of similar age (8 R+ and 8 ++ in total), following the same protocol previously described in
manuscript 3. Four blood samples were taken from each ewe for AMH measurement as
follows: in the first and second sessions (untreated sessions) at follicle puncture; and in the
third and fourth sessions (FSH-treated sessions) coinciding with the first FSH injection in
each session (60 hours before LOPU). Samples were processed as previously described for
ewe lambs. The plasma AMH concentrations were measured by the AMH Genll ELISA Kit
(Beckman Coulter, France) in the laboratories of INRA-Nouzilly (France). Progesterone was
analyzed by a direct competitive ELISA kit intended for ovine plasma (Ridgeway Science, St.
Briavels, Gloucestershire, UK) in the laboratories of CITA.

There were no differences in plasma AMH concentrations between R+ and ++ ewes, neither
before puberty nor at adulthood. Before puberty, the AMH concentration increased from 3 to
4.5 months and then declined at 6 months to levels similar to those observed later in adults
(333.8+73.3, 483.2+135.5 and 184.1+38.2 pg/mL, respectively; P<0.1), also demonstrating
high inter-individual variability. Although the AMH peak was observed on average at 4.5
months, some ewe lambs presented such a peak earlier and others later in time, which
would indicate that AMH could be reflecting a more advanced follicular development in some
ewe lambs over others. As a result, we did not find any relationship between prepubertal
AMH levels and AMH or the number of punctured follicles at the adult age. During adulthood,
plasma AMH concentration at the beginning of the FSH treatment was highly correlated with
the number of punctured follicles at LOPU, both in R+ and ++ ewes (r=0.75 and 0.78,
respectively, P<0.001). According to our results, an average of 5.1 extra follicles (P<0.0001)
per each 100 pg/mL increase in AMH could be expected. It was possible to accurate
determine an optimal cut-off point for each genotype able to identify and select those adult
ewes with a greater response to FSH (>18 punctured follicles per session). In addition, the
session-to-session repeatability of the AMH concentration was high (0.70; P<0.0001).

This experiment allowed us to reach three main conclusions. First, the presence of the
FecX” allele does not have any effect on plasma AMH concentrations at any age, so in the
case of using AMH as an endocrine predictive marker, distinctions between genotypes is not
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needed. Nevertheless, R+ ewes developed an increased number of follicles at LOPU for the
same AMH concentration. Second, plasma AMH concentrations before puberty varied
significantly, both between ages and between individuals, which led to the suspicion that
AMH could be reflecting differences in follicular growth dynamics that need to be further
studied in depth. Third, as reported in cows, plasma AMH concentrations in adult sheep were
related to the ovarian response to stimulatory treatments, so it could be used successfully to
select the best donors for LOPU-IVP and likely for MOET programs.

Manuscript 5. Anti-Millerian hormone plasma concentration in prepubertal ewe lambs
as a predictor of their fertility at a young age.

In the Rasa Aragonesa breed the age at first lambing is delayed, leading to important
economic losses. For this reason, it is of special interest to search for new strategies to
improve this parameter. As reported in manuscript 4, plasma AMH concentration reliably
reflects the follicular population in adult sheep. These findings encouraged us to investigate
the possible relationship between plasma AMH levels and the responsive ovarian follicle
population of prepubertal ewe lambs as potential markers of their sexual precocity and
fertility in adulthood. This subject constituted the fourth objective of this Thesis.

The experiment began in July, using 76 ewe lambs aged around 3.6 months and with similar
body weight. In order to determine the presence of gonadotropin-responsive follicles at this
age, 600 IU of eCG were administered im. Just prior to this, blood samples were taken by
jugular puncture using lithium heparin tubes. Six days afterwards, the occurrence of ovulation
was determined by laparoscopy. Plasma was stored at -20°C until assayed. The AMH assay
was carried out in the laboratories of INRA-Nouzilly (France), using the MIS / AMH ELISA Kit
(Beckman Coulter France, Roissy Charles de Gaulle, France).

When ewe lambs were 312+18 days old (January), they were first joined to four adult Rasa
Aragonesa rams of proven fertility for 34 days to investigate the relationship between AMH
and early fertility. Four months later (May), non-pregnant ewes at first mating were mated
again for 34 days, according to an accelerated lambing program of three lambings in 2 years.
Ten and 30 days after male removal, pregnancy diagnosis was performed by abdominal
ultrasound. Lambing took place in individual pens. We determined an optimal cut-off point of
prepubertal AMH to detect ewes with higher fertility at first mating by means of an ROC
analysis.

Anti-Mdllerian hormone was detected in almost all ewe lambs (93%). Plasma AMH
concentration in prepubertal ewe lambs was related to the occurrence of ovulation after eCG
administration. Thus, plasma AMH levels were about 3—4 times higher in ovulating than in
non-ovulating ewe lambs (P<0.004), suggesting that AMH was reflecting the presence of
gonadotropin-responsive follicles in most ewe lambs at these early ages.
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The fertility of adult ewes at first service was positively correlated with their AMH
concentration in the prepubertal age (p=0.34, P<0.01). In the present work, a cut-off point of
97 pg/mL of plasma AMH at 3.6 months was determined as the most adequate to predict
fertility at first mating. The fertility at first mating was 34.8 percentage points higher in ewes
with AMH 297 pg/mL in their prepubertal age than in those with lower concentrations
(P<0.001).

From the current results, we conclude that AMH concentrations before puberty are able to
reflect the ovaries’ ability to respond to eCG stimulation, and could reflect individual
differences in gonadotropin-sensitive follicle population among ewe lambs of the same age.
The determination of plasma AMH concentrations before puberty (at 3.6 months) would be
useful for selecting replacement ewe lambs with the highest predicted fertility when first
mated at 10 months. The precocity of the test should be highlighted, as it allows farmers to
choose replacement ewe lambs before they are sent to the slaughterhouse for
commercialization.

In summary, the studies presented in this Doctoral Thesis are in the context of searching for
tools to increase reproductive efficiency on sheep farms, keeping only the best performing
animals in the flock. For this purpose, two markers related to follicular population have been
studied in the Rasa Aragonesa breed that act through different mechanisms. Both markers
can be determined before puberty, when the farmer selects replacement ewes, and are
indicators of reproductive performance during adulthood. The first marker is the FecX”
polymorphism in the BMP15 gene. When present in heterozygosity, it produces an increase
in ovulation rate which leads to a 26 % increase in prolificacy (0.35 lambs per lambing ewe),
with no adverse effects on embryo mortality, lamb weight, preovulatory LH surge, or fertility.
The second marker is anti-Mullerian Hormone, which is related to sexual precocity in ewe
lambs, and is a marker of gonadotropin-responsive follicles in adult sheep. An improvement
of 21.1 percentage points in fertility at first mating could be achieved by selecting ewe lambs
with higher AMH concentrations. No interaction was found between the presence of the
FecX” allele in heterozygosity and plasma AMH concentrations, so they could be used as
complementary markers to select the most efficient ewes.
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Conclusiones

1. El alelo FecX” en heterocigosis produce un incremento de la tasa de ovulacion de
+0,44 ovulaciones en corderas y de +0,63 ovulaciones en ovejas adultas, que se
traducen en un incremento de la prolificidad de 0,35 corderos por parto.

2. Las ovejas heterocigotas para FecX” presentan una mayor respuesta a la eCG, de
manera que la dosis estandar de 480 Ul da lugar a una tasa de ovulacién
excesivamente elevada que conlleva un porcentaje elevado de ovulaciones cuadruples
y de mayor orden, asi como elevadas pérdidas embrionarias. En las ganaderias, esto
origina un incremento extra de la prolificidad debido exclusivamente a un incremento
de los partos triples y de mayor orden. Cuando se reduce a la mitad la dosis de eCG
que se aplica a las ovejas heterocigotas para FecX”, se consiguen tasas de ovulacion
y pérdidas embrionarias similares a las obtenidas en las ovejas no portadoras que
reciben la dosis estandar.

3. La presencia del alelo FecX” en heterocigosis no afecta al pico preovulatorio de LH.
Cuando se aplica eCG, el pico preovulatorio se adelanta en ambos genotipos, pero sin
diferencias entre ellos, independientemente de aplicar a las hembras heterocigotas
480 6 240 Ul. Por ello, se puede realizar la inseminacién artificial a tiempo fijo en el
mismo momento en ambos genotipos.

4, La presencia del alelo FecX” en heterocigosis da lugar a una disminucién en el
tamafio medio de los foliculos ovaricos, principalmente por una disminucion en el
namero de foliculos >6 mm. A pesar de ello, sus oocitos han demostrado ser tan
competentes como los de las no portadoras, lo que concuerda con los resultados de
fertilidad observados en las ganaderias. Se observa una mayor eficiencia de este
genotipo en el rendimiento de produccion in vitro, debido principalmente a una mayor
respuesta a la FSH.

5. No existen diferencias en la concentracién plasméatica de la hormona anti-Milleriana
entre las ovejas heterocigotas del alelo FecX” y las no portadoras, por lo que la
capacidad predictiva de la AMH puede hacerse extensiva a ambos genotipos.

6. En la edad adulta, la hormona anti-Mulleriana ha demostrado ser un buen predictor del
namero de foliculos ovaricos capaces de responder a las gonadotropinas, por lo que
puede utilizarse como método de seleccion de las mejores donantes de oocitos para
mejorar la eficiencia de las biotecnologias embrionarias en ovino.
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7. La hormona anti-Mulleriana esta presente en el plasma sanguineo de corderas
prepuberes, mostrando una gran variabilidad entre individuos y edades. A esta edad,
se relaciond con la aparicion de la ovulacion tras la administracion de eCG, siendo
mucho mayor en las corderas que ovularon que en las que no. Se relacion6
positivamente con la fertilidad en la primera cubricion, pero no con las concentraciones
de AMH ni con el rendimiento en LOPU en la edad adulta.

Implicaciones y consideraciones finales

El alelo FecX” y la AMH son dos herramientas a disposicion del ganadero para controlar la
prolificidad y fertilidad al primer parto, que se deberian de utilizar de acuerdo con la
disponibilidad de comida y las condiciones de manejo e infraestructura disponibles, con el
objetivo de optimizar mas que maximizar el potencial reproductivo.

Mediante la utilizacion del alelo FecX” se obtiene un incremento muy rapido de la prolificidad
y de la fecundidad en las ganaderias, sin efectos adversos sobre otros parametros
productivos. La implementacion de la utilizacion de BMP15 permite cubrir las necesidades
de mejora en prolificidad, si bien es necesario no abandonar la seleccion poligénica clasica
para evitar la excesiva consanguinidad y para mejorar otros parametros inherentes al
aumento de la prolificidad como pueda ser el crecimiento de los corderos o la capacidad
maternal. La asignacion del genotipo FecX” por genealogia en las ganaderias es un método
eficaz y viable, siempre y cuando se lleve un estricto control técnico de la identificacién y de
los cruzamientos, y se recurra al genotipado por PCR cuando sea necesario. La mayor
respuesta a las gonadotropinas de las hembras FecX” heterocigotas hace pensar en
diferencias a nivel de foliculogénesis basal, que deberian ser estudiadas en profundidad.

La hormona anti-Milleriana ha demostrado ser un buen predictor de la respuesta ovarica a
las gonadotropinas y de la fertiidad temprana, que puede utilizarse de manera
complementaria al polimorfismo FecX” para aumentar la eficiencia reproductiva. Al parecer,
a una misma edad nos estaria mostrando un desarrollo folicular cuantitativamente diferente
en unos animales que en otros, posiblemente con implicaciones diferentes en la pubertad y
en la edad adulta. Para ser utilizada como test de seleccion en las ganaderias es necesario
establecer un punto de corte en los valores de AMH que se podra establecer en funcion de
la disponibilidad de animales y objetivos de la seleccion: seleccionar las mejores o eliminar
las peores.
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Conclusions

1.  The FecX” mutation, when present in heterozygosity, produces 0.44 extra ovulations
per cycle in ewe lambs and 0.63 extra ovulations in adult ewes. These increases in
ovulation rate lead to an increase in prolificacy of 0.35 lambs per lambing ewe.

2. Heterzygous FecX” ewes display a greater response to eCG, so that the standard
dose of 480 IU gives rise to an extremely high ovulation rate resulting in a high
percentage of quadruple or higher order ovulations and a rise in embryo mortality. On
farms, it results in an increased prolificacy due solely to the increased rates of triplet
and higher order births. When the eCG dose applied to FecX” heterozygous ewes is
halved, ovulation and embryo mortality rates are similar to those obtained in non-
carrier ewes receiving the standard eCG dose.

3. The presence of the FecX” allele in heterozygosity does not affect the preovulatory LH
surge. When eCG is applied, treatment advances the preovulatory LH discharge in
both genotypes, with no difference between them, regardless of whether 480 or 240 U
of eCG is applied to heterozygous ewes. Therefore, artificial insemination at a fixed
time can be performed at the same time in both genotypes.

4. The presence of the FecX” allele in heterozygosity reduces the mean follicle diameter
of ovarian follicles, mainly due to a reduction in the number of follicles >6 mm.
However, these oocytes were demonstrated to be as competent as those from non-
carrier ewes, which is consistent with the fertility results observed on farms. A higher
efficiency of the FecX” genotype was found in terms of in vitro production yields, mostly
due to a greater response to FSH.

5.  There are no differences in plasma anti-Millerian hormone concentrations between
FecX” heterozygous and non-carrier ewes, so the predictive ability of AMH could be
extended to both genotypes.

6. At adulthood, anti-Mullerian hormone proved to be a good predictor of the number of
ovarian follicles able to respond to gonadotropins, so it can be used as a tool to select
the best oocyte donors and thereby improve the efficiency of embryo biotechnologies
in sheep.

7. Anti-Mullerian hormone is present in blood plasma from prepubertal ewe lambs,
showing great variability between individuals and ages. At this age, it was related to the
occurrence of ovulation after eCG administration, being higher in ovulating than in non-
ovulating ewe lambs. Anti-Mullerian hormone concentration was positively related with
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fertility at first mating, but was not related to AMH concentration or LOPU yields in the
adult stage.

Implications and final considerations

The FecX"” allele and AMH are two tools available to farmers to control prolificacy and fertility
at first lambing; these should be used wisely according to food availability, infrastructure and
management conditions, with the aim of optimizing, rather than maximizing, reproductive
potential.

Using the FecX” allele allows for a rapid increase in prolificacy and fecundity on farms, with
no adverse effects on other productive parameters. Implementing the use of the BMP15
genotype meets the need for increased prolificacy, although it is essential not to abandon
classical polygenic selection in order to prevent excessive inbreeding and to improve other
parameters associated with high prolificacy, such as lamb growth or maternal ability. FecX”
genotype assignment by genealogy on farms is an effective and viable method, provided that
breeding and animal identification are carried out with strict controls and PCR genotyping is
performed when necessary. The greater response to gonadotropins found in FecX”?
heterozygous ewes suggests differences in basal folliculogenesis, which should be studied in
depth.

Anti-Mllerian hormone has been shown to be a good predictor of the ovarian response to
gonadotropins and early fertility, which may be used in a complementary manner to the
FecX" polymorphism to increase reproductive efficiency. Apparently, we should be observing
guantitative differences between animals in follicular development, with different implications
at puberty and at adulthood. In order to be used as a screening test on farms, it is necessary
to set a cut-off point for AMH values, which could be established depending on the objectives
of the selection and the replacement strategy: selecting the best or eliminating the worst.
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En cuclillas, ordefio

una cabrita y un suefio.

Glu, gli, gli,

hace Ia leche al caer

en el cubo. En el tisu

celeste va a amanecer.

Glu, gli, ghi. Se infla Ia espuma,
que exhala

una finisima bruma.

(Me Iame otra cabra, y bala).

En cuclillas, ordefio

una cabrita y un suefio.

(Miguel Herndndez)
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