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RESUMEN







Resumen

Gestion de la diversidad genética en programas de
conservacion utilizando datos de genotipado masivo

El mantenimiento de la diversidad genética existemtuna poblacion es uno de
los principales objetivos de los programas de awas®n, tanto de especies salvajes
como de especies domésticas. Esto es asi porquapkridad de respuesta de la
poblacion a nuevas condiciones ambientales, dedavg a depender su posibilidad de
supervivencia, es proporcional a la magnitud déalidiversidad. A mas corto plazo,
otro de los objetivos de los programas de consgmags controlar la tasa a la cual
aumenta la consanguinidad para evitar asi la peerdel eficacia biolégica de la

poblacién, un fenébmeno conocido como depresionazansgnea.

Hoy en dia se acepta que el método mas eficiemte quantrolar la pérdida de
variabilidad genética y el aumento de la consandacthes el método de Contribuciones
Optimas (OC, del inglés “Optimal Contributions”).stE método optimiza las
contribuciones (niumero de hijos) de todos los myctores potenciales a la siguiente
generacion con el objetivo de minimizar el paresdepromedio. El elemento
fundamental en el que se basa el método OC estta mi@ parentesco, que contiene los
coeficientes de parentesco entre todos los camdidaadicionalmente, dicha matriz de
parentesco se ha obtenido a partir de registrosafjggicos pero también es posible
obtenerla a partir de marcadores moleculares. Bstystevios han demostrado que
cuando la densidad de marcadores (gj., marcadpresicrosatélite) es relativamente
baja, el uso del parentesco molecular es de limitadior para el mantenimiento de la

diversidad genética en comparacion con el usoateinpesco genealdgico.

El desarrollo de las plataformas de genotipado voase polimorfismos de un

solo nucledtido (SNPs) llevado a cabo en los Ukimibos hace necesaria la revaluacion
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Resumen

del beneficio de utilizar marcadores genéticosaayektion de poblaciones. De hecho, la
informacion molecular contenida en los paneles aede SNPs aporta varias ventajas
frente a la informacioén genealdgica: i) puede obtem para todo tipo de poblaciones y
a partir de diferentes tipos de muestras; ii) prmonocer la proporcion exacta del
genoma que es compartida por dos individuos enrldgala proporcién promedio
esperada que aporta la informacion genealdgicg; yeirmite calcular el parentesco en
regiones especificas del genoma. Al permitir difei@ el grado de relacion entre pares
de individuos con el mismo parentesco genealégieq@uede esperar que la eficiencia
en la gestion de una poblacion para mantener vided genética optimizando
contribuciones aumente al sustituir el parentesceegldgico por el molecular, siempre

que éste esté calculado con un nimero elevado Wadwges (parentesco gendmico).

En esta tesis se ha evaluado el uso de informagadmica para la gestion de
diversidad genética en programas de conservacibp/eando el método OC para
minimizar el parentesco genomico en la descendef@ziando los apareamientos se
producen al azar la consanguinidad promedio engenaracion es igual al parentesco
promedio de la generacion previa, por lo que laimzacion del parentesco lleva

implicitamente asociado un control de la consandathen la poblacion.

La eficiencia del uso de parentesco genomico ges$don de poblaciones para
mantener diversidad genética depende del deseatuidib ligamiento existente entre los
marcadores y el resto de loci donde se quiere mantdiversidad. A su vez, el
desequilibrio de ligamiento depende de la denstitatharcadores y del censo efectivo
de la poblacionNe). Asi pues, a la hora de desarrollar nuevos c@sSNPs para
especies en programas de conservacion, es imppdanocer cual seria la densidad de
SNPs necesaria para obtener al menos la mismasidiadrque la obtenida utilizando

informacion genealdgica, en la gestion de poblasofn esta tesis, se demuestra, a
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Resumen

través de simulacién por ordenador, que una dehsia N. SNPs/Morgan es
suficiente para mantener la misma cantidad de sltled genética (medida como
heterocigosidad esperada) utilizando el parentesalecular que el genealdgico en la
optimizacién de contribuciones (Capitulo 1). Deadigss mas altas de SNPs llevarian a
una ventaja del parentesco molecular frente alajégieo. La densidad de los chips ya
desarrollados actualmente para diferentes espéitiedamentalmente para especies
domésticas) es suficientemente alta como para bparentesco molecular sea una
potente herramienta para la conservacion de ddesgenética. En el Capitulo 1
también se demuestra que el beneficio que se ebpien aumentar la densidad por
encima de alrededor de 500 SNPs/Morgan, es muyepegen cuanto a la variabilidad

mantenida.

Como ya se ha mencionado anteriormente, otra deeatjas de utilizar el
parentesco gendmico es que nos permite enfocagsk#dg en el mantenimiento de la
diversidad genética en regiones especificas dedbrganEn particular, puede ser de
interés minimizar la pérdida de la diversidad geaéen una region especifica del
genoma. En esta tesis, se demuestra, a travésnddasion por ordenador, que el
meétodo OC, utilizando programacion semidefinidd gagentesco, calculado con SNPs
mapeados en regiones especificas, es muy eficgefdehora de mantener (e incluso
aumentar) la diversidad (medida como heterocigdsekperada) en dichas regiones.
También permite restringir la consiguiente péraidaliversidad en el resto del genoma.
Sin embargo, aunque los niveles de diversidad enestdb del genoma son mayores
cuando se incluye la restriccion que cuando nonstuye, la tasa de parentesco
observada fue mayor que la restriccion impuestto &os ha llevado a concluir que es

necesario refinar la teoria de las contribucionesdo se utilizan matrices gendémicas,
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Resumen

para asegurar que las restricciones estan debidanoemsideradas en el modelo

(Capitulo 2).

En los Capitulos 1 y 2 de esta tesis, el coefieielet parentesco molecular se ha
definido como la probabilidad de que dos alelo®@gslos al azar de cualquier locus,
uno de cada individuo, sean iguales. Es decir,gstntesco refleja tanto identidad por
descendencia (IBD) como identidad en estado (IBSXiferencia del parentesco
genealdgico que solo refleja IBD. Una medida altéva de parentesco molecular, que
refleja mejor IBD, es aquella basada en segmerBs tue son regiones de SNPs
consecutivos que son iguales en dos individuoslEPapitulo 3 se ha evaluado el uso
del parentesco calculado a partir de segmentoseiBBl mantenimiento de diversidad
genética, utilizando datos gendmicos procedentepotidaciones de vacuno de tres
razas austriacas (entre 219 y 465 individuos A, rgenotipados para cerca de 40.000
SNPs). Esta medida de parentesco se ha comparad®l|cparentesco gendmico
mencionado previamente y con el parentesco geneald censo efectivo obtenido a
partir las tasas de los tres tipos de parenteseooriumuy similares en las tres
poblaciones y de pequefia magnitud (estimas erahgpos 26 — 52, 61 — 93y 84 — 112
para las tres razas). Este resultado destaca @tamgia de la aplicacion de estrategias
activas de gestion para controlar el aumento depfesanguinidad y parentesco y la
pérdida de la diversidad genética en las razassdeces ganaderas, incluso si los

tamafos poblacionales son razonablemente grandes.

Uno de los principales problemas que presental@lloadel parentesco IBD es
la necesidad de conocer las fases gaméticas d&NBs utilizados, ya que, dadas las
técnicas empleadas para la obtencidn de los gesotstas fases son desconocidas. En
el Capitulo 3 se demuestra, a través simulacionopdenador, que la necesidad de

estimar las fases gaméticas para obtener el pacentesado en segmentos IBD (en
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Resumen

cada una de las generaciones de gestion de lacgob)lano lleva consigo una pérdida
en la diversidad mantenida. Esto es incluso ciedando las poblaciones son muy

pequefias, tal y como suelen ser aquellas objetio geograma de conservacion.
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Summary

Management of genetic diversity in conservation
programmes based on massive genotyped data

The maintenance of genetic diversity is one of thain objectives of
conservation programmes, for both wildlife and detitespecies. This is because the
ability of the populations to adapt to new envir@mtal conditions, on which their
probability to survive depends, is proportionaltiie amount of diversity. In the short
term, another objective of conservation programiads control the rate of inbreeding

in order to avoid inbreeding depression (i.e., lmiSsiological fitness).

Nowadays it is commonly accepted that the mostiefit method to control the
loss of genetic diversity and the increase of iatineg is the Optimal Contributions
method (OC). This method optimises the contribigignumber of offspring) of all
potential breeders to the next generation with dima of minimising the average
coancestry. The central element of the OC methoth@scoancestry matrix, which
contains the coancestry coefficients between akthng candidates. Traditionally, this
coancestry matrix has been computed from genealogicords but it is also possible to
compute it from molecular information. Previousds&s have shown that when the
marker density is relatively low (e.g., microsatell markers), the usefulness of
molecular coancestry is lower than that of geneeddgcoancestry for maintaining

genetic diversity.

The development of high-throughput massive genatypnethods for single
nucleotide polymorphisms (SNPs) markers that has lsenducted in recent years has

led to the need for a reassessment of the effigiemic molecular markers for
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Summary

maintaining diversity through the genetic managenoérpopulations. The molecular
information obtained from dense SNP panels provemgeral advantages compared
with genealogical information: i) molecular infortiem can be obtained from all kind
of populations and from different types of sampl@smolecular information provides
the proportion of the genome that is shared byitwloviduals rather than the expected
average relationship that is provided by geneadlgitformation; and iii) molecular
information allows us to calculate coancestry @&cHr regions of the genome. Given
that molecular coancestry discriminates betweemspai individuals with the same
genealogical coancestry coefficient, it can be etquk that the use of molecular
coefficients instead of genealogical coefficientsll wincrease the efficiency of
population management for maintaining genetic divgr provided it is calculated with

a large enough number of markers (genomic coaryestr

In this thesis the use of genomic information fanaging genetic diversity in
conservation programmes has been evaluated whernyisgyghe OC method to
minimise the genomic coancestry. With random matthg average inbreeding in a
particular generation is equal to the average asnc between individuals of the
previous generation. Therefore, minimising coangdstids implicitly to the control of

inbreeding in the population.

The efficiency of using genomic coancestry in pagoh management for
maintaining genetic diversity relies on the exigtiinkage disequilibrium between
markers and loci where diversity is required to mpaintained. In turn, linkage
disequilibrium depends on marker density and pdjmriaeffective size Ne). Thus,

when new SNP chips are developed with the aim oitaiaing diversity, it is
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important to know the SNPs density required to iobéh least the same diversity levels
than those obtained when genealogical informatienused. In this study, it is
demonstrated, through computer simulations, thaemsity of 3. SNPs/Morgan is

enough for maintaining the same amount of genatiersity (measured as expected
heterozygosity) using genomic coancestry than thatntained using genealogical
coancestry (Chapter 1). Higher SNP densities leakkeular coancestry to outperform
genealogical coancestry. The SNP density of thepschturrently available in

commercial SNP panels, mainly for farm animal speevith high commercial value is
high enough for genomic coancestry be a powerfol for maintaining genetic

diversity. In Chapter 1 is also shown that the atlwge obtained by increasing the

density above 500 SNPs/Morgan is very small in seofithe variability maintained.

Another advantage of using genomic coancestry oafts is the possibility of
focusing the genetic management on maintaining tgedarersity at specific genomic
regions. In particular, it can be of interest tanmise the loss of genetic diversity in a
specific region of the genome. In this thesis gh®wn, through computer simulations,
that the OC method is very efficient in maintainit@y even increasing) diversity
(measured as expected heterozygosity) in spe@fioons of the genome when using
semidefinite programming and a coancestry coefficicomputed using the SNPs
mapped on those regions. The method also allows efficiently restrict the loss of
diversity in the rest of the genome. However, alttothe level of diversity kept in the
rest of the genome is higher when including a i&in on the rate of coancestry in the
optimisation procedure, the observed coancestrg matceeded the value of the

restriction. This result has led to the concludioat it is necessary to refine the theory
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of genetic contributions when using genomic masriceorder to ensure that restrictions

are properly considered in the model (Chapter 2).

In Chapters 1 and 2, the molecular coancestry icoait has been defined as the
the probability that two alleles taken at randoonfreach individual at the same locus
are equal. Thus, this coancestry coefficient réfldoth identity by descent (IBD) and
identity by state (IBS) in contrast with the gergital coancestry that only reflects
IBD. An alternative measure of molecular coancestat is likely to better reflect IBD
is that based on IBD segments (regions of consee@NPs shared by two individuals).
In Chapter 3, the application of coancestry cogdfits based on IBD segments for
maintaining genetic diversity has been evaluateshgugenomic data from three
populations of three different Austrian cattle ledfrom 219 to 465 individuals by
breed, genotyped for around 40,000 SNPs). This agsry measure has been
compared with the genomic coancestry coefficiemvipusly described and with the
genealogical coancestry. The effective populatiae sbtained from the rates of the
three types of coancestry very similar and of smmagnitude (estimated ranges were 26
- 52, 61 - 93 and 84 - 112 for the three breedsis flesult highlights the importance
of implementing active management strategies tarabthe increase of inbreeding and
coancestry and the loss of genetic diversity iredteck breeds, even when the

population size is reasonably large.

One of the main problems to be solved when caloigatoancestry based on
IBD segments is the need of estimating the ganpéiases of the SNPs used that given
the techniques used to obtain the genotypes, dmeowm. In Chapter 3 it is shown,

through computer simulations, that using estimategametic phases for computing
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coancestry based on IBD segments (in each of theagesnent generations) does not
lead to any loss in the diversity maintained. Thés proven to be true even when the
size of the population is very small that is theualssituation in conservation

programmes.
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Introduccién general

El cambio en las condiciones ambientales a lasgque sometida una poblacion
es un proceso continuo y de la capacidad de retspaedicho cambio van a depender
sus posibilidades de supervivencia. La diversidatética, que puede definirse como la
variedad de alelos, genotipos y haplotipos preseerte una poblacién, refleja su
potencial para evolucionar. Debido a esto, el nramtiento de diversidad genética es
uno de los objetivos principales de un programaaleservacion (RANKHAM et al.,
2002), tanto de poblaciones salvajes como de piobkes domésticas. A mas corto
plazo, es necesario también controlar la consaittpuiny evitar asi problemas de
depresién consanguinea (pérdida de eficacia badOg@omo consecuencia de la
consanguinidad), que es debida principalmente axlaresion de alelos recesivos

deletéreos (BFF, 1997).

Las tres medidas mas habituales de diversidadigars&n i) la heterocigosidad
esperada (EH), que es la heterocigosidad que a&gteesente en una poblacién en
equilibrio de Hardy-Weinberg con las mismas frecigs alélicas que la poblacion de
interés; i) la heterocigosidad observada (OH), gsela proporcion de individuos
heterocigotos en la poblacion; vy iii) la diversidalélica (AD), que es el nimero de
alelos segregando en los individuos de una poliai®ro et al., 2009). Estas
definiciones refieren a un solo locus pero puedempdiarse para todos los loci del

genoma.

En poblaciones pequefas, tal y como suelen setlagjobjeto de un programa
de conservacion, el principal factor de disminucim la diversidad es la deriva
genética. La pérdida de diversidad genética debidariva depende del tamarfio de la
poblacion, mas exactamente del censo efectivo gebacion Ne), que es el nimero
de individuos de una poblacién ideal tedrica connlsma tasa de pérdida de

variabilidad genética que la observada en la pabiate interés (WicHT, 1938). Por lo
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Introduccién general

tanto, la estrategia mas adecuada para conserdareisidad es maximizae, 10 que
es equivalente a minimizar la tasa de parente&pdebido a la relacién inversa que
existe entre ambosA{ = 1/2N.) (FALCONER & MACKAY, 1996). Sin embargo, la
depresién consanguinea no depende del coeficiemtpacentescof), sino del de
consanguinidadH), por lo que la estimacion y control de ambos patéos es de

importancia fundamental en los programas de coasgm.

El coeficiente de consanguinidad de un individudestne como la probabilidad
de que porte, en un locus elegido al azar, dossaldénticos por descendencia (IBD),
es decir, que sean dos copias de un mismo alelestmakc (MaLeEcoT, 1948). Este
parametro tiene una relacion directa con la heigositlad observada, ya qée= 1 —
OH. Por su parte, el coeficiente de parentesc@Beedcomo la probabilidad de que dos
alelos de un locus particular escogidos al azar,dencada individuo, sean idénticos por

descendencia (MecoT, 1948). En este caso, se puede demostrar que EH =

El control de las tasas a las cuales aumentan entesco Af) y la
consanguinidadAF) es fundamental no solamente en programas de reacgm sino
también en programas de seleccion. De hecho, @amacgntidad de investigacion se ha
realizado en las Ultimas décadas en el contextosi@rogramas de mejora genética
animal sobre distintos métodos para contrdllary evitar las consecuencias negativas
de la consanguinidad. En realidad, la diferencradémental entre los programas de
selecciéon y de conservacion esta en el énfasiivielgue se da a la respuesta a la
seleccién y a la tasa de consanguinidad (o de f@s@). En programas de seleccion, el
objetivo es maximizar la respuesta genética paracteres de interés econdémico,
imponiendo una restriccidn a la tasa de consamgadnimientras que en programas de
conservacion, el objetivo principal es minimizatdaa de parentesco imponiendo o no

una restriccion a la respuesta para un determimadécter que haga valiosa a la
32



Introduccién general

poblacion. Asi pues, las estrategias empleadasgestanar el nivel de diversidad vy el
control de la consanguinidad son validas tanto pesgramas de mejora genética como

para programas de conservacion.

Hay dos tipos de decisiones que se tienen que tem#a gestidn genética de
una poblacién: las decisiones relativas a la edacde los individuos que van a
contribuir a la siguiente generacion (decisionesaleccion) y aquellas relativas a como
se aparean los individuos seleccionados (decisida@pareamiento). A corto plazo, las
decisiones tomadas en cuanto a qué animales sglacson las Unicas que influyen en
el control de la pérdida de variabilidad genétibln obstante, las estrategias de
apareamiento resultan Gtiles para controlar ladasesonsanguinidad ¢Ro et al., 1988;

WooLLiAms, 1989; SNTIAGO & CABALLERO, 1995; @BALLERO et al., 1996).

Muchos de los métodos descritos para controlar dasanguinidad y el
parentesco (y por lo tanto, la pérdida de la vditnl genética) comenzaron a
desarrollarse en el contexto de la mejora geném@aal. En un principio las tasas de
respuesta genética y de consanguinidad fueron demasias por separadooffo &
PEREZ-ENCISQ 1990; MLLANUEVA et al., 1994) pero posteriormente, se propusieron
métodos para tratar ambas tasas simultAneamesiegal los individuos seleccionados.
En concreto, estos métodos consisten en optimagacdntribuciones de los candidatos
a la seleccibn de manera que la respuesta sea madstringiendo la tasa de
consanguinidad simultAaneamentes(MisseN 1997; GRunDy et al., 1998; MuwISSEN
& SoNesson 1998; GRunDY et al., 2000)En la actualidad se acepta que estos métodos
de optimizacién de contribuciones (OC) son los goienen un mejor resultado tanto
en programas de seleccion i(MNUEvA et al., 2004) como en programas de
conservacion (8NESSON & MEUWISSEN 2000; FERNANDEz & CABALLERO, 2001;

FERNANDEZ et al., 2003; WLANUEVA et al., 2004). Cuando el objetivo es conservar la
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Introduccién general

diversidad genética, los métodos OC nos proporoioed numero Optimo de
descendientes con que debe contribuir cada candidegproductor para minimizar el
parentesco global en la siguiente generacién. sSap@areamientos subsiguientes son al
azar, la consanguinidad promedio en una determirgetgeracion sera igual al
parentesco promedio de la generacién anteriarc®NeEr & MACKAY, 1996). Por tanto
la minimizacién del parentesco lleva implicitamerdgsociado un control de la

consanguinidad.

La herramienta fundamental para optimizar las dmuntrones de los padres
potenciales a través de los métodos OC es la nagrigarentesco, que contiene los
coeficientes entre todos los candidatos a proddair siguiente generacion.
Tradicionalmente, los coeficientes de parentesde gonsanguinidad se han obtenido a
partir de registros genealdgicos R\WHT, 1922; Bk & TERRILL, 1949). La
informacion genealdgica nos permite calcular logles de consanguinidad esperada
para cada individuo y el parentesco esperado ehltr® (MaLecoT, 1948, FALCONER &
MACKAY, 1996). Sin embargo, la obtencion de registroegégicos no siempre es
posible (por ejemplo, en especies salvajes o easrganaderas criadas en régimen
extensivo) y, cuando lo es, esta sujeta a errB@sejemplo, en poblaciones de especies
ganaderas, donde la obtencidon de registros geneasdg@s una practica comun,
OLIEHOEK & BIIMA (2009) estimaron que la tasa de error en la asigmale padres es
del orden de un 10%. Estos autores también instiga perdida de eficiencia de los
métodos OC en el mantenimiento de la diversidacttgen cuando existen errores en
los datos genealdgicos. Los resultados de susatinunks indicaron que cuando la tasa
de error es alta (por ejemplo, cuando la tasambe en la asignacion del padre esta por

encima de un 35%) estos métodos llevan a una diaersnenor que la obtenida
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simplemente igualando las contribuciones de loglidatos (un método que no requiere

informacion genealdgica).

Frente a la informacion genealdgica, la informaaidwiecular aporta una serie
de ventajas de especial importancia para su engplesd mantenimiento de diversidad.
La informacién molecular puede obtenerse para ttpo de poblaciones, en un
procedimiento estandarizado y a partir de practicdaen cualquier muestra de origen
animal. Esto es particularmente importante en poloh@s silvestres, para las que en
muchas ocasiones es muy complicado o imposibletifdan de manera fiable las
relaciones genealdgicas entre sus individuosRg8T & KRrRuuk, 2005; KELLER et al.,
2011). Otra clara ventaja de la informacién molacuoéspecto a la genealdgica es que
permite conocer la proporcion exacta de alelos estitlos por dos individuos frente al

valor promedio esperado proporcionado por la infmidn genealdgica.

Asi pues, el parentesco molecular (definido comertzbabilidad de que dos
alelos escogidos al azar de cualquier locus, uncada individuo, sean iguales) puede
sustituir al parentesco genealdgico en la gest@®rpablaciones, con el objetivo de
obtener una mayor eficiencia a la hora de mantémerariabilidad genética. Sin
embargo, dicha eficiencia depende del desequildieitigamiento (LD) existente entre
los marcadores y el resto de loci en el genoma@sedjuiere mantener la diversidad
genética. A su vez, el LD depende de la densidachaeadores utilizada y déle
historico de la poblacién. La densidad tiene quesséicientemente alta para que la
gestion de poblaciones basada en informacion mlaleaea eficiente. De hecho,
utiizando una densidad relativamente baja de ndares de tipo microsatélite,
FERNANDEZ et al. (2005) concluyeron que el uso del parentesolecular era de
limitado valor para el mantenimiento de diversig@atética en comparacion con el uso
del parentesco genealdgico.
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En los ultimos afios se ha producido un rapido deéade la gendmica, que ha
permitido la creacién de paneles densos de polismols de un solo nucledtido (SNPs)
en multitud de animales de granja (ganado vacwinppporcino, avicola y caballar y
salmon). La densidad de SNPs es muy superior spamble para cualquier otro tipo
de marcador molecular utilizado previamente. Estgérmitido incrementar el LD y
con ello aumentar la eficiencia de los marcadoreecnlares en el mantenimiento de
diversidad (BeLLAND et al., 2013). Con un nimero tan alto de SNPseftes 0 cientos
de miles), es muy probable que cada uno de losdimede nos interesa mantener la
diversidad esté en LD con al menos uno de los rdarea del panebe Cara et al.
(2011) demostraron que el uso del parentesco gendaaiculado a partir de paneles
densos de SNPs para minimizar el parentesco gtebalta mas eficaz que el uso de
genealogias en el mantenimiento de la diversidaétgm, medida como EH. Hay que
recordar que el LD entre marcadores Yy loci en sforelel genoma es inversamente
proporcional aNe, por lo que la eficacia de un panel determinadondecadores sera
mayor en poblaciones pequefnas (tal y como suelerlasepoblaciones objeto de

conservacion).

El desarrollo de los primeros paneles densos des3éPllevo a cabo en el
marco del Proyecto Genoma Humaneg 1000 G:NoMES PRoOJECTCONSORTIUM, 2010)
y posteriormente se comenzaron a desarrollar paraspecies ganaderas de mayor
importancia econdmica. La densidad de los paneteSNPs disponibles puede variar
mucho dependiendo de la especie de la que se yratta relacionada principalmente
con su importancia econdmicamM@&usg, 2010). EI mayor desarrollo en una especie
ganadera a la hora de desarrollar y utilizar pandke alta densidad de SNPs se ha
conseguido para el ganado vacuno, para el querséielgado a incluir hasta 777,962

SNPs en el Infinium BovineHD BeadChip. Sin embapgra especies cuya explotacion
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no genera un rendimiento econdémico tan alto surd#kaha sido mas limitado. En
todo caso, el desarrollo de la tecnologia en lpsass de mayor rendimiento produce
un abaratamiento de los costes de los chips, pouéose espera que su uso en un
namero cada vez mayor de especies sera posibla plazo de tiempo relativamente

corto.

Cuando se desarrolla un nuevo panel de SNPs estanf® a fin de optimizar
el gasto en su obtencion, determinar el orden dgnimal del nimero de SNPs
necesario para conseguir el objetivo planteaddquisgaa que éste sea. Por ejemplo, si
el objetivo es simplemente determinar paternidaldedensidad requerida sera mucho
menor que si el objetivo es obtener estimas gera@ie valores mejorantes. En el caso
gue nos ocupa, la pregunta seria cual es el nUmarono de marcadores necesario
para mantener eficientemente la diversidad existert la poblacion de interés
(Svousk, 2010). En concreto, a nivel practico, seria maljogo conocer la densidad de
SNPs necesaria para obtener al menos la mismasidiadrque la obtenida utilizando
informacion genealdgica en la gestion de poblacoka& el Capitulo 1 se investiga, a
través de simulacion por ordenador, como la dedsiita SNPs yN. afectan a la
efectividad de utilizar el parentesco molecularaparantener diversidad a través de la
optimizacién de contribuciones. El objetivo ultimeria determinar la densidad minima
de SNPs necesaria para mantener al menos la migeraidad genética (medida como
EH) que la obtenida usando parentesco genealddgp@ndiendo deM histérico de la

poblacion.

Otra de las ventajas que aportan los coeficieneescahsanguinidad y de
parentesco moleculares es que nos permiten inaegtEgrones de diversidad a lo largo
del genoma, lo que no es posible con los coefiegegenealdgicos que, como ya se ha

mencionado anteriormente, representan valores aghperpromedio para todo el
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genoma. Asi pues, la gestion de poblaciones uiiiaal parentesco molecular permite
enfocar el mantenimiento de la diversidad genéicagiones especificas del genoma.
Esto puede ser deseable en regiones con interésifsp (por ejemplo, la region
MHC, Complejo Mayor de Histocompatibilidad, quedeshplicada en la resistencia a
enfermedades) o en zonas cercanas a loci seledomnaonde la diversidad ha
disminuido como consecuencia de la seleccién. Bl del parentesco molecular
obtenido utilizando sélo los marcadores mapeadodi@ras regiones, nos permitiria
gestionar la diversidad de manera independiente.e8ibargo, la optimizacién de
contribuciones basada exclusivamente en minimagyérdida de diversidad en unas
regiones concretas, puede llevar a un aumento epétdida de la diversidad
considerable en otras regiones del genoma. En pitul@ 2 se estudia, a través de
simulacion por ordenador, la efectividad del usgdeeles densos de SNPs cuando se
optimizan las contribuciones para maximizar la dildad genética en regiones
especificas del genoma, mientras que se imponerastaccion a la consiguiente
pérdida de diversidad en el resto del genoma. Tambe estudia la posibilidad de
maximizar la diversidad global en todo el genompdmiendo una restriccidon particular
en regiones especificas. Para ambas tareas s#izedatun algoritmo de optimizacion

basado en programacion semidefinida.

En los trabajos mencionados anteriormente, loda@eefes de consanguinidad y
de parentesco moleculares utilizados reflejan ti3iDocomo IBS (identidad en estado),
a diferencia de los coeficientes genealdgicos gtlejan unicamente IBD. Una medida
alternativa de consanguinidad molecular, que e efflegjor IBD, es aquella basada en
tramos de homocigosidad o ROH (del inglés “Run$i®inozigosity”), que son largos
fragmentos de loci homocigotos consecutivos. SisesBagmentos son suficientemente

largos, la probabilidad de que las dos copiasrdeid presentes en un individuo hayan
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sido heredadas por sus padres a partir de un emeceshin es muy alta (&son et al.,
2006). En este caso, el coeficiente de consangunidolecular se define como la
proporcion del genoma de un individuo que se ercadiormando parte de estos
tramos de homocigosidad. Esta medida de consadgdinha sido ampliamente
estudiada y utilizada en humanosr@an & WEBER, 1999; GssoN et al., 2006;
McQuiLLAN et al., 2008; KRIN et al., 2010; K et al., 2011; HRRERGMEDRANO et al.,
2013) y en diferentes especies ganaderasef¢AkoviC et al., 2011; BrrIELD et al.,
2012; BELLAND et al., 2013; ERENCAKOVIC et al., 2013a; 180 et al., 2013; S8UrRA et
al., 2013; 8raGGs et al., 2014; SUrA et al., 2015). De la misma manera, se puede
calcular un parentesco basado en los segmentomgarsdque comparten una pareja de
individuos, a los que denominaremos segmentos IBBsta tesis (GEv et al., 2009).
Existen varios estudios que utilizan esta nuevanastle parentesco gendmico con
objetivos tales como detectar sefiales de selecatiral (ABRECHTSEN et al., 2009;
Cal et al., 2011; AN & ABNEY, 2013), inferir la historia demografica de pobtenes
(CampPBELL et al., 2012; Gsev et al., 2012; RAmMARA et al., 2012; R.PH & Coop,
2013) y estimar la heredabilidadr{Ee et al., 2011; 4k et al., 2012; BOWNING &
BrRoOwNING; 2013). Sin embargo, su uso en el mantenimienta diéversidad genética
(oE CaRrA et al., 2013a) o en el control de la consangucdhi@fyce et al., 2012) no ha

sido muy explorado.

Un inconveniente de utilizar el coeficiente de péesco obtenido a partir de los
segmentos compartidos es que es necesario estisnfasks gaméticas de los genotipos
de los SNPs que, dada la técnica de genotipadovonasilizada actualmente, son
desconocidas. Existe un gran namero de métodos pgumiten inferir las fases
gameéticas de los genotipos de los SNPso(BVNG & BROWNING, 2011), pero no

existen estudios previos que hayan investigadtideeecia de la gestion de poblaciones
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gue utiliza este tipo de parentesco molecular codad fases son estimadas. En el
Capitulo 3 se lleva a cabo este estudio, a tragésirdulaciones por ordenador, en las
gue se utilizan datos reales de genotipado masvimdividuos pertenecientes a tres

razas de ganado vacuno austriaco para crear léecpotes base.
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Objetivos

OBJETIVO GENERAL

Evaluar la utilidad de los paneles densos de SN@isr(orfismos de un solo nucleétido)

para mantener la diversidad genética en programasriservacion.
OBJETIVOS ESPECIFICOS DE CAPITULO
Capitulo 1

1.1. Evaluar, mediante simulacién por ordenador, eltefdel tamafo efectivo de
la poblacion y de la densidad de marcadores SNIR dabeficiencia del
parentesco gendmico para mantener la diversidaétigancuando se utiliza
la metodologia de Contribuciones Optimas.

1.2. Determinar la densidad minima de SNPs necesar@mpantener, mediante
la minimizacion del parentesco gendémico, al mersosnisma diversidad

genética que aquella mantenida al minimizar elrgaseo genealdgico.
Capitulo 2

2.1. Evaluar, mediante simulacién por ordenador, latefelad de utilizar paneles
densos de SNPs cuando se optimizan las contriteioon el objetivo de i)
minimizar la pérdida de diversidad genética en omgs especificas del
genoma, restringiendo simultdneamente la pérdiddivdersidad en el resto
del genoma; o ii) maximizar la diversidad genétera todo el genoma,
restringiendo simultaneamente la pérdida de didadsi en regiones

especificas.
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Capitulo 3

3.1. Estimar las tasas de parentesco gendmicas (y loespondientes tamarfios
efectivos) en tres poblaciones de ganado vacunmamparar dichas estimas
con aquellas obtenidas a partir de las genealogias.

3.2. Evaluar, mediante simulacion con ordenador, laiefa de las estimas
gendmicas de parentesco basadas en segmentos EDnantenimiento de

la diversidad genética cuando las fases gamétaasnt que ser estimadas.
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Maintaining genetic diversity using molecular coastcy

Introduction

With the growing availability of genomic tools, aml genetic studies are
evolving with a wide and increasing diversity opgations. In recent years, genome-
wide markers have been increasingly used in selegrogrammes of farm animals
(GobbarD, 2012) but much less attention has been giventdoapplication in
conservation programmes. One straightforward agiphin of genomic tools in
conservation programmes is to use information fdngle nucleotide polymorphism
(SNP) panels to increase the accuracy of estimggstktic relationships between
individuals (NTUrRE et al., 2010; EGeLsmA et al., 2011) which would improve the

efficiency of strategies aimed at managing gerdtiersity.

Management of populations under conservation progres are usually aimed
at maintaining the maximum possible genetic divgr@isually measured as expected
and observed heterozygosity and sometimes alsthetis diversity) and avoiding high
levels of inbreeding. This can be achieved by oisimy contributions of potential
parents through the minimisation of their globahmoestry (MuwisseN 1997; GRUNDY
et al., 1998; @BALLERO & TORO, 2000). With a limited number of microsatellitgay
markers, ERNANDEz et al. (2005) concluded that the exclusive usemmilecular
information to compute coancestry coefficients foe optimization process was of
limited value to maintain genetic diversity commhr® genealogical information.
However, recentlype CARA et al. (2011) showed that with high-density panafs
markers, the expected and observed heterozygositastained were higher when

using molecular coancestry than when using genealogpancestry.

The benefits of using marker information to maintdiversity at ungenotyped

loci across the whole genome depend on the amdulmkage disequilibrium (LD)
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between these loci and the markers used to marg@dpulation, which in turns
depends on effective population siz¥g)( and marker densityd)]. In endangered
populationsNe is usually low and, therefore, LD is expected ¢ohigh. This enhances
the potential benefits of molecular approaches &ntain genetic diversity. However,
the density of available SNPs panels differs largainong species (®usk et al.,
2010). While high-density panels containing tenshondreds of thousands of SNPs
have been developed in the last years for farm arspecies (e. g. cattle, sheep, swine,
chicken, horse and salmon), this is not the casetfeer species for which the economic
benefit of using SNPs panels could be more limitddwever, as the technology
becomes cheaper, arrays will be developed for womAzercial species EBIOME 10K
COMMUNITY OF SCIENTISTS 2009). Therefore, it is essential to determine dinder of
magnitude of the minimum SNP density required tanta#n a significant percentage of

the existing diversity through population manageni&mouse et al., 2010).

The aims of this study were to (i) investigate,otlgh computer simulations,
how Ne and SNPs density affect the performance of moégctbancestry to maintain
genetic diversity when used in the optimisatiorcoitributions; and (ii) determine the
minimum SNP density required to maintain at led&t $ame genetic diversity with

molecular coancestry than with genealogical codngces

Methods

Populations at mutation-drift equilibrium with LDetween loci were generated
through computer simulations. These populationevgebsequently managed over ten
generations based on genealogical or molecularnrdbon (see below). A large
number of scenarios with different population sizesd numbers of markers per

chromosome were considered.
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Generation of the base population

In order to generate a base population at mutatrdh-equilibrium, 5,000
discrete generations of random mating were simadiléeur different population sizes
(Ne = 20, 40, 80 or 160 individuals, half of each sexye considered. Sires and dams
were sampled with replacement adgwas kept constant across generations. Note that
under this regimeN. equals census sizeN); The genome was composed of 20
chromosomes of 1 Morgan (M) each. Two types ofldlial loci (marker and non-
marker loci) were simulated. Marker loci were usedmanagement (see below) and
non-marker loci were used for measuring diversitye number of non-marker loci per
chromosome was always 1,000 but different denswiex® considered for marker loci
(d = 10, 30, 50, 100, 500, 1,000 and 2,000 SNPs pmnmsome). All loci were
equidistant and marker loci were interspersed batwbe non-marker loci in such a
way that they covered the whole chromosome evédlyoci were fixed for allele 1 at
the initial generationt(= —5,000). The mutation rate per locus and generatiasu =
2.5 x 10° for both types of loci. The number of new mutasiosimulated each
generation was sampled from a Poisson distribwtidn mean K.n.un wheren, is the
number of chromosomes andis the total number of loci (markers and non-megke
per chromosome. Mutations were then randomly @isted across individuals,
chromosomes and loci and they switched allele dllede 2. If a mutation occurred at a
position where a previous mutation had already wedy this allele was allowed to
return to its previous state (i.e., 1) insteadhadasing another position for the mutation.
This rate of reverse mutation was however very llomividuals were mated at random.
When generating the gametes, the number of cross@er chromosome was drawn
from a Poisson distribution with a mean equal toCtossovers were randomly

distributed without interference. For all scenaramnsidered, the population reached
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mutation-drift equilibrium after 5,000 generationde assessed this equilibrium by
checking that the mean heterozygosity measuredratmarker loci was stabilized. The

population at this point is referred to as the hasmulation (= 0).

In order to investigate the generality of the res@ibr different mutation rates
when creating the base population, some additisnaharios were run assuming a
lower mutation rate (2.5 x 1. In these scenario8l. was 1,000 and marker densities
wered = 2,500, 3,000 and 3,500 SNPs/M. The higher vdioeN, andd with i = 2.5 x

10° were chosen to achieve a reasonable number adgating loci at = 0.
Management

Management of the population was carried out for déscrete generations.
Population size was kept constant across genesagioth equal to its sizetat O (i.e.,N
= 20, 40, 80 or 160 individuals for the high mutatrate scenarios and 1000 for the low
mutation rate scenarios). The management methémved the strategy of minimising
global coancestry. Thus, the contribution of eaoHividual (i.e., the number of
offspring that each individual leaves for the negdneration) was optimized by

minimising the following expression:

N N
ZCiijl'j
L1 L, (2N

j=1

1

wheregc; is the contribution of individualandf; is the coancestry between individuals
andj. The optimization was subjected to the followirgstrictions: both the sum of
contributions of females and sum of contributiorfisntales were equal td (i.e.,

N
Y. = Y¥mci =N, where Ni and Ny, are the numbers of female and male

candidates, respectively), ands an integer number O (FERNANDEZ & TORO, 1999).
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Coancestry coefficientd;§ were calculated either from molecular or genedakigiata.

The molecular coancestry coefficient between irligisi andj was computed as

fij =% L [(Zi=12$n=1llk(i)m(j)) /4], wherelL is the number of SNPs aiig , , is
the identity of thek" allele of individuali with them™ allele of individualj for SNPI
and takes the value of 1 if both alleles are idahtand zero if they are not gbhTi-
Javaremi et al.,, 1997). Molecular coancestry coefficiented in the optimisation
across generations were calculated using only theken loci segregating dt= 0.
Genealogical coancestries were calculated assuthialgindividuals att = 0 were

unrelated and not inbred. All optimizations weref@ened using a simulated annealing

algorithm as described ireRNANDEZ & TORO (1999).

In addition, an extra set of simulations was cdre@t in which genotypes for
the non-marker loci (i.e., loci targeted to minienthe loss of diversity) were assumed
to be known and used in the optimisation. Theseaesimulations provided the upper
limit of the diversity level that could be maintath using molecular information. In
these scenarios (NM), molecular coancestry coefiisi were calculated from the non-
marker loci and thus, management was based oname $oci that those used to
measure diversity. In all simulated scenarios, otiee contributions were decided,

matings between individuals were performed at rando
Measured variables

Expected (EH) and observed (OH) heterozygosities alelic diversity (AD)
were measured over all non-marker loci and evaluatzoss the ten generations of
management for each simulated scenario. For aesiloglus, EH (also called gene
diversity) was calculated &1 = 1 — Y,2_, p?, wherep; is the frequency of allelie OH

was calculated as the proportion of heterozygodwintuals and AD was calculated as
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the number of different alleles at the locus. Thiémsee variables were then averaged
over all non-marker loci. The correlation betweeroleoular and genealogical

coancestry coefficients was also calculated aagyessrations.

Linkage disequilibrium was measured at 0 as the average squared correlation
coefficient between adjacent pairs of SNPa.(H: RoBerTsoN 1968) which can be
2
2

D . . .
expressed as’ = Zl-:lZf:lW‘(fl_pj), wherep; is the frequency of allelieat the first

locus,pj is the frequency of alleleat the second locus aiy is the difference between

the observed haplotype frequency and the expertgddncy under linkage equilibrium

(Pipy).

The results presented are averages over 50 regdicAtnew base population at
mutation-drift equilibrium was simulated for eackplicate and the same base

population was used for both management method®&egical and molecular).
Results

As expected, the distribution of allelic frequerscat = 0 was U-shaped (results
not shown). The percentage of segregating markdrs 8 ranged from 48% N\ = 20)
to 99% (e = 160). As expected, the amount of LDtat O before management began,
increased with increasing and with decreasindy (Figure 1.1). Values for? ranged
from 0.13 to 0.30 foNe = 20 and from 0.02 to 0.10 f&¥. = 160 in scenarios with the
highest mutation rate. Notwithstanding, the inceeabserved im? when increasingl
was small for high densities of SNP. For the sdesawith the lowest mutation rate and
Ne =1,000,r? ranged from 0.065 to 0.072. These levels of LDiarthe same range as
those obtained in previous studies consideringlainpiopulation parameters d&ErRG

et al., 2008; HRRIsS & JOHNSON 2010).
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Figure 1.1. Average linkage disequilibriunt®) between adjacent markers
at the initial generationt (= 0) for different marker densitiesl)(and

effective population size$\().
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Table 1.1 shows EH values calculated when the daion was performed
with molecular or genealogical information. Resuwtsained using genealogical data
are expressed as deviations from those obtained usolecular data. OH values (not
shown) were always higher than EH values acrosbakcenarios simulated. The mean
difference between both measures of diversity wasa®d the maximum difference,
reached with the lowest initidlle (Ne = 20) and the lowest marker density £ 10
SNPs/M), was 8.4%. Thus, deviations from Hardy-Weng equilibrium ¢ = (EH —
OH)/EH) were always negative and ranged fredrD06 to—0.092. This was mainly due
to sampling (WNG, 1996) and to a lesser extent to the managemeategy
implemented, which resulted in lower levels of geneelationships that those expected

using random contributions.

As expected, the initial heterozygosities (EH ard) @/ere higher in scenarios
with higher N. (Table 1.1). These scenarios also maintained &ehiggmount of

diversity across generations than those with loMerFor instance, using genealogical
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Table 1.1.Expected heterozygosity over generatidhsljtained for management based on molecular acrajegical data for

different marker densitiesl( SNPs/M) and effective population sizég)(

d=10 d =100 d =500 d= 1,000 d = 2,000 NM

Ne t EHw'  EHwe' EHvw  EHwe EHy  EHwe EHvw  EHwe EHvw  EHwe EHvw  EHwec

20 0 0.136 +0.000 0.136 +0.000 0.136 +0.000 0.135 +0.000 0.137 +0.000 0.136 +0.000
1 0.131 -0.003  0.135 +0.001 0.135 +0.001 0.135 +0.001 0.137 +0.002 0.143 +0.009
2 0.126 -0.006  0.133 +0.000 0.134 +0.001 0.134 +0.002 0.135 +0.002 0.146 +0.014
3 0.122 -0.009  0.131 +0.000 0.132 +0.002 0.132 +0.002 0.134 +0.002 0.148 +0.017
4 0.118 -0.011  0.129 +0.000 0.131 +0.002 0.131 +0.002 0.132 +0.003 0.149 +0.020
10 0.100 -0.019 0.118 -0.001  0.122 +0.003 0.122 +0.004 0.124 +0.004 0.152 +0.033

160 0 0.378 +0.000 0.378 +0.000 0.378 +0.000 0.378 +0.000 0.378 +0.000 0.378 +0.000
1 0.371 -0.007 0.377 -0.001 0.378 +0.000 0.378 +0.001 0.379 +0.001 0.390 +0.012
2 0.366 -0.011  0.375 -0.002 0.378 +0.001 0.378 +0.001 0.379 +0.002 0.395 +0.018
3 0.362 -0.015 0.374 -0.003 0.377 +0.001 0.378 +0.002 0.379 +0.002 0.399 +0.022
4 0.357 -0.019  0.372 -0.004 0.377 +0.001 0.378 +0.002 0.378 +0.003 0.401 +0.025
10 0.336 -0.036 0.364 -0.009 0.373 +0.001 0.375 +0.003 0.377 +0.005 0.413 +0.040

"EH\ = expected heterozygosity obtained when manageis@ased on molecular data.

*EHu.c = expected heterozygosity obtained when manageisieased on genealogical data, expressed asatidavirom EH,.
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data the percentage of EH maintained after tenrgéoas of management fd&. = 20
andN = 160 was 88% and 98%, respectively. The levelgHfatt = O ranged from
0.136 (Ne = 20) to 0.378 e = 160) (Table 1.1). This latter value is similar that

reported by EGeLsMA et al. (2010) for a comparable population.

The maintained EH decreased across generationsshsoenarios, except when
the SNP density was very high, in which case EH aiagd stable for several
generations as previously reported and discussedeb@ara et al. (2011). In the
extreme case in which non-marker loci were usedhm optimisation, EH even

increased in the initial generations.

For low densities (generallyd < 500), management based on genealogical
coancestry resulted in higher diversity than manmeege based on molecular coancestry
and the difference in EH between these two straseigicreased across generations. For
instance, withd = 10 and management based on molecular coancebki&yEH
maintained at = 10 was 74%N = 20) and 89%N. = 160) of the initial EH. With
management based on genealogical coancestry figesesfincreased to 88%il{ = 20)
and 99% K. = 160). However, witld = 500, the EH maintained with management
based on molecular coancestry (90% and 99% ofniialiEH for Ne = 20 andN, =
160, respectively) exceeded that maintained witmagament based on genealogical
coancestry (87% and 98% fbl, = 20 andN. = 160, respectively). The advantage of
using molecular coancestry increased with incrgasinin any case, differences in
heterozygosity between management strategies ubBoih types of information

(molecular and genealogical) were generally small.

At t = 10, the proportion of EH maintained using markéormation relative to

that maintained using non-marker information (i.an ideal situation in which
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management could be performed using the same rnoaihich diversity is measured)
increased with increasing densities (Table 1.1y &wmample, forNe. = 20, the EH
maintained using markers was 65% and 77% of thattemaed using non-markers fdr
= 10 andd = 100, respectively. Corresponding figuresNgr= 160 were 80% and 88%.
However, ford > 100 the benefit in maintained diversity fromngsimore markers
decreased. In fact, far > 500 the increase in the proportion of EH maintdinsing

non-markers instead of markers was practicallyigdxé.

Figure 1.2 shows the difference in OH maintainet atl0 between scenarios
using molecular or genealogical coancestry foredéhtN.. With a low densitye.g.,d
= 10), as mentioned above, OH was lower than th&timed from genealogical-based
management for all values df. and the difference between both management
approaches decreased with increadiagOn the other hand, witth> 50, this difference

increased with decreasing.

For the smallesile consideredd = 100 (i.e.,d = 5N SNPs/M) was a sufficient
density to reach higher levels of diversity with lesular than with genealogical
coancestry. FoONg > 20, the density required to achieve these levelieased to 500
SNPs per chromosome. Given that scenarios withint@diate densities betweeh=
100 andd = 500 were not simulated, the number of markegsired for achieving the
same levels of heterozygosity from both types ohaggment (i.e., based on molecular
or on genealogical coancestry) was estimated foin Bla through linear interpolation,
assuming that the change in performance fdom100 tod = 500 was constant. Values
obtained were equal to about 3 timds (ranging from 2.6 to 3M). This result,
showing that a SNPs density oNa3SNPs/M is enough for molecular coancestry to

equalise the performance of genealogical coancestag also valid for scenarios in
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Figure 1.2. Difference between observed heterozygosity usinteoular or
genealogical coancestry (Gk) at generation 10, for different marker

densities d; SNPs/M) and effective population sizég)(
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which the mutation rate used to generate the bagel@tion was 2.5 x 10andNe was
increased correspondingly & = 1,000. The difference in the OH maintained atl0
between scenarios using molecular or genealogmahaestry was-0.003, 0.000 and
0.002 ford = 2,500 €(/N¢ = 2.5), 3,000d/Ne = 3.0) and 3,500d(N = 3.5), respectively.

Thus, the result is general for different combioasi ofu andNe.

Genealogical coancestry was always more efficiantmaintaining AD than
molecular coancestry except for the scenario wighdmallesN and the highest SNPs
density (Figure 1.3). It is interesting to notettf@ a givend, the largest difference in
AD between both management strategies (i.e., ugjagealogical or molecular

coancestry) occurred at intermediate valueN.of
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Figure 1.3. Difference between allelic diversity using moleaulor
genealogical coancestry (M) at generation 10, for different marker

densities d; SNPs/M) and effective population sizég)(
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Table 1.2 shows the evolution across generationth@fcorrelation between
molecular and genealogical coancestries obtainezhwitie management was based on
molecular data. The correlation was highest withh smallesiNe and the highedd. In
general, the correlation was very high (over 0.8tept in early generations for
scenarios with a lowd. Counter-intuitively,higher correlations between molecular and
genealogical coancestry at= 0 did not lead to smaller differences betweethbo

management methods.

58



Maintaining genetic diversity using molecular coastcy

Table 1.2.Correlation between molecular and genealogicahcestries
across generationg) (for different marker densitied;( SNPs/M) and

effective population size$\().

Ne

d t 20 40 80 160
10 0 0.715 0.678 0.638 0.561
1 0.832 0.833 0.826 0.790
5 0.859 0.864 0.846 0.804
10 0.863 0.869 0.854 0.797
100 0 0.829 0.822 0.814 0.799
0.935 0.936 0.934 0.930
5 0.954 0.953 0.947 0.937
10 0.954 0.953 0.947 0.935
500 0 0.848 0.837 0.835 0.832
1 0.950 0.949 0.949 0.948
5 0971 0.968 0.967 0.964
10 0.970 0.969 0.966 0.963
1,000 0 0.849 0.845 0.837 0.836
1 0.951 0.951 0.951 0.951
5 0.973 0.971 0.970 0.968
10 0.971 0.971 0.970 0.968
2,000 0 0.848 0.848 0.841 0.838
1 0.952 0.951 0.953 0.936
5 0.974 0.972 0.971 0.962
10 0.973 0.972 0.971 0.964

Discussion

This study has investigated the effectNafand marker density on the efficiency
of molecular coancestry when used in the optimizatof contributions aimed at
minimising the loss of genetic diversity. As exm@eklthigher densities and lowbk
improved the performance of the management basedodecular coancestry. This was
due to the higher LD created between marker lod aon-genotyped loci at which
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diversity was measured. The density of SNPs reduioemaintain at least the same
heterozygosity than that maintained using genecdbgilata was approximatelyN3
SNPs/M. The benefits of using molecular coancestitgulated with dense SNP data
were small when compared to genealogical coancéatiyenefit of 3% in the most
favourable molecular scenario). However, this re@nés an improvement over previous
molecular approaches. Previous studies using natathtes (ERNANDEZ et al., 2005;
SANTURE et al., 2010) observed that management based oealpgical coancestry
always outperformed that based on molecular cosnycesth low density markers. It
must be pointed out that, as shown Br¥ANDEZ et al. (2005), the combined use of
genealogical and molecular information could insesturthermore the precision of the
coancestry coefficients and therefore their efficiebeyond that obtained with a single

source of information.

Molecular coancestry coefficients have been caledlas the proportion of
shared alleles between individuals. Many corresti@med at making molecular
coancestry closer to genealogical coancestry hage proposed and all assume that the
initial allelic frequencies are known @¢Ro et al., 2002; XNRADEN, 2008). However, at
least in our context of management aimed at maimigithe highest levels of diversity,
there is no advantage in applying these correctibasCaArA et al. (2011) showed that
when the number of markers is sufficiently largee tuse of molecular coancestry
always maintains higher levels of diversity thamegdogical coancestry. They also
tested two of the estimators proposed but theyndidimprove the performance of

uncorrected molecular coancestry.

Clearly, marker density requirements depend onpilmpose for which these
markers are used. In the context of genomic selec8LBERG et al. (2008) found that

the accuracy of selection continued to increasé wmitreasing marker density at least
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up to e, for scenarios witiNe = 100. However, the increase in SNPs density had
diminishing returns in terms of accuracy. They sadwhat by doubling marker density
from INc to 2N, the accuracy of estimated breeding values ineckdy 14%. This
figure was reduced to only 2% when marker densdg doubled from M, to 8Ne. This
relatively small increase in accuracy appears tmbefficient to justify the increase in
marker density, especially taking into account thdah a density of Ble SNPs/M the
accuracy had already reached 92% of the upper bdbat could be obtained
theoretically (®LBerG et al., 2008). Similarly, in the context of conssion
programmes, the increase in SNP density had dimmgsreturns in terms of the
diversity maintained (Figure 1.2). In scenarioswdt= 100, the EH maintained after 10
generations ranged from 77%.(= 20) to 88% . = 160) of the upper bound (obtained
when non-marker loci were used in the optimisatiohese figures increased,
respectively, to 80% and 90% when marker densitg wmareased to 500 and then
stayed nearly constant with higher densities. Thagler the conditions studied here, a
density of 500 SNPs/M could be considered as thst mast effective density, given
that it makes it possible to maintain a substardim@ount of heterozygosity with a
relatively small number of markers. Most of the SNIRips already available for farm
animals (e.g. cattle, sheep, swine, chicken, hargk salmon) contain more than 500
SNPs/M and thus, they would be suitable for prognas aimed at the conservation of
genetic resources that are based on the minimizadio coancestry. Thus, when
developing SNPs chips for a new species with thjeative, the marker density should
reach 500 SNPs/M. Since the costs of developing ENBs are decreasing, it can be
expected that SNPs chips with such densities wilawailable for all species of interest

in a short-term horizon.
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SoLBERG et al. (2008) concluded that a density of 800 SMRsgas not sufficient
to achieve the maximum possible accuracy for geadmre@eding values. This density is
considerably higher than that recommended her¢hBdmaintenance of diversitd €
500). For other tasks associated with conservagemetic programmes such as the
determination of relatedness between individualgleasity lower than 500 SNPs/M

would be sufficient (8NTURE et al., 2010).

As mentioned above, the benefit of using managerbased on molecular
coancestry relative to that based on genealogmahaestry increased with decreasing
Ne, except when the density of SNPs was very lows Toiuld be due to the fact that
with a very low density, the level of LD betweenrk&s and non-genotyped loci is low
even for the smalledte. However, larger sample sizes (i.e., largy can make the
detection of groups of individuals with higher l&/ef genetic diversity possible. We
observed that adl increased, the effect dfle over the existing LD became more
pronounced. The overall effect is that highirlead to a substantial reduction in LD
counteracting the beneficial effect of larger sampkizes on the performance of the

management based on molecular coancestry.

Allelic diversity has been considered as an altereameasure of genetic
diversity, particularly from a long-term perspeetisecause the limits to selection are
determined by the initial nhumber of alleles and duse allelic diversity is more
sensitive to bottlenecks than EH and, therefor@ieats better past fluctuations in
population size (®ro et al., 2009). It should be noted that the optatiis method used
here was originally developed to maximize EH andsthAD is maintained only
indirectly (FERNANDEZ et al., 2004; LIKART et al., 1998). Consequently, larger densities
are required for molecular information to outpenfiogenealogical management in terms

of AD. In fact, this only occurred fai = 2,000 andN. = 20. The fact that for any given
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d, the performance of management based on molecodanrcestry was less efficient for
intermediateN. could also be the consequence of the oppositeteftd increasindNe

(i.e., reduced LD but increased sample size).

As expected, the correlation between molecular genkalogical coancestries
increased with increasing density but this wastrastslated into an increased similarity
in the diversity maintained with both approachest A0, all individuals were assumed
to be unrelated and, thus, genealogical coancestsyuniform across the individuals.
This led to an optimal solution that implied egmigg contributions of all individuals.
However, molecular coancestry varied across pdirsdividuals and the optimization
method could find a combination of contributionsttinesulted in higher levels of EH
even when some of the candidates did not contrisugdl (about 60% of the individuals
did not yield any offspring). The higher the numleérmarkers, the higher was the
variation in coancestry between pairs of individuahd the higher was the power of the
method to discriminate between them. This led tbigher efficiency of molecular
coancestry to maintain genetic diversity. Therefaeen with very high correlations

between coancestries both management approactegprdifferent results.

Here, we investigated the benefits of using mokc8NPs data to maintain the
levels of global diversity of a population. Anothadvantage of using molecular
information is the possibility of maintaining dis#ly at specific genome regions
especially at those responsible for adaptive vanatHowever, this could increase
inbreeding and loss of diversity in the rest of gemome (RuGHseDGEet al., 2008).
Thus, in this situation, it would be preferable m@anage local and global diversity
simultaneously by imposing restrictions on glob@dmcestry while optimizing the local

diversity maintained.
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Maintaining genetic diversity at specific regiorfglte genome

Introduction

It is generally accepted that controlling the rateoancestry provides a general
framework for managing genetic variability. Optim@lontribution (OC) methods
(MeuwissenN 1997; GRunDY et al. 1998) permit to determine the number o$mfhg
that each breeding candidate should have to mieitisncestry. These methods were
initially developed assuming the pedigree-baseaticgiship matrix A), that represents
expected relationships assuming neutrality and doesake into account variation due
to Mendelian sampling. Thus, although its use hawvgqu to be efficient to manage
diversity it has some limitations. For instancediwduals from the same (full-sib)
family would inherit different set of alleles butely are assumed to be equally related.
Additionally, since A does not consider variation between genomic regidhe
optimisation of contributions would, in averagentol the rate of coancestry to the
chosen value, but some genomic regions may hawsaslally higher rates than those

desired.

The management of genetic diversity can be improwethe A matrix is
replaced by a realised relationship matrix caladatking into account variation across
animals of the same family and variation acrossogen regions. Such realised
relationship matrices are now possible to be catedl because of the availability of
high density SNP chips. Genotypes for hundredfiaundands SNPs across the genome
are now commonly used to calculate relationshipricesd in many species ARADEN,
2008; Hhves et al., 2009). These matrices have proved tofaet®wily manage global
genetic diversity, outperforming matrices basedgenealogical databé CaArA et al.,
2011; SwurA et al.,, 2013; GmMEz-Romano et al.,, 2013). Relationship matrices

calculated from markers at particular genomic regican also be used to minimise
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variability loss at specific regions of the genomtdowever, this needs to be
accompanied by constraints on coancestry in theofdee genome. Otherwise, rates of
coancestry, inbreeding and loss of variability dotdach high values at positions away

from the region where minimisation was targeted&4sepceet al., 2008).

The objective of this study was to assess, throemhputer simulations, the
effectiveness of using dense SNP panels when apitighicontributions i) for
minimising the loss of genetic variability at sgecgenomic regions while restricting
the overall loss in the rest of the genome; ofar)maximising overall diversity while

restricting the loss at specific genomic regions.

Methods

Optimisation of contributions for minimising the loss of genetic diversity

Let assume a set ™ breeding candidates and letbe the vector of genetic
contributions of the candidates to the next (offggr generation. These contributions
represent the fraction of the genetic material eeahdidate contributes to the gene
pool. In diploid species each sex contributes lodlthe gene pool, so the genetic
contribution of a given candidate ranges betweed.5Q Note that; = O indicates that
the candidate has no offspring and, = 0.5 indicates that all offspring are fathered
(mothered) byi. Let s andd be vectors defining flags that indicate the sexthaf

candidates, witls; = 1 if candidate is a male and O if it is a female, athét 1 —s.

Optimisation problem 1

When the main breeding objective is to minimise ltes of genetic diversity,

genetic contributions of candidates are optimisgdninimising the expected average
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level of coancestry in the offspring generation. Hence, @€ problem can be

formulated as:

Minimise c'Gc (1a)
Subject to cs=05 (1b)
cd=0.5 (1c)
G>0 (1d)

where G is the coancestry matrix containing coefficienfscoancestry between all
candidates in the population. Note that this diffesom the formulation of MuwISSEN

(1997), Gunpy et al. (1998) and dNGWoNG & WooLLiams (2007) who used the
numerator relationship matrik which is twiceG (i.e., G = %A). The constraints (1b-

1d) are imposed in order to keep the solutiorcfaithin the valid range.

Matrix G can be computed from pedigree or molecular datath VWhe
availability of dense SNP genotyping, it is alscgible to obtain & matrix that is
related to specific regions of the genome. Henbke, dptimisation problem can be
implemented to minimise the loss of diversity aé tiwhole genome or at specific

regions of the genome by using the adeqGateatrix (see below).

Optimisation problem 2

The optimisation problem can be further refined witee aim is to minimise the
loss of diversity (overall or at specific regiofs)t also imposing extra constraint(s) so
the expected level of coancestry in the offspriegegation for one or more genome
regions cannot be greater than a given predefiakte ). Hence, the OC problem can

be reformulated by adding extra constraint(s):
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Minimise c'Gc (2a)
Subject to c'Gic <Ky (2b)
c'Gc< K>
c'GmCc<Kn
cs=0.5 (2¢)
cd=05 (2d)
G20 (2e)

whereG is the matrix for the part of the genome wherenceatry will be minimised
(overall or regional) an®; (j = 1, ... ,m) is the coancestry matrix for regipavhere a
restriction is imposed. The terK is the maximum expected level of coancestry to be
allowed for regiorj. At a given generatiork; can be calculated & =1 - (1 -C)(1 -

fi), wheref;is the average coancestry at regiom that generation, ang; is the targeted

rate of coancestry for regign

The implementation of both optimisation problemsswaarried out using a
semidefinite programming (SDP) approach as destiiiln@oNG-WONG & WOOLLIAMS
(2007). The detailed formulations are shown in Ampe 2.1. Thereafter, the

reformulated problems were solved using the SDRXkage (foaisawa et al., 2002).
Coancestry matrices

Different coancestry matrices were used in thenagation of contributions.
They included coancestry matrices computed fromigoed or from genomic
information. Genomic matrices were calculated usandarge amount of biallelic

markers that mimicked SNPs and the allelic relaimm method proposed byebhTI-
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Javaremi et al. (1997). For a given SNP the allelic relasioip between two individuals
is (0.25) Z?=1Z?=1 d8;j, whered;; is the allele sharing status which equals todlléiei
from the first individual is identical to allelg from the second individual and O
otherwise. The genomic coancestry between two iddals is the average value across
all genotyped SNPs in the genome (for the wholegenmatrix) or in the region(s) of
interest (for a regional genomic matrix). Note tlathough the realised coancestry
matrix calculated with SNPs information may be merecise than the traditional
pedigree-based coancestry matrix, it would stilpresent estimates of the true
relationships unless full sequences are availalnld ased for calculating those

relationships.
Simulations

Different management strategies aimed at minimising loss of genetic
diversity were compared using Monte Carlo simulaioThe strategies differed in the
type of information employed to compute coancestti® be used when optimising
contributions. They also differed in the objectiftenction to be minimised and the

restrictions imposed during the optimisation.

The study considered populationshBnimals (20 or 100) born per generation.
The sex of the individuals was randomly assignddebsuring that half were males and

half were females. Each management scenario whsate 100 times.
Genetic and population models

The genetic model assumed the genome divided idtoh2Zomosomes of one
Morgan each. Each chromosome Inggl biallelic loci equally spaced. The genotypes of

Nieci/2 of them (those located at alternate positionsevwassumed to be known and they

71



Capitulo 2

were used to create the genomic matrices implietthenoptimisation of contributions.
Thus, thesen,i/2 loci simulated per chromosome mimicked SNP nratk@he
remaining ni,i/2 loci per chromosome were used to assess therpemce of the

different management strategies.

Initially, a base population in mutation-drift eljorium was generated. This
ensured the existence of linkage disequilibriunwieen the SNPs and the non-marker
loci. Details on how the base population was cceate given in GMEz-RomMANO et al.
(2013). In brief, a historical population of sikewassimulated for 10,000 generations
of random mating. The historical population wagiatised assuming that alleles at the
20n.; simulated loci were fixed. Two different mutatioates were considered: &
2.5x10° and ¢ = 2.5x10°) in order to mimic two different strengths of laje
disequilibrium between marker and non-marker Idtie last generation of this process
was considered to be the base population ). In scenarios whepe = 2.5x10%, nici
was 2,000 and in those where= 2.5x10° neg was 60,000. These values forc;

ensured that there were enough loci segregating at

Thereafter this population was managed under @iffierstrategies for 10
generations. At each generation, the contributiofisthe potential parents were
optimised according to the strategy used, and &rgéon of offspring of siz&l was
created. In turn, they became the candidates ®néxt round. It should be noted that
there were no mutations when creating the geneatichere management took place

(i.e., after creating the base population).
Scenarios compared

Seven different management strategies (PED, M@LMOLcpr, MOLgeg,

MOLOVE_CON MOLCHR_CON and MOI.REG_CO[\) were considered (Table 21) The
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management in strategies PED, M&E MOLcyr and MOlgec was based on
optimisation problem 1 and differed in the coangestinimised; i.e., in th& matrix
used in equation la. Strategy PED minimised peeigesed coancestrfp); MOLove

minimised the overall (i. e., average for all masken the genome) molecular

Table 2.1. Rates of coancestry minimised and restricted uneach

optimization strategy.

Strategy Minimised Restricted

PED Rate of pedigree coancestry -
MOLove Overall rate of molecular coancestry -
MOLcnr Rate of molecular coancestry at

chromosome 1

MOLRgec Averaged rate of molecular coancestry
across ten 10 cM regions located on -
different chromosomes

MOLove_con Overall rate of molecular coancestry Rate of mdheaccoancestry at
each of ten 10 cM regions
located on different

chromosomes
MOLcHr_con Rate of molecular coancestry at Overall rate of molecular
chromosome 1 coancestry

MOLRrec_con Average rate of molecular coancestryOverall rate of molecular
across ten 10 cM regions located on coancestry
different chromosomes

coancestry f(, o, MOLcur minimised coancestry in an entire chromosome
(chromosome 1)fg cn) and MOLgrec minimised the average molecular coancestry
across ten regions of 10 cM each located on ardiffechromosomef{ eg. The

specific location of these ten regions was randochiyosen. For a given chromosome,

the specific region was the same across replicéd¢sitegies MOEqr con and
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MOLRgec_conWere based on optimisation problem 2 where theageecoancestry in
specific region(s) of the genome was minimised ri@stg simultaneously the
coancestry in the rest of the genonf@ de-chr and fm_ove-reg for MOLchr con and
MOLRgec_con respectively). The restriction applied on the #sthe genome was such
that the intended rate of increasefinove-chraNdfn ove-regwas either 1.0% or 0.1% per
generation. Strategy MQle con Was also based on optimisation problem 2 and
implied minimising the overall molecular coancesimhile imposing independent
restrictions on the increase in coancestry at #re regions located on different
chromosomes. Note that the different genomic megriequired in the optimisation for
the different strategies were calculated usingdhserved SNP genotypes. An extra
scenario where contributions were randomly assig(&dategy RAN) was also

considered for comparison.
Criteria of comparison

The rate at which genetic diversity is lost is giviey the rate of coancestry.
Thus, the main criteria for comparing different mgement strategies were the pedigree
and genomic rates calculated at each generation.the purpose of comparing
strategies, genomic coancestry matrices were cadpuging the non-marker loci. The
number of individuals that contributed to the offeg generation and the variance of

contributions were also calculated each generation.
Results

Table 2.2 shows the percentage of individuals firatluced offspring each
generation and the variance of their contributiomsler the different management
strategies. Results usipg= 2.5x10° or u = 2.5x10° were very similar and only those

for the latter are presented. The variance of darions under random selection was
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close to two, which is the theoretical expectedigaf contributions follow a Poisson
distribution. The optimum solution for the stratemat minimisedAf, (strategy PED)
was that all individuals contribute and they dequally (i.e., every candidate generates
two offspring) each generation. This is becauseasgimed that individuals in the base
population were all non-inbred and unrelated. Havewhen minimising rates of
genomic coancestry not all individuals contribugehe offspring generation and those
contributing left different numbers of offspringhi§ is a consequence of the differences
that exist at the molecular level even for indiatbuwith the same degree of pedigree
relationship. The most extreme situation was fowien minimising coancestry at
specific regions of the genome (strategy M&d) where the number of candidates
contributing to the next generation was the lowasid the variance of their
contributions was the highest. Under strategy ML(results not shown), 4% to 15%
less individuals contributed to the next generatltan under strategy MQks On the
other hand, the variance of contributions was 18%3% higher for MOkyr than for
MOLgres In general, differences between both strategiesewlarger in early
generations and fad = 100. As expected, when restrictions on the oateoancestry
were included in the optimisation the number oftabnting candidates increased and
the variance of contributions decreased. This wasemronounced for the most severe
restriction. Except for strategy PED, increasing plopulation size from 20 to 100 led to
a decrease in the percentage of individuals carttn to the next generation and to an

increase in the variance of contributions.

Table 2.3 shows the average rates of pedigree aécuaiar coancestries for

scenarios RAN, PED and MQle. When the contributions were assigned at random
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Table 2.2. Percentage of individuals that contribute to tle&tngenerationNcon) and variance of contribution®/(c)) when applying
different management strategies (RAN, PED, M. MOLreg, MOLove conand MOlgec con in populations of two different sizeBl (
= 20 and 100). Two different constrain®) (vere imposed 0Afy, 1egOr Afy ove-regvhen applying strategy MQlve con and MOLrec con

respectively. Mutation rate used to create baselptipn wasy = 2.5x10°.

MOLove con MOLRec cor
RANT PED MOLOVE MOLREG C=0.10% C=0.01% C=1.00% C=0.10%
t NCOm V(C) NCOm V(C) NCOm V(C) NCOn‘ V(C) NCOn‘ V(C) NCOm V(C) NCOm V(C) NCOn‘ V(C)

N =20
884 1.77 100 0.00 810 228 56.7 6.00 848 175 881 144 723 3.68 76.7 5.99
870 183 100 0.00 903 137 611 488 931 104 9.2 0.78 806 214 811 4.88
884 180 100 0.00 914 125 622 463 948 090 96.7 069 831 190 823 4.62
86.0 2.03 100 0.00 898 140 654 406 944 092 966 0.70 841 181 852 4.07
885 170 100 0.00 90.1 133 655 398 948 086 965 071 841 182 855 4.00
895 164 100 0.00 905 126 716 318 951 085 974 068 859 178 89.7 3.17

N =100
856 210 100 0.00 543 6.33 340 1367 554 6.12 560 583 381 1148 519 7.12
864 197 100 0.00 60.1 5.12 384 1149 614 478 o614 505 40.2 1043 56.7 5.96
871 195 100 0.00 614 488 399 1054 638 443 646 415 409 10.28 57.8 5.47
86.1 2.07 100 0.00 61.3 452 420 988 647 429 ©66.1 397 434 951 581 5.43
879 196 100 0.00 650 443 446 910 658 408 665 404 440 9.08 606 5.00
869 199 100 0.00 810 228 513 697 675 374 695 354 503 731 637 4.39
'RAN: contributions are assigned at random; PEDtridmutions are optimised for minimisirfg MOLoye: contributions are optimised for

O©OPr~,WNEFLO

O PrhWNEFLO

minimising fy,_ove MOLge: contributions are optimised for minimisirig g MOLove con contributions are optimised for minimising
fm_ove IMposing simultaneously a restriction dkfy, g MOLges con coONtributions are optimised for minimisin, g iMmposing

simultaneously a restriction @fm ove-req
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Table 2.3.Rates of pedigree\{y) and overall moleculaiAfm ov9 coancestry across generatiotyswhen applying different management
strategies (RAN, PED and MQlg) in populations of two different sizedl & 20 and 100) and using two different mutatioresa/ =

2.5x10° andy = 2.5x10°) to create the base population.

Afy, (%) Afry ov (%)
u = 2.5x10° u = 2.5x10° u=2.5x10° u = 2.5x10°
RAN" PED MOLove RAN PED MOLowe RAN PED MOLove RAN PED MOLove
N =20
2.46 1.28 2.47 245 1.28 2.69 247 1.32 0.17 257 1.31 0.20
240 1.30 1.79 239 1.30 1.97 247 1.25 1.32 245 131 1.01
244 1.30 1.73 243 1.30 1.89 2.34 1.24 1.29 2.30 1.32 1.08
252 1.30 1.70 252 1.30 1.89 255 1.30 1.40 248 1.32 1.05
246 1.30 1.75 245 1.30 1.88 240 1.35 1.50 248 1.30 1.10
239 1.30 1.81 239 1.30 1.85 236 1.28 1.47 242 1.35 1.07
N =100
0.50 0.25 0.74 0.52 0.25 1.05 0.50 0.26 -0.16 0.55 0.22 -0.40
0.51 0.25 0.50 0.48 0.25 0.69 0.50 0.25 0.23 0.57 0.25 -0.16
0.49 0.25 0.49 0.46 0.25 0.65 0.50 0.25 0.28 0.44 0.19 -0.15
0.50 0.25 0.48 0.52 0.25 0.63 051 0.26 0.31 0.60 0.27 -0.05
0.50 0.25 0.47 0.51 0.25 0.64 0.50 0.26 0.34 0.60 0.25 -0.07
10 0.50 0.25 0.46 0.50 0.25 0.58 0.51 0.26 0.37 0.47 0.19 -0.03
'TRAN: contributions are assigned at random; PED:rdmutions are optimised for minimisinfy; MOLgve:

~—

=
oU'l-bCAJI\JH

a b~ wdNPE

contributions are optimised for minimisifig ove
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(strategy RAN) or when minimisind, (strategy PED)Af, was very similar to
Afm oveLarger differences between both rates were howesbserved when
contributions were optimised for minimisinfy, ove (Strategy MOlovg). For u =
2.5x10°, Afym_ovewas lower under MOgye than under PED across all generations for
both values oN. This low mutation rate implies strong LD betwewarkers and non-
marker loci (foru = 2.5x10° the average squared correlation coefficient betwe
adjacent pairs of SNPs?( att = 0 was 0.40 and 0.21 for = 20 and 100, respectively)
and thus, an efficient management. However, witigher mutation rateu(= 2.5x10°)

LD would be weaker (0.28 and 0.13 fér= 20 and 100, respectively) and the advantage
of MOLove over PED in terms aAfy, oweiS only observed at early generations. In any
case, the level df, oin all generations when applying MQle was lower than that
observed when applying PED (data not shown). Coumiively, under strategy
MOLove, Afm ovewas slightly lower at = 1with p/ = 2.5x10° than with the lowep and

N = 20. This is probably due to the fact that théahLD was high enough with the

former value ofz and no extra benefits were observed for a lowkrevaf 1.

Table 2.4 shows the rate of molecular coancestparsgely for the targeted
regions and for the rest of the genome under giegeMOLcyr and MOlLges. The OC
method was efficient in avoiding the loss of divigrat the region(s) considered. In
fact, the rates of coancestry at the targeted nég)dook even negative values at least in
early generations. The OC method was more sucdassfeducing coancestry in a
fraction of the genome when such a fraction inatlide entire chromosome than when
included ten smaller regions located at differdmbmosomes although the proportion
of the genome for which coancestry was minimised th@ same (5%). In both cases,
the success in retaining diversity at specific sagihad undesired consequences in the
rest of the genome given that the obsem&d ove-cnraNdAfm_ove-regwere high. When an
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Table 2.4.Rates of coancestry at specific genome regifis {randAfy, o9 and at the whole genome except those regibias dye-cnriand
Afm ove-re aCross generations$) (vhen applying different management strategies IR, MOLcrr con MOLgeg and MOlLgeg_con in
populations of two different sizeBl & 20 and 100). Two different constrain@®= 1.0% and 0.1%) were imposed &fy, ove-chriaNdAfy ove-

reg When applying strategies MQLr con and MOlLgrec con respectively. The mutation rate used to createbéise population wgg=

2.5x10°.
MOLcHr con MOLRec cop
|\/|O|_C|-|RT C=1.0% C=0.1% MOLREG C=1.0% C=0.1%
t Afm chi Afm ove-chr Afm chi Afm ov-chr Afm chi Afm ov-chr Afm rec Afm overeg Afm rec Afm ovi-reg Afm rec Afm ovi-reg
N =20
1 -464 6.28 -4.33 2.27 -3.79 1.47 -2.18 3.86 -2.06 242 -1.78 1.67
2 -1.08 4.34 -1.09 2.44 -0.54 1.52 -0.39 3.22 -0.64 2.26 -0.16 1.59
3 -0.06 4.20 -0.28 2.32 -0.22 1.40 -0.33 3.31 -0.32 2.32 —-0.05 1.61
4 -0.06 4.04 0.14 2.38 0.04 1.50 -0.25 3.05 0.23 2.46 0.09 1.59
5 0.30 3.82 0.22 2.37 0.14 1.48 0.10 2.98 0.25 2.30 0.23 1.67
10 042 3.28 0.37 2.40 0.35 1.40 0.54 2.81 0.35 2.25 0.40 1.45
N =100
1 -4.69 3.43 -4.48 1.45 -4.18 0.67 -2.34 1.74 -1.93 1.30 =177 0.47
2 -1.83 1.70 -2.00 1.44 -1.94 0.65 -0.36 1.21 -0.40 1.16 -0.41 0.45
3 -081 2.17 -0.82 1.26 -0.86 0.34 -0.13 1.14 -0.17 1.12 -0.21 0.46
4 -0.67 1.32 -0.75 1.35 -0.91 0.52 -0.10 1.03 -0.07 1.05 0.17 0.43
5 -0.28 2.02 —-0.36 1.23 —-0.30 0.45 —-0.10 1.00 0.10 1.03 0.17 0.45
10 -0.20 1.44 -0.17 1.16 -0.07 0.42 0.15 0.98 0.13 0.89 0.28 0.42

"MOLcpr: contributions are optimised for minimisifig cns MOLcrr con contributions are optimised for minimisifig ¢, while restrictingAfy, ove-chr

MOLgeg contributions are optimised for minimisifig,.g MOLges con contributions are optimised for minimisifig .o While restrictingAfy, ove-reg
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extra restriction was added for avoiding an exeeskiss of diversity in the rest of the
genome (strategies MQ@Lr con and MOLrec con, the optimisation has still some
success. Note th&llfy, ove-chranNdAfy ove-regwere lower with than without the restriction
and that the stricter the constraint the lower WdFe ove-chraNdAfy ove-reg HOWEVET, the
realisedAfm ove-chrand Afy ove-regwere higher than the intended value (1.0% or 0,1%)
particularly for the smallest population size cdesed (i.e.,N = 20). In order to
investigate if this unexpected result was a consecg of a failure in the optimisation
process not finding a solution that meets the iradosestriction, we calculated the
expectedAfyn ove-chr Dy substituting the realise, ove-chr ¢+1) for the value of the
objective function ¢'Gc) that provides the optimal solution (i.&Afm_ove-chr (+1) =

(€ 1)Govenr(t)Crty = fm_ove-chity )/ (1 = fm_ove-chr) ))- By doing so, we found that the expected
Afm_ove-chr @lways met the restriction. This indicates tha¢ tbolutions from the
optimisation were valid in the sense that thosendoas optimum did, indeed, fulfil the
restriction that the expectéd, ove-chrShould not be greater than 1.0% or 0.1% (i.e., the
optimisation method performs well). This can beesbed in Figure 2.1, where results
for an additional population siz&l (= 200) was included to investigate the trend with
respect toN. Figure 2.1 shows that the difference between erpeand observed

Afm_ove-chiClearly decrease with increasiNg

In addition, another set of simulations were perfed to further investigate the
discrepancy between the observed and expettg@ve-cnr FOr N = 20 andt = 0, the
optimisation was run for obtaining the optimumto producet = 1. Then, 1,000
replicates of offspring generations (i.es5 1) were obtained using always the optimum
c. This was performed three times using three diffennitial populations, i.e., three

different populations &t= 0 (and three different optimuawvectors). Figure 2.2 shows

80



Maintaining genetic diversity at specific regiorigtte genome

Figure 2.1. Expected (dotted lines) and observed (straighgshirate of
molecular coancestry computed for the whole genoexeept for
chromosome 1/fm oveehr, IN %) in the offspring generation when the
optimisation strategy was MQhr con With a restriction on the rate of
coancestry in the rest of the genome of 0.1% faaetipopulation sizedN(=
20, 100 and 200). The specific imposed restrictiaresindicated as filled

circles.
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the results for the three sets. In all cases tlservied value fofy, ove-cnwas higher than

the expected value.

Table 2.5 shows the results for strategies M@Land MOLlove con Where

contributions were optimised for minimising overetlancestryff, ov9 With or without
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a restriction on the increase of coancestry atiBpeegions of the genome (i.e., the
strategy opposite to MQdec coy. Minimising overall coancestry lead to only manai
increases imfy g Thus, when imposing a restriction afi,_egSuch restriction needed

to be very strict€ = 0.01%) for observing a reduction in this rateconcestry. These
results show that minimising overall coancestrgffecient for maintaining diversity in
the targeted regions since these specific regiarsolir levels of diversity similar to the
rest of the genome. Restrictidd, qwas successful and did not affect the rates at the

rest of the genome.

Figure 2.2. Distribution of observed average molecular coainges the
offspring generation of three set of parents. Facheset of parents 1000
offspring generations were created using the sameenml optimised
contributions. Population size was 20, and thenoigtition strategy used was
MOLcHr_conWith a restriction on the rate of overall coanoeséstriction of

0.1%. Dotted lines indicate the targeted coancdstrgach set of parents.
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Overall coancestry
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Table 2.5. Average rate of coancestry across specific regiafis .9 and at

the whole genome except those regidkfs, (ve-red Cross generationt (vhen

applying two different management scenarios (M@Land MOLlove con in

populations of two different sizedl(= 20 and 100). Two different constraints

(C = 1.0% and 0.10%) were imposed &f, g When applying strategy

MOLove con The mutation rate used to create the base populatas (/=

2.5x10°.
MOLove con
MOLove' C=0.10% C=0.01%
t Afm_reg Afm_ove—reg Afm_reg Afm_ove—reg Afm_reg Afm_ove—reg
N=20
1 0.35 0.23 0.35 0.25 0.35 0.25
2 1.23 1.07 0.81 1.05 0.8 1.09
3 1.33 1.14 1.27 1.15 0.67 1.23
4 0.89 1.08 1.23 1.15 0.83 1.05
5 0.98 1.06 0.92 1.06 0.76 1.19
10 0.81 1.07 0.68 1.07 0.84 1.16
N =100
1 -0.48 -0.51 -0.49 -0.49 -0.49 -0.47
2 -0.15 -0.16 -0.19 -0.11 -0.16 -0.12
3 -0.18 -0.07 -0.15 -0.07 -0.19 -0.06
4 -0.05 -0.06 -0.07 -0.09 -0.05 -0.06
5 -0.25 -0.03 -0.27 -0.02 -0.29 -0.07
10 -0.05 -0.03 -0.05 -0.03 -0.02 -0.03
"™MOLove: contributions are optimised for minimisingm ove MOLove con

contributions are optimised for minimisifig o.wWhile restrictingAfy, req

Discussion

This work has shown that OC methods that make tiseotecular coancestry

calculated from dense panels of biallelic molecutarkers are efficient for minimising

the loss of genetic variability at specific genomégions. These methods are also

efficient for restricting the increase in coancgshrat occurs in the rest of the genome
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when focusing on specific regions. By includingraxtonstraints in the optimisation,
OC methods were able to mitigate this negativecefend still maintain genetic
variability at the specific regions at similar lé&véo those maintained when targeting
only these specific regions. However, contrary tatis expected under current genetic
contributions theory, the realised rate of coangastsulted higher than the restriction

imposed.

It is well known that in the absence of moleculargenealogical information,
keeping equal numbers of males and females andasdrensus sizes (i.e., equalizing
contributions) is the most appropriate proceduravimd the loss of genetic diversity. In
the present study, genealogical relationships batviredividuals of the base population
were assumed to be unknown (and individuals wesarmasd to be unrelated and non-
inbred) and thus, when minimisingf, the optimal solution was to equalize
contributions. This occurred not only at the figggneration but also in subsequent
generations given that the population remains h@megus at the genealogical level.
On the other hand, for strategies using molecut@ncestry equalizing contributions
was never the optimal solution because marker gpestallow us to distinguish
genetic relationships between pairs of individwaildh the same degree of genealogical
coancestry. In fact, strategy MQle led to lowerAfy owethan strategy PED using less
individuals with unequal contributions, especidtly N = 100 andy = 2.5x10°. This
implies that, in addition to maintaining a highewxel of genetic diversity, the use of
genomic coancestry could have some economic adyesitevhen managing genetic
conservation programmes as less animals need nmab#ained (i.e., those animals not
contributing to the next generation could be didedj and maintenance costs could be

reduced.
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As indicated above\fy, oveWas clearly lower under strategy M@Je than under
strategy PED whem = 2.5x10° was used to create the base population (Table 2.3)
This is because strategy M@l is based on realised relationships between indalgl
while strategy PED is based on expectations. Howydwe a higher mutation ratg:(=
2.5x10°) this only occurred at= 1 forN = 20 and at < 2 for N = 100. This can be
explained by the fact that = 2.5x10° led to lower linkage disequilibrium between
markers and loci where coancestry rate was meashaeds = 2.5x10°. In any case,
fm_ove remained lower across all generations with MQ@L than with PED in all
scenarios investigated and this agrees with previesults of GmMEz-RomANO et al.

(2013).

Strategies MOLknr and MOLgeg Were clearly very efficient in reducing the rate
of coancestry and therefore in maintaining divgrait a targeted region(s) (Table 2.4),
especially when the region consisted of a singléreerchromosome. The better
performance of MOgyr in comparison to MOkeg is due to the fact that the loci
located at the one-chromosome region are more lgliis&ed than those distributed
across ten different regions. The vector of contidns that minimise molecular
coancestry computed from one set of loci is likedylead to the minimisation of
molecular coancestry computed from a differento$dbci that is strongly linked to the
former. This would not be the case for sets ofnkdd loci as those located on different
chromosomes. Optimal contributions that minimisana@stry at one of the ten regions
will not necessarily minimise coancestry in thet ifsthe regions. As the algorithm has
to find an average solution for ten independenioreg this solution will probably not
be optimal for each of them and this leads to aelodiversity maintenance when

compared with the one-chromosome region scenario.
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In general, the efficiency in reducing the ratecofincestry at specific regions
was accompanied by a substantial increase in tieeofacoancestry in the rest of the
genome as it was previously described lmu&isebceet al. (2008). Our work shows
that this undesired consequence can be mitigateshjpgsing a constraint on the rate of
coancestry in the rest of genome (strategies M@®Llconand MOLgec coy. However,
an unexpected result observed when minimising #dte of coancestry at specific
regions but imposing simultaneously a restrictiorttte rate of coancestry in the rest of
the genome (strategies M@4r conandMOLrec coy Was that the realisetifm ove-chr
andAfy ove-regvere always higher than the value of the imposstticgion (i.e., 1.0% or
0.1%), particularly for the lowedt value (Table 2.3 and Figure 2.1). This was despite
the fact that the optimisation algorithm found tbptimal solution that fulfils the
restriction; i.e., that the expectadl, ove-chraNdAfm_ove-regShould not be greater than the
restriction imposed. Therefore/Gc is a biased estimator of the mean coancestryein th
next generation when using genomic coancestry ocestio perform the optimisations.
RoucHseDGEet al. (2008) also showed a clear discrepancy deivthe observed and
expected rates of molecular inbreeding. Thus, ith lmases, the application of the
theory developed using genealogical informatiomimecular estimates of coancestry
and inbreeding failed in its expectation highliglgtthus the need of revising the theory.
It should be noted that the bias is higher wheis lower and that this is the situation

where the need for managing genetic diversityransger.

Several optimisation methods have been proposednaplémented in the past
for solving the OC problem. They mainly fall intarée different categories: i) Lagrange
multipliers (MeuwisseN 1997; Gunpy et al., 1998); ii) genetic algorithms
(CARVALHEIRO et al., (2010); and iii) semidefinite programmifg§DP) approaches

(PONG-WONG & WooLLIAMS, 2007). The Lagrange multiplier approach is fast aery
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efficient, but it does not guarantee that the optimsolution will always be found
(PONG-WONG & WooLLIAMS, 2007). Also, including extra constraints undee th
Lagrange multiplier approach requires major redatcan of the equations needed to
find the optimum solution. Methodologies based emefic algorithms are very flexible
in terms of adding or removing constraints but saenpling approach in which the
method is based means that the optimality of thal fsolution is not possible to be
verified. Also, it can be computer intensive depegdn the constraints included. On
the other hand, the SDP approach guarantees thatothtion found is the optimum.
The method is also fast and flexible as extra camgs can be easily added to the
optimisation. Also, general software packages fivisg contribution problems with
SDP are already availableyfsawa et al., 2002; BRCHERS 1999; W & Boyb, 2000;

BENSON& YINYU, 2005).

The main limitation of the SDP methodology is ttie constraints and objective
functions need to be convex, which for the situatoonsidered here means that the
coancestry matrices need to be positive definitehSroperty should hold when the
genomic matrices are calculated using the methodgsed by MiaT-JAvAREMI et al.
(1997) as done here. However, in practice, it kelyi that there will be missing
genotypes for a proportion of the SNPs and thusctiacestries between each pair of
individuals can be calculated with a slightly diffat set of SNPs, which under certain
situations, may results on the genomic matrix beiog-positive definite. The problem
could be solved by adding a very small quantitaltaliagonal elements in the matrix,
so it becomes positive definite. However, the cqosaces in the optimality of the

solution when adding extra terms to the diagonalyat to be quantified.

Another potential problem which may appear is tih@ SDP implementation

requires the inverse of the genomic matrices (sggeAdix 2.1). However, inversion
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may not be possible especially when considerindlszeaomic regions. For instance, if

two sibs inherit from their common parent the sahaplotype for the region in

guestion, their relationship with the rest of trendidates will be the same and the
resulting matrix will be non-invertible. Similarlyyhen the number of SNPs available
for calculating the genomic matrix is smaller thha number of candidates, the matrix
will also be non-invertible. A solution for thisgilem could be to use the generalised
inverse of the genomic matrix or to add an extrenteo the diagonal. Further studies
are still required to determine the consequenagsofg generalized inverse matrices in

this context.
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Appendix 2.1: Formulation of the optimisation of g@etic contributions
to minimise the loss of diversity as a standard sadefinite

programming

The optimisation of genetic contributions to mirseithe increase of average
coancestry (i.e., the loss of genetic diversityei®rmulated as a standard semidefinite
programming using the same approach as that prdfns8nNG-WONG & WOOLLIAMS
(2007). However, small variations in the definitiarf genetic relationships and
refinements in the optimisation problem mean thipta¢gions representing the standard
semidefinite programming are slightly different tioat reported by &\c-WonG &
WooLLiams (2007). The purpose of this appendix is to briefgscribe the precise

reformulation of the optimisation problem usedhiststudy.

PoNnc-WoONG & WoolLiams (2007) showed that the problem of optimising
contributions can be reformulated as a standarddsgimite programming, and thereby
solved using such approach. Following the sametinat@f VANDENBERGHE & BoyD
(1996), the standard form for a semidefinite pragrang problem is:

Minimise a’x

SUb]eCt to Y > O,Y = YO + Z?:l YiXi
wherea is the vector of ‘cost’x is the vector oh variables to be optimises, is theith

element ofx, Y is a positive semidefinite matrix witlt+1 affine matrices(j, i = 0, 1,

2, ...,n). The matrix inequality¥ =0 means thaY is positive semidefinite.
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Optimisation problem 1

Following the same approach a®nNe-WonG & WooLLiams (2007), the
reformulation of optimisation problem 1 is doneipintroducing an auxiliary variable
to serve as the upper limit of the objective fumetiii) using the Shur complement to
give a linear expression to quadratic constraisulteng from introducing; and iii)
replacing the equality constraints for inequalitpes. Hence, the problem 1 is

reformulated as the optimisationwéndc to:
Minimise %

>0

-1
Subject to [G c]
C v

cs—-0.5>0
-€'s+0.5>0
cd-0.5>0
-cd+0.5>0
c>0

Then, matrixY accounting for the six constraints is a block diza matrix of the form:

[—C’s + 0.5]
[¢’d — 0.5]
[—c’d — 0.5]

[diag(c) ]

with the f + 2) affine matrices oY equal to:
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-[ G_l 0(nxl)l
O(lxn) 0
-0.5
Yo = 0.5
-0.5
0.5
[0]]
[ O(nxn) Ii
5l
Si
Y; = —S; ,(i=1,n
d;
—d;
[diag(I,)].
and
[ O(nxn) O(nxl)
0(1xm) 0
0
Yni1 = 0
0
0
[0¢uem

where the size of the first block isH1)x(n+1), the next four are 1x1 and the last one is
of sizenxn. Qjx are matrices/vectors of zeros of sjzxg, |; is theith column of the
identity matrix of sizenxn anddiag(l;) is a diagonal matrix with diagonal equallto

All elements outside the block diagonal matrices zero. Note that the formulation
described above differs from that given in equat@®nof FoONGWONG & WOOLLIAMS
(2007) by a constant value in first block Y. This is to account for the difference in
the definition of relationship matrix (i.e., heftgetrelation matrix contains coefficients
of coancestry between individuals; whilst it is deithis value for &NG-WONG &

WooLLiams (2007).
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Optimisation problem 2

Reformulation of problem 2 is similar as beforet the m extra constraints need

to be added. Hence, using the Shur complement ataifiormulation of (2) becomes:

Minimise Vv

-1
Subject to [Gc c]

c's-0.5>0
-€'s+0.5>0
cd-0.5>0
-cd+0.5>0
c0

and the matrixy is augmented to be:

[c’'s — 0.5]
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with the f+2) affine matrices o¥ equal to:

Yo

— G_l
lo(lxn)

O(nxl)l

_l GII O(nxl)l
O(Ixn) Kl

-1
b
O(Ixn)

K:

O(nxl)l

-0.5

0.5

-0.5

[diag(1;)]
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Ypi1 =

[ O(nxn) O(nxl)]
O(lxn) 0

[O(nxn) 0(nxl)
O(Ixn) 0

[0 (nxn) 0 (nx1)
O(lxn) 0

[0 (nxn) ] i

Once the optimisation has been reformulated as tandard semidefinite
programming problem, it can easily be solved usgameral purpose programmes
already available. In this study, the software SD#Fas used to solve the optimisation
problem. It is important to notice that there islight difference in the definition for
used here (i.eY =Y, + Y-, Y;x;, adopted from WNDENBERGHE & Boyp (1996) and
that used in SDPA (i.eY = =Y, + X1, Yix;, (Fuasawa et al., 2002)). Hence, from
the practical point of view, the matri%, described above needs to be multiplied-by

before it is given as input to the SDPA programme.
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The use of identical by descent segments for maintagenetic diversity

Introduction

The maintenance of genetic diversity is one of rtien objectives of genetic
conservation programs. This objective is achieved nmbaximising the effective
population size N¢) or equivalently, by minimising the rate at whicmancestry
increases in the population. Also, it is generabcepted that Optimal Contribution
(OC) methods (MuwisseN 1997; GrunDy et al., 1998; ERNANDEZ & CABALLERO,
2001) are the methods of choice for performing senchimisation. In particular, OC
methods determine the number of offspring that damebding candidate should have to
minimise global coancestry in the following genimat Thus, the coancestry) (
coefficient is a key parameter in the genetic managnt of populations. Although, in
principle, OC methods minimize the rate of coangeshey also minimize the rate at
which inbreeding increases in scenarios with randaating or in those where the level
of non-randomness is constant across generations i§ important to note as
inbreeding depression, which depends on the lefetsdoreeding and not on coancestry,

is also of paramount importance in conservatiomyms.

The current availability of high-density panels NP markers in most farm
animal species permit us to obtain more accurdimai®s of coancestry and inbreeding
than those obtained traditionally from pedigreeords. Rather than giving expected
values as pedigree-based estimates do, genomimagss reflect the realised
proportions of homozygous loci in a particular widual (inbreeding) or the realised
proportions of loci shared by two particular indivals (coancestry) Gro et al. 2014).
Different genomic estimates based on SNP genotjneee been proposed recently
including i) estimates obtained on a SNP-by-SNRsb@eJATI-JAVAREMI et al., 1997,

Toro et al.,, 2002); and ii) estimates based on ROH (RtirHomozygosity) for
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inbreeding (@soN et al., 2006) or on IBD (identical by descent) rmegts for
coancestry (Rvce et al., 2012pe CARA et al., 2013a). The use of ROH for estimating
inbreeding has been widely applied to differentfamimal species such as pigoBE

et al., 2012; BrrIELD et al., 2012; IHRRERGMEDRANO et al., 2013; &6 et al., 2013;
SAURA et al., 2015) and cattle {B.LanD et al., 2013; EReNCcAkoOvVIC et al., 2013a;
2013b; Kwm et al., 2013; 8&RacGset al., 2014). There are also examples of theofise
IBD segments for estimating coancestry in real petpns (ALBRECHTSENet al., 2009;
Cal et al.,, 2011; RcEe et al., 2011; @vprBeLL et al., 2012; Gsev et al.,, 2012;
PALAMARA et al., 2012; Bk et al., 2012; RLPH & Coor, 2013; HAN & ABNEY, 2013;
BROWNING & BROWNING; 2013) but research on the benefits of using itiesisure of
coancestry for maintaining diversity is very lindtéPrvce et al., 2012). When the aim
of the program is to maintain the highest levelglobal neutral genetic diversitpg
Cara et al. (2011; 2013a) showed, through computer lsitimms, that the most
powerful strategy was to minimize the molecularrmestry computed on a SNP-by-
SNP basis and averaged across SNPs. However, titategy also led to the
accumulation of deleterious variants in the genand, thus, to a decrease of the
population’s fitness. The use of coancestry catedldrom long segments shared by
individuals in the management of populations hasnbghown to provide a balanced
solution between maintaining neutral variation dndess levels e CArRA et al.,

2013D).

In order to obtain coancestry estimates based énd&yments, phases of SNP
genotypes need to be known. However, due to theactaistics of current genotyping
techniques phases are not available and, therdforg,need to be inferred. Although
there are many computational methods availablenter ihaplotypic phases from

genotype data (BOWNING & BROWNING, 2011), the effect of inferring haplotype phases
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on the accuracy of genomic coancestry based ons@&inents, and, by extension, on
the efficiency of genetic population managemenedam this measure of coancestry is

unknown.

The objective of this research was twofold. Fiesttimates of inbreeding and
coancestry coefficients based on genealogical momé information for three Austrian
dual-purpose cattle breeds (the Austrian Brown SwRinzgauer and Tyrol Grey
breeds) were compared. Measures using moleculamattion included those obtained
on a SNP-by-SNP basis and those calculated from Rifeeding) or IBD segments
(coancestry). Comparisons of the correspondingnestis ofN. were also performed.
Second, we evaluated through computer simulatithres efficiency of using genomic
estimates of coancestry based on IBD segments foraging the maintenance of

genetic diversity when phases need to be inferred.

Material and methods

Data analyses of cattle breeds

Genotypic data from 465 Austrian Brown Swiss (B&)9 Pinzgauer (PI) and
219 Tyrolean Grey (TG) bulls were available for tsieidy. The three breeds are
autochtonous traditional Austrian cattle breedshwdifferent histories. The BS cattle
breed census is relatively large (52,008 breedergafes in 2013, according to the
Domestic Animal Diversity Information System or DAB, hosted by FAQO) although
it was established from a small populatiord(SNER et al., 1998). The Pl and TG
breeds are smaller than BS (9,887 and 5,372 brgddmales, respectively, in 2013

according to DAD-IS).

99



Capitulo 3

Genotyping was performed using two different SNipghthe Illlumina Bovine
SNP50BeadChip v1 that contains 54,001 SNPs, andlgneina BovineHD BeadChip
that contains 786,799 SNPs. The number of animaietyped with the 50K chip was
415, 101 and 99 for BS, Pl and TG, respectivelg, #e number of animals genotyped
with the HD chip was 50, 118 and 120 for BS, PI dital, respectively. Only SNPs
common for both chips were considered for the a®asly Unmapped SNPs and those
mapped on sex chromosomes as well as monomorptis 8Nd those with more than
10% missing genotypes were excluded. The final remab SNPs used was 42,051,
40,418 and 43,015 for BS, GV and PI, respectivARer filtering the SNPs, animals

with more than 5% missing genotypes for the remgii8NPs were also removed.

Two different genomic coancestry coefficients welgtained: i) coancestry
coefficients obtained on a SNP-by-SNP basis; ando@ncestry coefficients based on
IBD segments. For a given SNP the SNP-by-SNP caaiiycbetween individualsand

j was computed a&25 ¥7_; ¥.5_, §;;, wheres;; is the allele sharing status which equals

ij
to 1 if allelei from the first individual is the same as alleleom the second individual
and to O otherwise. Then, the total SNP-by-SNP cestny between individualsandj

(fMOLL.j) was computed as the average value across all $iNRBlse genome. The

coancestry coefficient based on IBD segments betwegividualsi andj (fseci) was
calculated agsgg;j = X Zﬁizlzlz,j:l Lypp, (a;, b;) /4L, whereLgpk (&,b) is the length
of the k-th shared IBD segment measured over homologuef individual i and
homologueb of individualj, andL is the length of the genomeg(Cara et al., 2013a).
The following criteria were used to define an IBEgment: i) no more than two SNPs
with missing genotype in one or both of the induats compared were permitted,; ii) at
most, one mismatch between homologues was allonjethe minimum density was 1
SNP per 100 kb; iv) the maximum gap between corisec8NPs was 1 Mb; and v) the
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minimum length of the segment was 4 Mb. The lag¢ron to define an IBD segment
was based on the work oERENCAKOVIC et al. (2013b) who shown that when using the
50K chip, autozygosity is overestimated for segmeatiorter than 4 Mb. The inference
of phases needed to obtéiacwas carried out using the BEAGLE softwar&@/NING

& BROWNING, 2007). Each chromosome was phased independesitly A0 iterations

and the default parameters.

Pedigree-based coancestry coefficieiptd) was obtained using the R’ Tools
software (BNG-WONG, personal communication) which is based on therdalgn of
MEUwWISSEN & Luo (1992). The genealogy was constructed with all éineestors
available for the genotyped individuals and inctii&642, 2,877 and 1,830 animals for
BS, Pl and TG, respectively. Values characterizlng quality of the genealogies, in
terms of their ‘depth’ and completeness (maximuomyglete and equivalent number of
generations) for each breed were obtained fromstfevare ENDOG (GTIERREZ &

GoYACHE, 2005).

Inbreeding coefficients computed on a SNP-by-SNBisbévoL), and those
based on ROKFgrow) or pedigree Kpep) were also computed for each individual. For
individual i, FmoL was calculated aByo,, = 2fyor,; —1 andFroni was calculated as
the length of the genome ofin ROH divided by the overall length of the genome
(KELLER et al., 2011). The criteria to define a ROH wegeiealent to those used to
define an IBD segment. Genealogy-based inbreedmedficients were obtained using

the R"Tools software.

Rates of coancestry and inbreeding per year wdoallated on a SNP-by-SNP
basis {Fmovy), Afwory) and based on ROH or IBD segmentsdony), Afseay))

Annual pedigree-based ratés6epy), Afpepy)) Were also computed. Rates of change in

101



Capitulo 3

fwoL, fsec andfpep per year Afuovy), Afseqy) and fpeny)) were computed by regressing
the natural logarithm of (11 f) for each pair of individuals on year of birth.eltlopes

of these regressions are approximately equakfévory), —Afseqy) and —Afpepy)
(HINRICHS et al., 2007). Rates of change in coancestry peemtion AfyoL, Afsecand
Afeep) were calculated aAfvory), LAfsec(y) and LAfpep(y), whereL is the generation
interval that was calculated as the average agigegbarents at the time of birth of their
offspring. Equivalent rates of change in inbreedney generationNFvoL, AFronand
AFpep) were obtained in the same wdsinally, the effective population size was
calculated from the rate of change in coancestrygpaeration adle yvor) = 1/2AfvoL,

Ne tseq = /2AfsecandNe (pep) = 1/2Afpep and from the rate of change in inbreeding

per generation d‘sie_F(MOL) = 1/2AFMO|_, Ne_F(ROH) = 1/2AFROHand Ne_F(PED) = 1/2AFPED.

Computer simulations

Stochastic computer simulations were carried outvaluate the efficiency in
maintaining genetic diversity when using estimgibédses to compute coancestry based
on IBD segmentsféec g in comparison with using the true phasésd ). Real
genotypes of BS bulls were used to create the pagelation. The sex of the animals
was randomly assigned but assuring that half of ghenals were males and half
females. Samples of two different sizBs5 20 and 100) were taken at random from the
whole BS genotypic data set (i.e., from the 415otyred animals) to establish the base
population for each replicate. Phases$ at0 were estimated using all 465 BS animals
available (rather than just the 20 or 100 animaisukated) in order to increase the

accuracy of haplotype phases estimates(BiNG & BROWNING, 2011).

From the base population, 10 generations of manageaimed at minimising

the loss of genetic diversity were simulated. Figtails on how generations were
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created are given in @ez-RomaNO et al. (2013). The management objective was to
optimize contributions of candidates for minimisiogerall coancestry under different
strategies (see below). Once the contributions wptenized, matings between selected

breeders were at random.

The OC problem was formulated as to mininca®c, subject tac’'s= 0.5,c'd =
0.5 andc; > 0 wherec is the vector of genetic contributions of the adatks,® is the
coancestry matrix, anslandd are vectors containing flags that indicate the ciethe
candidates, witls = 1 if candidate is a male and O if it is a female, atié 1 — s. The
optimization method followed was the semidefinitegramming approach described in
detail in PNGWONG & WooLLiavs (2007) and implemented using the software SDPA

(Fuaisawa et al., 2002).

Management strategies differed in the type of cesing matrix used in the
optimization: i)® containing coancestry coefficients based on IB@sents computed
from real phases; or i containing coancestry coefficients based on IBPnsents
computed from estimated phases. Genomic coancestaee calculated using all SNPs
that met the quality control criteria describedvwasly (i.e., 42,051 SNPs). At> 0
real known simulated phases or estimated phases wsxd. The accuracy of the
reconstruction of haplotypes was evaluated thrabghswitch error rate (SER) that is
defined as the number of switches required to olitee true haplotype phases from the
estimated phases divided by the number of heteoteylgci in the genotype minus one

(STEPHENS& DONNELLY, 2003).

In order to compare the performance of differematsgies in maintaining
diversity, averagédprep, fuoL, fsec_tandfseg_gand their corresponding rates of increase

per generation/fpep, AfwoL, Afsec_tand Afseg g respectively) were calculated each
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generation. The number of individuals that contouto the offspring generation and
the variance of contributions were also calcula#gadh generation. Each management

scenario was replicated 100 times and results axgeged across replicates.

Results

Table 3.1 summarises pedigree information and tamber of genotyped

individuals for each cattle breed as well as edesafN, obtained from genomic or

Table 3.1. Generation intervall( in years), number of animals in the
pedigree Nped, Number of animals genotypedyé), maximum Gmay),
complete Geom) and equivalentGeqy NUMbers of generations, and effective
population size computed from rates of coancediy(or inbreeding
(Ne_p for the three cattle breeds. Rates of coancestdyinbreeding were
computed from genomic data on a SNP-by-SNP baslss¢siptMOL) or

from IBD segments (subscriBEQ or from pedigree data (subscriRED).

Breed
Brown Swiss Pinzgauer Tyrolean Grey
L 6.64 6.77 6.81
Nped 5,642 2,877 1,830
Ngen 465 219 219
Grmnax 4.68 2.48 7.11
Geom 1.52 0.88 1.92
Gequ 2.50 1.44 3.46
Ne_gmoL) 26.24 83.93 60.68
Ne (seg 26.52 98.47 63.29
Ne_{pED) 35.68 108.51 57.27
Ne rmoL) 31.90 83.93 92.94
Ne_FROH 41.60 111.9 87.41
Ne_rpED) 51.57 98.47 83.43
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genealogical data. The degree of completenesscbf genealogy did not correlate with
the number of individuals in it. For example, theadlest pedigree (corresponding to

TG) showed the highest maximum, complete and etgnvaumber of generations.

The generation interval was very similar for theethbreeds. The highest annual
rates of increase in both coancestry and inbreederg observed for the BS breed (data
not shown). Consequently, BS showed the lowgststimates. For a particular breed,
similar estimates df were obtained from the three different inbreedimgpsures. This
was also the case wheR estimates were obtained from coancestry coeffisidexcept

for genealogical estimates for R, swas always lower thaN.

Table 3.2. Intercept &), regression coefficientb] and correlation r{
between different coancestrf) or inbreeding k) coefficients for the three

cattle breeds

Breed
Brown Swiss Pinzgauer Tyrolean Grey
Regression of a b r a b r a b r

fsee on fuwo. 0.67 036 098 066 039 094 0.66 0.37 0.99
frep on fuwo. 0.69 0.33 085 0.66 033 084 0.66 0.35 0.95
frep on fsgg 0.06 091 085 0.02 09 091 0.02 0.92 0.96

Fron on FyoL 0.71 0.32 0.95 0.7 0.34 0.85 0.71 0.3 0.94
Frep on Fyor 0.73 0.34 0.64 0.7 039 065 0.71 0.26 0.68
Fpep on Froy 0.06 1.00 0.62 0.02 091 0.70 0.02 0.83 0.70

foen: pedigree-based coancestiys.: genomic coancestry computed on a SNP-by-
SNP basisfsec genomic coancestry based on IBD segmdiss: pedigree-based
inbreeding;FyoL: genomic inbreeding computed on a SNP-by-SNP bésis:

genomic inbreeding based on IBD segments.
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The correlations between different coefficientscofincestry (Table 3.2) were
very high for the three breeds (they ranged fro84 @o 0.99), especially those between
the marker-based coefficients that were always drighan 0.90. The correlations
between both marker-based coefficients of inbregdiare also very high (they ranged
from 0.85 to 0.95). The lowest correlations weresth between genealogical and

marker-based inbreeding coefficients that rangenh9.62 to 0.70.

When predicting a particular coancestry (inbreedingeasure from another
measure, the ideal situation (i.e., the perfectlipter) would produce a regression line
with intercepta = 0 and slopé = 1. Intercepts far from zero and slopes far frame
were observed for the regressionsfigh (Fpep) on fuoL (Fmol) for the three breeds.
This is a reflection of the fact that SNP-by-SNPaswes reflect both IBD and IBS
while genealogical measures reflect only IBD. Canily, regressions involving
pedigree and segment-based measures showed i$ectege to zero and slopes close
to one. This indicates that the lattés=gand Frop) reflect IBD well despite of being
calculated from molecular information. Althouddicand Fron predict wellfpep and
Frep, respectively, the accuracy of the predictions wigher for coancestry than for

inbreeding as reflected in the correlations shawhable 3.2.

Table 3.3 shows the simulation results for the rganeent strategy aimed at
minimising the genomic coancestry based on IBD ssgsmwhen they are obtained
using true or estimated phases. Ror 100,Afsgg_twas negative in the first generation
and close to zero (but still negative) in subset@emerations when usirfgegs 1 0r
fsec_g It is remarkable that, for this population sitgc was lower at the end of the
management period than in the base generatioom&istig phases rather than using the
true phases when managing the population for mgingicoancestry lead to negligible

losses in diversity (0.05% at the end of the precesorN = 20, rates of coancestry
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were always positive in all generations. tAt 1, Afseg_twas lower when management
relied on real phases than on estimated phasésywas expected. Rates of coancestry
using real or estimated phases were more similap dt, which could be explained by
the fact that the correlation betwefgas randfsec e(0) increases with increasirigand
the SER value decreases with increadingfter ten generations of management the
average coancestry values were almost identicahwiseng real or estimated phases

(the difference was of 0.3%).

Table 3.3. Average coancestry coefficientésgs 5 in %) and rates of
coancestry Afsec v in %) based on true IBD segments when true or
estimated phases are used in the optimization fgulations of two
different sizes ). The correlation betweefyec rand fseg e (0) and the

accuracy of the phasing process (SER) are alsemezh

True phases Estimated phases

t P SER fsec 1 Afsec v fseec v Afsec T
N=20

0 0.882 0.194 9.16 - 9.16 -

1 0865 0.178 9.22 0.07 9.37 0.23
2 0890 0.157 9.85 0.69 10.05 0.75
3 0916 0.136 10.47 0.69 10.69 0.71
4
5

0.935 0.118 11.04 0.64 11.27 0.65
0.949 0.103 1161 0.64 11.84 0.64
10 0975 0.058 13.90 0.48 14.21 0.49
N =100
0 0.989 0.033 7.30 - 7.30 -
1 0.996 0.013 495 -2.54 5.01 -2.47
2 0.996 0.012 478 -0.17 4.84 -0.17
3 099 0.011 462 -0.18 4.67 -0.17
4 0.996 0.011 448 -0.15 4.53 -0.15
5 0.996 0.010 436 -0.13 4.41 -0.13
10 0.996 0.010 3.94 -0.06 3.99 -0.06
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Given the values of SER, the good performance efntanagement that used
estimated phases is a reflection of the accuratlyeofeconstruction. In our simulations,
SER values always decreased over generations=At SER was very low fdd = 100
(3%) and much higher fd¥ = 20 (20%), although this latter figure decreaspdo 6%

att = 10 (Table 3.3).

Discussion

The first objective of this study was to compare theasure of coancestry based
on IBD segments with other genomic measure (hawmdyncestry calculated in a SNP-
by-SNP basis) and with the genealogical coancektsyng data from three Austrian
autochthonous cattle breeds, coancestry and inbigeeglstimates based on IBD
segments and ROH, respectively showed to be gotichagers of genealogical
coancestry and inbreeding. This could be a refiaadif the fact thaflsegis a measure of
the realised IBD coancestry in contrast witfo., that mixes both IBD and IBS
coancestries and is then a poor estimatdggf A second objective was to explore the
suitability of coancestry coefficient based on IBEgments for maintaining diversity in
conserved populations, taking into account the that calculation of this kind of
coancestry requires estimating SNPs haplotypic gghas real scenarios. Simulation
results showed that the levels of diversity achieusingfsgs from inferred or true

phases were very similar when optimising contritnusi

Using data from the three cattle breeds we fourat thtes of change in
coancestry and inbreeding and the correspondingstimated from genomic (SNP-by-
SNP or IBD segments) and pedigree information werg similar, as expected AGRA
et al., 2013). Therefore, when the aim is to descthe evolution of the populatid

any of the measures used here are equally usefoépE for pedigree-based estimates
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for PI, values foNgs were consistently lower than those fés, which suggests that
matings between close relatives have been avoiudidei three breeds. The exception
for Pl could be simply a consequence of the quatitythe pedigree information
available for this breed that was clearly the Iawas it is reflected in the maximum,
complete and equivalent number of generations.ldWweN. found for the three breeds
in the study is compatible with heavy use of fevesiin selection (BiIcHARD et al.,
1997). The even loweN, of BS, despite of having a higher current popalatsize,
could be explained by the origins of the breed thas founded from a very small

number of animals (@KNER et al., 1998).

The slope (close to one) and intercept (close twm)zef the regression of
pedigree-based coefficients on coefficients based RODH (inbreeding) or IBD
segments (coancestry) suggest that these molegidasures are good predictors of
pedigree-based measures and that they reflectBbestatus well. These results are
similar to those found in previous studies for ammtry (RODRIGUEZRAMILO et al.,
2015) and for inbreeding @(LErR et al., 2011; ErRencAakoviC et al., 2013a). The
advantage of IBD segment (ROH) estimates over peelibased estimates is that they

reflect realised coancestries (inbreeding) rathan expected values.

Although several studies have indicated that it ibdae beneficial to employ
molecular-based coancestries in the managemenopilations to reduce the loss of
diversity in conservation and selection programg.(Be CARA et al., 2011; EGELSMA
et al., 2011; SNESsoONet al., 2012; GMEZ-RoOMANO et al., 2013; SURA et al. 2013),
there is an important issue that requires discas$Strategies leading to higher genetic
diversity can also lead to a decrease in fitnegsrgthat maintaining diversity implies
maintaining deleterious alleles. In this contexgvious studies showed that although

the use offyoL. computed from dense SNPs panels is the bestggréde maintaining
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neutral diversity g CARA et al., 2011; Gmez-RomaNoO et al., 2013), it also leads to
reduced values of fitness in the population CArRA et al., 2013a). Usinfyec has been
suggested to be a suitable strategy for achievingalance between maintaining
diversity and fitnesspg CaArA et al., 2013b). The same conclusion can be ertlact
from the study of Rvce et al. (2012) who found that the usefgic calculated from
relatively small segments was as useful as theotisgo_ for controlling the rate of
inbreeding in dairy herds, but led to a reductidntiee occurrence of deleterious

homozygotes due to recent inbreeding.

The drawback of usinfyecis that phases need to be estimated. There arg man
methods to estimate haplotypic phases from SNPtgees, of which coalescent-based
methods and hidden Markov models are the most émtju used (BowNING &
BROWNING, 2011). BEAGLE is a hidden Markov model based métthat allows us to
perform genome wide scale phasing without beingplizigme consuming. The switch
error rate (or its complementary measure switchuramy rate) is usually the most
informative metric to measure haplotypic phase ammu (BROWNING and BROWNING,
2011). The accuracy achieved in inferring phaseewlgs on several parameters, among
which the number of individuals available is ondled most important. SER values for
different phasing methods in the literature areallguower than 5% for populations of
at least 1,000 individuals ®wWNING & BROWNING, 2011). In the present study we have
considered much smaller populatiods< 20 andN = 100). Notwithstanding, foN =
100 figures for SER were similar to those previgudgscribed for larger populations.
This was not the case for thE= 20 scenario for which SER was up to 20% in thss f
generation of management. However, in all cases 83E&eased quickly across

generations (0.058 at 10).
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The relatively high accuracies of estimated phdsesto high correlations
(especially forN = 100) between true and estimated coancestry eceatrand very
similar results in maintaining diversity in the silations performed. These results
suggest thatsgg calculated using inferred phases is an effici@a@ncestry measure to
be used for maintaining diversity. Although phases$ = O still had to be estimated,
starting from real genotypes of BS bulls provide thdvantage of making less
assumptions about the distance between markerslicalirequencies or linkage
disequilibrium than those if genotypes were sinedatThis leads to a more realistic

base population than that obtained when genotygesimulated.
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Discusion general

El desarrollo de las plataformas de genotipadovoa$e polimorfismos de un
solo nucledtido (SNPs) en los ultimos afios ha tleva la necesidad de realizar una
re-evaluacion de la utilizacién de marcadores gevgen los programas de seleccién
y de conservacion. En esta tesis se han evaluddmemties aplicaciones de estas
herramientas genomicas en la gestion de la divadsignética y en el control de la
consanguinidad en programas de conservacion. Eaptulo 1 se demuestra que el
uso de informacién molecular para minimizar la pEdde diversidad mediante la
optimizacién de contribuciones de los reproductopesmite mejorar los resultados
obtenidos con la informacién genealdgica. Resuftatibesta investigacibn muestran
gue la densidad de SNPs necesaria para que l@mgeéstipoblaciones que utiliza el
parentesco molecular iguale la variabilidad geaét@ntenida a través de la gestion
gue utiliza el parentesco genealdgico Bs SNPs/M. En el Capitulo 2, se demuestra
gue la informacion gendmica permite mantener (Rigacaumentar) la diversidad en
regiones especificas del genoma de manera muyergfciy restringir al mismo
tiempo la pérdida de diversidad en el resto debgen En el Capitulo 3 se muestra
gue el parentesco gendmico calculado a partir dgmeetos IBD refleja
efectivamente identidad por descendencia, con latajge frente al parentesco
genealdgico, de permitir conocer la proporcion cetacdel genoma compartido por
dos individuos en lugar de disponer solo de unnedperado. Ademas, se demuestra
gue la necesidad de estimar las fases gaméticasoptaner el parentesco basado en
segmentos IBD no lleva consigo una pérdida en lea@h de la gestion de
poblaciones que utiliza esta medida de parentesztara de mantener la diversidad

genética.

A lo largo de esta tesis se han empleado dos tipgsarentesco basados en

informacion molecular: uno calculado SNP a SRRy otro basado en segmentos
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IBD (fsed. Mientras qudsgg esta en la misma escala que el parentesco obtanido
partir del pedigri féep), fsnp €sta a una escala diferente y su magnitud es mucho
mayor que la désgc 0 frep. Ello se debe a que mientras due; basicamente refleja
IBD, fsyp no discrimina IBD de IBS. En el pasado, se de#larom una variedad de
métodos para corregir por la identidad en la paiabase y poner aséne en la
misma escala qu&ec 0 frep (TORO et al., 2002; ®ro et al., 2014). Este tipo de
correcciones son frecuentes por ejemplo, en eegtmtde las evaluaciones genéticas
(VANRADEN, 2008), donde frecuentemente parentescos obteaiduentir de datos
gendmicos tienen que combinarse con parentescesidbs con datos genealbgicos
(no todos los candidatos han sido genotipadospry|gptanto, tienen que estar en la
misma escala. El problema con estas correccionequesestadn basadas en las
frecuencias alélicas de la poblacion base, que alotente son desconocidas. Por
ello, en la practica, se utilizan frecuencias estias en la poblacion actual. Esto no
constituye ningun problema si el nimero de genenasi que han pasado desde la
poblacién base hasta la actualidad es relativanpaafeenio y 9N es grande. Cuando
esto no es asi, las estimas de parentesco corsegidalen resultar muy sesgadas y
fuera del espacio paramétrico (negativag).CarRA et al. (2011) evaluaron dos de
estas correcciones YNCH & RITLAND, 1999; QIEHOEK et al., 2006) en el contexto de
la conservacion de la diversidad genética y enaoonr que la utilizaciéon del
parentesco corregido en la metodologia de las ibontones Optimas lleva a una
heterocigosidad (esperada y observada) menor quslifmcion del parentesco sin
corregir snp. Ademaspe CaArA et al. (2013b) demostraron que la optimizacion de
contribuciones utilizanddsyp lleva a una diversidad mayor que aquella utilizand
fsec En cualquier caso, las correlaciones efiey frep (TORO et al., 2002; ErROY et

al., 2009; Bura et al.,, 2013, €os et al., 2014) y entrésnp Y fsec (RODRIGUEZ
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RamvmiLo et al., 2015) son altas, siempre que el numeronagcadores sea

suficientemente alto.

Las comparaciones llevadas a cabo entre las distmedidas de parentesco
(frep, fsnp Y fse@ provienen de simulaciones estocasticas dondeupass un
escenario neutral en el que los loci no estan adest por seleccion. Asi pues, bajo
esta suposicion, no existe variabilidad en eficdwaogica. Sin embargo, bajo un
escenario mas realista, donde existe una acumnlad& alelos deletéreos, las
estrategias de manejo que llevan a una mayor diaerpueden también llevar a una
menor eficacia biologica de la poblacién puesto lqueresion de seleccion sobre los
alelos deletéreos esta disminuida CArA et al., 2013a; 2013b). Recientememte,
CArA et al. (2013a) han evaluado el uso del parentestculado a partir de
marcadores SNP en un escenario de seleccion, suglondos modelos mutacionales
muy diferentes: el modelo clasico de MukaiuMi et al., 1972) que supone que
existen muchas mutaciones deletéreas de efect@ifp@eguun modelo alternativo que
supone pocas mutaciones de efecto grandBa(CERO & KEIGHTLEY, 1994; GRCIA-
DorAaDO & CaBALLERO, 2000). Bajo este udltimo modelo, la optimizacioe d
contribuciones utilizanddsne NoO llevd consigo una pérdida de eficacia biologica
porque al ser el efecto de las mutaciones sufemeahte grande, éstas pueden ser
purgadas por la seleccion. Sin embargo, bajo elelbodle Mukai, la mayor
diversidad obtenida a partir de la optimizacion qtikza fsyp frente a la que utiliza
feep fue acompafada por una pérdida mayor de la edidaologica. Con el objetivo
de conseguir un balance entre la diversidad yita@h biolégica mantenidas en la
poblacion se han propuesto diferentes estrategla€ARA et al., 2013a; 2013b). De
todas ellas, la estrategia que proporciona un miegdance es utilizafsgg pero

calculada solo con segmentos largos. La razonlddaetonstituiria el hecho de que
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la consanguinidad reciente (relacionada con segadatgos) es mas perjudicial que
la consanguinidad ancestral (relacionada con sepsecortos) puesto que la
depresion consanguinea causada por esta uUltimadidopser purgada. Esto se ha
podido comprobar de manera tedricaRGiA-DORADO et al., 2008; 2012) y también
en poblaciones reales, por ejemplo para el tamaftachada en ratonesdt et al.,
2005; HNRIcHs et al., 2007) y para produccién de leche en ganadono (Rvce et
al., 2014). Utilizando sélo los segmentos largoelkemanejo de las poblaciones, se
podrian evitar ROH largos en la descendencia y,l@danto, la expresion de la

depresion consanguinea.

Para especies domeésticas de interés econémicq @@sdo vacuno, ovino,
porcino y caballar asi como en salmon) existenayeeles densos de SNPs (decenas o
cientos de miles de SNPs) a nivel comercial. Estemel caso para especies para las
gue el beneficio econdmico del desarrollo de eptseles no esta tan claro. Sin
embargo, es esperable que conforme la tecnologiacada vez mas barata, estos
paneles densos de SNPs seran desarrollados pa&eiesspo comerciales pero de
interés en cuanto a la conservacion de los recuso8éticos. Por ello, es necesario
determinar de antemano la densidad de SNPs regueara poder realizar el manejo
de las poblaciones de estas especies de formargéaion el objetivo de mantener su
diversidad. Ryce et al. (2012) compararon la eficacia de dos chipsdiferente
densidad (aproximadamente 3.000 y 50.000 SNPs) qmargiolar el incremento de
consanguinidad, utilizando estrategias de aparedosieen una muestra de toros
Holstein. El rendimiento de ambos chips fue muyegpiaio, sugiriendo la posibilidad
de que para este objetivo en concreto seria masahle el genotipado de animales
con el chip de menor densidad. Esto no es sorpnén@® esta raza, que, a pesar de

ser numeéricamente muy grande (millones de animaleartidos por todo el mundo)
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muestra uNe relativamente bajo (del orden de 100 animalegptanando éste se ha
estimado a partir de datos genealdgiCORXBIERSTONE & GODDARD, 2005; HLL,
2010) como cuando se ha estimado a partir de d@&todmicos (RDRIGUEZRAMILO

et al., 2015). En el Capitulo 1 de esta tesisasgemostrado que la densidad de SNPs
necesaria para mantener diversidad genética tarabiéslativamente baja. De hecho,
por encima de 500 SNPs/M, el aumento en la densidatharcadores tiene que ser
muy grande para que se observe un aumento apeecigblla heterocigosidad
mantenida. Este rendimiento decreciente observa@mmaentar la densidad de los
chips de SNPs también se ha observado en el cordextas evaluaciones genémicas
en cuanto a la precision de las estimas de logeslmejorantes (%BERG et al.,
2008). Sin embargo, en este caso la densidad des &Bétsaria para obtener un
beneficio por utilizar los marcadores en lugar @& denealogias es mayor que para
mantener diversidad.0BBeRG et al. (2008) observaron que la precision de &sres
mejorantes seguia aumentando con una densidad @eSB®s/M (la maxima

densidad considerada en el estudio).

La optimizacion de las contribuciones en esta tesisido llevada a cabo para
minimizar la tasa de parentesco y por tanto, pasximizar EH. Una estrategia
alternativa seria optimizar las contribuciones paaximizar AD, que representa otra
medida de diversidad genética. Es conocido quedpuesta a largo plazo depende
fundamentalmente de la riqueza alélica inicial (@mero de alelos por locus que
segregan en la poblacién al principio del procesectivo) (AMES, 1971; HLL &
RABASH, 1986) y por lo tanto, AD determina el potencialatlaptacion a largo plazo
de una poblacién. Hay que hacer notar qeeNBNDEZ et al. (2004) comprobaron,
simulando marcadores de tipo microsatélite, queetdsategias que maximizan EH

también mantienen niveles de AD tan altos comoelstsategias que maximizan
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especificamente AD. En el mismo sentido, en edtedesse muestra que el empleo
de SNPs para mantener EH también mantiene alteteside AD. Por otra parte, un
estudio reciente, realizado a través de un expatormnDrosophila melanogaster
simulaciones por ordenador, indica que poblacie@sticas obtenidas maximizando
AD muestran una respuesta a la seleccion a coatzp pjual o mayor que aquellas
obtenidas maximizando EH (s, 2014). Sin embargo, este resultado puede estar
condicionado por el numero de loci controlandoagbcter seleccionado y el nimero
de marcadores usados para calcular la diversidade&esario por tanto explorar con
mas profundidad si se debe priorizar AD o EH enplmggramas de conservacion. En
el caso concreto de los SNPs, que son marcad@iédidns, esta medida de variacion
alélica, definida como el numero total de alelosede ser cuestionada. Una
alternativa, que merece ser investigada serialealms parentescos moleculares y la
propia diversidad alélica a partir de haplotiposudenimero variable de SNPs para
aumentar el grado de polimorfismoeEzFIGUEROA et al., 2012). La forma éptima

de construir haplotipos de SNPs es, sin embarguodecida.

Ademas de la mayor cantidad de diversidad mantegiga se consigue
utilizando medidas de parentesco molecular en $tiGgede poblaciones, el uso de
estas medidas aporta una ventaja adicional cuaadmmmpara con el parentesco
genealdgico y ésta radica en que el numero deithaig Optimo para producir la
siguiente generaciéon es menor tal y como se denaugstel Capitulo 2. Cuando no se
dispone de informacion (genealdgica o moleculagyipr sobre los individuos de la
poblacion de partida, se asume, tal y como ocurreuestras simulaciones, que los
individuos no son consanguineos ni estan empam@tafin este escenario, la
solucion oOptima cuando se utiliza el parentescoegiégico en la gestion de la

poblacion es la igualacion de contribucionesr(fANDEZ et al., 2003). Esta solucion
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sigue siendo la Optima en generaciones posterjpregue desde el punto de vista
genealdgico la poblacibn es homogénea (todos Id&iduos tienen el mismo

parentesco promedio con los demas individuos geléacion). Sin embargo, cuando
se dispone de informacion molecular en la pobladémpartida, las relaciones entre
individuos se pueden estimar a partir de los gpostde los marcadores, por lo que
igualar contribuciones no es la mejor opcion cuaselatiliza el parentesco molecular
en la gestion. El uso de informacion molecular &pogntonces una ventaja
econdémica, por ejemplo en programas de conservaociomivo, puesto que se

consigue mantener al menos la misma cantidad dersithad pero manteniendo
menos individuos, lo que implica un ahorro en gaste alimentacion, sanidad e

instalaciones.

A lo largo de esta tesis, una vez optimizadasdagribuciones de los posibles
reproductores segun el criterio particular usadacaa caso, los apareamientos se
han realizado aleatoriamente. Sin embargo, se godplantear esquemas de
apareamientos alternativo&. priori (al menos para una generacion), la cantidad de
diversidad genética transmitida no depende deldgapareamiento, pero este ultimo
si afecta los niveles de consanguinidad generdtlogpareamiento entre individuos
emparentados produce a corto plazo un rapido irem@nen el coeficiente de
consanguinidad por lo que, en la gestion de pai&s animales, la idea general ha
sido evitar en la medida de lo posible los apareatos consanguineos. Si bien es
cierto que, a largo plazo, la tasa de consangunies& menor si se fuerza el
apareamiento de parientes @@dliams & Bima 2000), la amenaza para la
supervivencia de la poblacion debida a la deprestirsanguinea que se observa a

corto plazo, hace que su uso no sea recomendaladeedictica.
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Existe una gran cantidad de literatura cientifichre diferentes sistemas de
apareamientos no aleatorios. La mayoria de ellgsamusieron en el contexto de los
programas de selecciéon con el objetivo de contedlamcremento de consanguinidad
sin que esto llevara consigo una reduccion imptetate la ganancia genética
(CaBALLERO et al., 1996). Entre las estrategias propueststackn el disefio factorial
(WooLLiavs, 1989), apareamientos de minimo parentesardTet al., 1988) y
apareamientos compensatorioag@l LErO et al., 1996). En un disefo factorial cada
reproductor se aparea con mas de un individuo tlel sexo. En el caso extremo
(factorial completo), cada macho se aparea corstladahembras y cada hembra con
todos los machos. Para un numero fijo de familiaaaas y en comparacion con el
disefio jerarquico, los apareamientos factorialearciun mayor niumero de familias
de medios hermanos y un menor numero de familiashetenanos completos,
llevando asi consigo una menor consanguinidad. pafemmiento compensatorio
consiste en ordenar los individuos seleccionadasada sexo en base a su parentesco
promedio con el resto de los individuos de la pdbla apareando el macho mas
emparentado con la hembra menos emparentada yicsiveamente. Este sistema
tiene efecto en programas de mejora al mezclavithebs de las familias muy
representadas debido a su elevado valor mejorantéendividuos de familias menos
representadas para paliar asi el efecto de lacé@he@aumento del parentesco entre
los individuos seleccionados). En programas de erwasion este sistema no tiene
efecto, ya que no existe selecciéon artificial gaeofezca el uso de animales muy
emparentados para mejorar un determinado cardersu parte, en el sistema de
apareamientos de minimo parentesco, tal y como sanmmmbre indica, se minimiza
el parentesco promedio de los animales apareadsis.sé garantiza la minima

consanguinidad promedio en la descendenc@ae&oN & MEeuwisseN (2000)
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demostraron que en programas de mejora este sisterague, para la misma tasa de
consanguinidad, una mayor respuesta genética cpieapareamientos aleatorios.
FERNANDEZ & CABALLERO (2001) también recomendaron el sistema de apagetosi
de minimo parentesco en el &mbito de la consemaeidnque las diferencias entre
los distintos sistemas comparados fueron muy pegueBn los estudios que
componen esta tesis, el énfasis se ha puestoreanéénimiento de la diversidad més
gue en los niveles de consanguinidad. Es por elle gsperariamos que, en
consonancia con lo que ocurrié en los estudiogianteente citados, las conclusiones
generales se mantendrian con esquemas de apareanoealeatorio. En cualquier
caso,DE CARA et al. (2013b) comprobaron que, una vez que ladribaciones
optimas han sido determinadas, la influencia d#ésia de apareamiento, tanto en la
diversidad genética mantenida como en los nivelescahsanguinidad y eficacia
biolégica, es muy reducida. Existe ademéas un pnobleon la implementacion
estricta de estos sistemas y es que podria seil didspetar las contribuciones
optimas obtenidas a partir de la minimizacion daleptesco promedio, dadas las
restricciones fisiol6gicas de la mayoria de lazeigs que se gestionan. Una solucién
a este problema podria ser realizar todo el progasutribuciones y apareamientos)
en un solo paso mediante la metodologia denomitidte Selection” en la que se
optimiza el niumero de hijos a obtener de cada wndos apareamientos posibles

(ALLAIRE, 1980; MITH & ALLAIRE, 1985).

El desarrollo reciente de métodos de secuenciad®mueva generacion
(NGS, del inglés Hxt-Generation Sequencindpa permitido obtener informacion
mucho mas precisa sobre el genoma que la obtenpdatia de los chips de SNPs.
Mientras que estos ultimos soélo incluyen las vaesrmmas comunes, las secuencias

incluyen también las variantes raras (aquellasagpagecen en una frecuencia menor
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del 1% en la poblacion), unas variantes que allenga gran parte de la variabilidad
genética de las poblaciones, asi como todas lasciones causales @dLeop et al.,
2014). Los métodos NGS {Mizker, 2010), desarrollados en un primer momento para
su uso en humanos, se han comenzado ya a aplicbiétaen especies domésticas
tales como aves NTERNATIONAL CHICKEN GENOME SEQUENCING CONSORCIUNM, 2004)

y ganado vacuno (Eik et al., 2009) y porcino (&ENEN et al., 2012) asi como en
especies salvajes fRum et al.,, 2013). A partir de NGS se puede incrementa
rapidamente la cantidad de SNPs disponibles parasipecie. Sin embargo, segun se
ha observado en el presente estudio, el aumenit efeciencia en el mantenimiento
de diversidad es cada vez menor cuando se alcaleresrdades altas de SNPs. En
vista de estos resultados, podria ocurrir queceeimento de la densidad en especies
para las que ya se han desarrollado chips dens@N\&s no se tradujese en una
mejora para esta finalidad. En el mismo sentidoestdio reciente realizado en el
contexto de la mejora genética indica que no sereasun aumento apreciable en la
precision de los valores mejorantes genémicos auaaditilizan secuencias en lugar
de chips de SNPs comerciales en poblaciones déitaefactivo reducido (McLEoD

et al., 2014). Ello puede ser debido a que el LBeydo suficientemente alto entre
SNPs vy el resto de loci del genoma como para quisfzonibilidad de secuencias
mejore el rendimiento. En cualquier caso, el usosédeuencias permite detectar
variantes estructurales (inversiones, inserciondsleciones, duplicaciones vy
translocaciones) y reordenamientos de segmentdsodds cromosomas, por lo que
pueden ser una alternativa de gran utilidad endesturelacionados con la
caracterizacion y conservacion de diversidad gemé{ALLENDORF et al., 2010;
NArRum et al.,, 2013), asi como para detectar con mayecig6n regiones de

homocigosidad (Bsseet al., 2012). Una ventaja importante de las setas es que
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permite evaluar directamente los polimorfismos @néss en regiones codificantes y

gue pueden estar relacionadas con procesos sekectiv

Hemos visto que la creciente disponibilidad derimiacion molecular debida
al desarrollo de la gendmica en todo tipo de espeba servido para desarrollar
nuevas y potentes herramientas que tienen utilgld el mantenimiento de la
diversidad genética. Aunque todavia quedan aspeds implementacion de las
herramientas gendmicas que deben ser exploradamagor profundidad antes de
gue puedan ser usadas de manera habitual en pasgyrden conservacion (por
ejemplo, el control preciso de las restriccionda tasa de parentesco deseado), en
esta tesis hemos comprobado que la informacion aulale proveniente del
genotipado masivo de SNPs puede reemplazar adamation genealdgica y a los
marcadores moleculares desarrollados previamente, lae optimizacion de

contribuciones para minimizar la pérdida de laakitidad genética.
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Conclusiones

Cuando se utiliza el parentesco molecular paranigdr las contribuciones, una
densidad de I8. SNPs/Morgan es suficiente para mantener al memasisma
heterocigosidad esperada que la mantenida utilizanfbrmacién genealdgica.
Esta densidad es inferior a la de los chips de SR¥esarrollados para especies

de animales de granja y se espera que pronto seagrara especies salvajes.

En general, para el desarrollo de nuevos paneleSNies con el objetivo de
utilizarlos en el mantenimiento de la diversidadhélzca, se deberia considerar

adecuada una densidad cercana a los 500 SNPs/Morgan

El uso del parentesco molecular en la optimizad®mcontribuciones, conseguida a
partir de programacion semidefinida, permite faealiel mantenimiento de la
diversidad en regiones especificas del genoma.dibdo permite ademas incluir

restricciones sobre la pérdida de variabilidad gea&n otras regiones del genoma.

Existe la necesidad de refinar la teoria de lantipticion de contribuciones cuando
se utilizan matrices genémicas para incluir adeaogghte las restricciones sobre la

tasa de parentesco en el modelo.

El parentesco calculado a partir de segmentos IBDna herramienta atil para el
mantenimiento de diversidad genética. La eficaciaek mantenimiento de la
diversidad genética mediante la optimizacion dectadribuciones que utiliza este
tipo de parentesco es muy similar cuando las fgaeeticas son conocidas sin
error que cuando son éstas son inferidas utilizdondoalgoritmos actualmente

disponibles.
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Conclusions

. When using molecular coancestry in the optimisatibnontributions, a density of
3N SNPs/Morgan is enough for maintaining at least g8@mme expected
heterozygosity than that maintained when using gegeal information. This
marker density is lower than the density of mosPSthips already available for

farm animals and it is expected to be achievedvitat species in the near future.

. In general, when developing SNP chips for new gseaith the aim of maintaining
genetic diversity, a marker density of around 508PSMorgan could be

considered as adequate.

. The use of molecular coancestry in the optimisatdncontributions achieved
through semidefinite programming, allows us to fcum maintaining diversity in
specific regions of the genome. The method alsmwallto include restrictions on

the loss of diversity in other genomic regions.

. There is a need of refining the theory of genetmtebutions when genomic
matrices are used in order to adequately includgrickons on the rate of

coancestry in the model.

. The coancestry coefficient computed from IBD segmes a useful tool for the
maintenance of genetic diversity. The efficiencymaintaining genetic diversity
through the optimisation of contributions that usi@s type of coancestry is very
similar when true gametic phases are known withembr or when they are

inferred.
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Lista de abreviaturas y simbolos empleados en lasie

Abreviatura Significado

oC Optimizacion de contribuciones.

SNP Polimorfismo de un sélo nucleétido.

Ne Censo efectivo.

M Morgan.

IBD Identidad por descendencia.

IBS Identidad en estado.

ROH Tramos de homocigosidad.

EH Heterocigosidad esperada.

OH Heterocigosidad observada.

AD Diversidad alélica.

f Coeficiente de parentesco.

F Coeficiente de consanguinidad.

Af Tasa de parentesco.

AF Tasa de consanguinidad.

LD Desequilibrio de ligamiento.

d Densidad de marcadores.

N Censo poblacional.

t Generacion.

u Tasa de mutacion.

r? Coeficiente de correlacion entre pares de SNPgaalrado.

RAN Estrategia en la que las contribuciones se dec@tenar.

PED Estrategia de optimizacion que minimiza la thsa
parentesco genealdgico.

MOLove Estrategia de optimizacion que minimiza la tasa de
parentesco molecular en todo el genoma.

MOLchr Estrategia de optimizacion que minimiza la tasa de
parentesco molecular en el cromosoma 1.

MOLRec Estrategia de optimizacion que minimiza la tasa de
parentesco molecular en 10 regiones de 1 cM caala un
localizadas en 10 cromosomas diferentes.

MOLove con Estrategia de optimizacion que minimiza la tasa de
parentesco molecular en todo el genoma mientras se
restringe la tasa de parentesco en cada una agibDes
de 1 cM localizadas en 10 cromosomas diferentes.

MOLcHr con Estrategia de optimizacion que minimiza la tasa de

parentesco molecular en el cromosoma 1 mientras se
restringe la tasa de parentesco en el resto dehggen
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MOLRec_con

fp
1:m_ove

fm_chr

1:m_reg
fm_ove-chr

fm_ove—reg

Af,
Afm_ove

Afm_«:hr
A1:m_reg

Afm_ove-reg

Afm_ove-chr

BS
TG
Pl

FmoL
Fron

Frep
fmoL
fsec

frED
fsec E

Estrategia de optimizacion que minimiza la tasa de
parentesco molecular en 10 regiones de 1 cM caala un
localizadas en 10 cromosomas diferentes mientras se
restringe la tasa de parentesco en el resto dehgen

Parentesco genealogico.
Parentesco molecular en todo el genoma.

Parentesco molecular calculado en el cromosoma 1.

Parentesco molecular promedio calculado en 1@megide
1 cM cada una, localizadas en 10 cromosomas difsgen

Parentesco molecular calculado en todos los lam o en
aguellos localizados en el cromosoma 1.

Parentesco molecular calculado en todo el genoepex
en aquellos localizados una porcion de 1M dividida 0
regiones de 1 cM localizadas en 10 cromosomasedifes.

Tasa de parentesco genealdgico.

Tasa de parentesco molecular en todo el genoma.

Tasa de parentesco molecular en el cromosoma 1.

Tasa de parentesco molecular calculado en unagpode
1M dividida en 10 regiones de 1 cM localizadas @n 1
cromosomas diferentes.

Tasa de parentesco molecular calculado en todeneinga

excepto en aquellos localizados una porcion de iiddida

en 10 regiones de 1 cM localizadas en 10 cromosomas
diferentes.

Tasa de parentesco molecular calculado en todeneinga

excepto en el cromosoma 1.

Brown swiss, raza de vacuno austriaco.
Tyrolean grey, raza de vacuno austriaco.

Pinzgauer, raza de vacuno austriaco.

Consanguinidad molecular calculada SNP a SNP.

Consanguinidad molecular calculada a partir de dsade
homozigosidad.

Consanguinidad genealdgica.
Parentesco molecular calculado SNP a SNP.
Parentesco molecular calculado a partir de segra¢BD.

Parentesco genealdgico.

Parentesco molecular calculado a partir de segra¢BD
utilizando fases gaméticas inferidas.
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fsec 1

Afsec e

Afsec 1

SER
Ne_f

Parentesco molecular calculado a partir de segra¢BD
utilizando fases gameéticas conocidas.

Tasa de parentesco molecular calculada a partir de
segmentos IBD utilizando fases gaméticas inferidas.

Tasa de parentesco molecular calculada a partir de
segmentos IBD utilizando fases gaméticas conocidas.

Tasa de error en la inferencia de fases gaasétic

Censo efectivo calculado a partir de la tasa denpesco.

Censo efectivo calculado a patrtir de la tasa de
consanguinidad.
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