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RESUMEN
En Uruguay, se ha seleccionado de forma divergemsepoblacion Corrriedale en

base a la diferencia esperada en la progenie paa&o de huevos por gramo de
materia (DEP de HPG) logrando lineas R y S. Enredgnte trabajo, 54 Ry 44 S
fueron seleccionados para ser genotipados con iEleOMP50 en base a valores
extremos de DEP de HPG y un coeficiente de paremtesomedio menor a 0,04.
Asimismo, se secuencié el genoma completo (WGS$)oddes de 4 animales Ry S
respectivamente, y se realizé el secuenciado coamplel RNA mensajero de los
tejidos blanco y potencialmente relacionados (maiaes yeyuno, duodeno, ileon,
abomaso y nodos linfaticos abomasales). Para cdmaprel desempefio del
OvineSNP50, 3 poblaciones fueron genotipadas (Merihl0, Corriedale=108 y
Criollo=10). La estructura poblacional y las disas genéticas, fueron calculadas
mediante el programa STRUCTURE, analisis de computeseprincipales (PCA) e
indice de fijacion (Er). Se tomaron como SNP raza especificos a los spaban
fijados de forma diferencial en cada raza. Un aowjude 18.181 marcadores del
OvineSNP50 fueron suficientes para explicar lauettra poblacional de las tres
razas mediante el STRUCTURE y PCA. Las razas MeyiQmrriedale presentaron
89.4% y 86.9% de SNP polimoérficos respectivamentang distancia genética
moderada. Sin embargo, Criollo mostré niveles d& 69 una distancia genética
mayor (Fksr=0,17 para las dos razas). Asimismo, los nivelespdemorfismo
detectados con el OvineSNP50 lo harian una herrdanépta para llevar a cabo otro
tipo de estudios (por ejemplo estudios de asociqcibos analisis de PCA y
STRUCTURE mostraron la estructura de las lineasrdentes Corriedale (54 R y
44 S genotipados), mostrando una distancia genétmderada (& =0,042). Se
identificaron 8 regiones gendmicas como asociadadBE® de HPG mediante
regresiones simples. Estas fueron evaluadas eltedgtacias al WGS de cada linea
y RNA-seq. De esta manera se identificaron nueveseg candidatos y se
identificaron nuevos SNP.

Palabras clave: ovinos, parasitos, OvineSNP50, Rbf\-secuenciado de todo el

genoma.
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Identification of single nucleotide polymorphisnsasiated with resistance to
gastrointestinal parasites in Corriedalle sheep

SUMMARY
In Uruguay, divergent selection lines have beeretiged since 1998 in Corriedale

sheep, based on expected progeny difference fal égg count (EPD FEC), leading
to R and S lines. In the present study, a tot&4oR and 44 S sheep were selected by
extreme values of EPD FEC and inbreeding coeffiqied.04) to be genotyped with
the OvineSNP50 BeadChip. Two whole genome sequerfeiGS) were performed
from pooled DNA of 4 R and 4 S individuals and semptome sequencing (RNA-
Seq). Six libraries of mMRNA were performed of péesstarget tissues and related
ones (jejunum mucosa, duodenum, ileum, abomasunmabochasal lymph nodes),
and mapped all together. In order to test the €vMP50 performance, three breeds
(Merino n=110, Corriedale n=108 and Creole n=10yewgenotyped using the
OvineSNP50 beadcHip Genetic diversity was evaluated by the minor lalle
frequency (MAF) comparison between the three breBdgpulation structure and
genetic distance were assessed using STRUCTURtwageft principal component
analysis (PCA) and fixation indexdfj. Fixed markers (MAF=0) that were different
among breeds, were identified as specific breeckensr Using a subset of 18,181
SNPs, PCA and STUCTURE analysis were able to eaxglapulation stratification
within breeds. Merino and Corriedale showed 89.4% &% of polymorphic SNPs,
respectively, and adfr of 0.08 between them. In contrast, Creole onlynsth69%
polymorphic SNPs and a larger genetic distance ftwrother two breeds {=0.17
for both breeds). Levels of SNP polymorphism cdugdsufficient to carry out other
studies. PCA and STUCTURE analysis were able téagxpopulation stratification
within the Corriedale divergent lines (54 R and 34enotyped) and a moderate
genetic distance @=0.042). Association regression analysis indicatgphificant
association for 8 genomic regions to EPD FEC. Theg®ns were deeply evaluated
by combining WGS and RNA-Seq. Novel candidates gemere indentified, some
of them were showing expression and new SNPs wsoedascribed.

Keywords: ovine, parasites, OvineSNP50, RNA-seqpWgenome sequencing.
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1 INTRODUCCION

1.1 PRODUCCION OVINA EN URUGUAY

Actualmente en Uruguay existe un stock aproximeddo7,5 millones de
cabezas ovinas distribuidas en 24000 estableciosefireccion General De
Servicios Ganaderos (DI.CO.SE), 2011). La produccidna (carne, lana y cuero)
es el cuarto sector de exportacion del Uruguay (bksi et al, 2005),
convirtiéndose en un rubro de alta importancia ésooa y social para el pais. En
consecuencia, existen mas de 50.000 puestos @gatidibectamente ligados al rubro
ovino (ej. esquiladores, transportistas, obrerodilés, obreros de la industria

carnica, servicios conexos, etc.) (Montassal, 2005).

1.2 PARASITOS GASTROINTESTINALES EN URUGUAY

En Uruguay, al igual que en el resto de las aempladas del mundo, las
parasitosis gastrointestinales (PGI) causadas @mdtodos constituyen una de las
principales limitantes sanitario-econdémicas pargnaduccion ovina en sistemas

pastoriles (Perrgt al, 2002).

Las condiciones climaticas dadas en Uruguay, maraaabilidad de mayor
o menor intensidad en la parasitosis por nematoglastrointestinales, pero
dificilmente se registran periodos prolongadosefibde desafio parasitario. Estas
caracteristicas determinan un amplio nimero de ce&peparasitarias con una
prevalencia notoriamente mayor Haemonchus contortu@Nari et al, 1977). Un
estudio realizado en Uruguay por Nat al. (1977) muestra la prevalencia de
nematodos adultos que parasitan animales de r@dddargo del afio y donde la
presencia délaemonchus contortuss la més alta (43%) ocupando el segundo lugar
el géneroTrichostrongylusspp (38%). El impacto econémico de las PGl esté dad

tanto por el costo que significan la prevenciorrataimiento de estas infecciones,



como por las pérdidas productivas que ocasionampobilidad y mortalidad de los
animales infectados (Sykes, 1994). El control dediasitosis ha dependido en gran
medida del tratamiento antihelmintico, sin embaggte ha llevado al desarrollo de
resistencia por parte de los parasitos a los qosnidilizados y la consiguiente

pérdida de efectividad.

1.3 EVALUACION GENETICA PARA HPG Y NUCLEO CIEDAG-SUL.

El método mas difundido en Uruguay para la idaatifion de ovinos
potencialmente resistentes es el recuento de hysamogramo de materia fecal
(HPG). Para este analisis, se extraen dos muestrasateria fecal de infecciones
parasitarias desarrolladas en forma natural y spordiente a dos ciclos parasitarios
independientes, separados entre si por un trateoraatihelmintico; obteniéndose el
HPG 1y 2 respectivamente.

En nuestro pais, el HPG es incluido en las Evanas Genéticas
Poblacionales de las razas Merino y Corriedale,t&cmiose anualmente con
estimaciones del valor genético de los animalesa@s$ de las DEP (Diferencia
Esperada en la Progenie) para HPG. En ambas razdmrs estimado valores
moderados de heredabilidad (0.18) (Ciappesbai, 2010, Castellst al, 2002), lo
que permitiria progresar genéticamente medianecaéh. Sin embargo, es dificil
incluir este caracter en los programas actualemejera, dado que la obtencion de
registros fenotipicos requiere permitir la expregi@ la enfermedad en los animales.
Esto implica pérdidas econdmicas para los cabaflepms ende, reticencias de los

mismos a la toma de registros.

Esta caracteristica ha sido incluida en las ecalnas genéticas de la raza
Corriedale desde el comienzo en el afio 1994. Em dasta informacion se forma en
el afio 1998, el nucleo resistente a PGl en el Gendi Investigacion y
Experimentacién “Dr. Alejandro Gallinal” (CIEDAGel Secretariado Uruguayo de
la Lana (SUL), ubicado en Cerro Colorado, Departamde Florida. Posteriormente



en el 2003 se comenzd la seleccion divergenteadarigen a la linea susceptible.
Actualmente el nucleo estd compuesto por 150 @ergn la linea resistente (R) y
100 en la susceptible (S), encarneradas cada arib-6acarneros de cada linea. El
anico criterio de seleccion empleado todos los &%k DEP de HPG en la recria.
Ambas lineas son manejadas en conjunto, permitidedesta manera la evaluacién
genética. Las tendencias genéticas obtenidas ranegtra clara divergencia entre

ambas lineas (Castells y Gimeno, 2011).

1.4 SELECCION ASISTIDA POR MARCADORES: SNP

Para caracteres dificiles de medir, como la mstst a enfermedades, la
identificacion de marcadores moleculares asociadasariacion del caracter resulta
especialmente util, ya que su aplicacion en esgsietea seleccion asistida por
marcadores o MAS (de su sigla en ingl¥&rker Assisted Selectipriacilita la
identificacibn de animales resistentes directamemtgartir de sus genotipos,
aumentando la eficiencia de la seleccion (Beuzkeml, 2000). Sin embargo, la
aplicacion de MAS para caracteristicas complejasgdtado limitada por la pequefa
proporcion de la variacion fenotipica que explidanrmayoria de los marcadores
moleculares identificados (Kempeftral, 2011, Hayes y Goddard, 2001).

La secuenciacion de genomas de varias especigeratido identificar
polimorfismos de nucleétido simpl&ifigle Nucleotide Polymorphisms, SNEstas
variaciones son las mas comunes en las secueneiddNé. Su abundancia y
distribucion en los genomas, y las nuevas tecnasogapaces de genotipar miles de
SNP a la vez, han hecho a estos marcadores uraariienta por excelencia para los
estudios de asociacion y seleccion genomica (S@g(i Jin, 2009). La aplicacion
mas impactante de esta tecnologia en el mejoramggriético animal es la SG,
donde se considera esta gran cantidad de informacadecular para caracterizar la
variacion genética total de los individuos. En alggi casos, esto resulta en una

estimacion mas exacta del mérito genético en amsrjavenes y en una mayor tasa



de ganancia genética en comparacion con la MASsgliccion clasica (Meuwissen,
2008; Schaeffer, 2006).

1.5 GENOTIPADO MASIVO DE ALTO RENDIMIENTO DE SNP

Las tecnologias de genotipado masivo de alto meedio (BeadChip),
fueron puestas a disposicion de los investigadenes| afio 2005 por la compafia
lllumina. Las primeras plataformas lanzadas poa estpresa fueron desarrolladas
para su aplicacion en seres humanos; sin embargta actualidad existen para
numerosas especies. Recientemente se desarrol® lparespecie ovina el
OvineSNP50 Beadchip (lllumina), con 54,241 SNP wgoa distancia promedio de
46 kb entre cada marcador. Este chip, fue creadmmeuinto por varios organismos
como parte del International Sheep Genomics CansorflISGC). El OvineSNP50
Beadchip ha sido utilizado por el ISGC en 64 radasovinos, mostrando su
efectividad (OvineSNP50 Datasheet - lllumina, 2010)

Sin embargo, pocos estudios de asociacion en easactomplejos realizados con
este tipo de tecnologias, han logrado explicafegite de los SNP sobre un fenotipo
(Hayeset al, 2010).

1.6 TECNICAS DE SECUENCIADO DE PROXIMA GENERACION (NGS)
SECUENCIADO DEL GENOMA COMPLETO (WHOLE GENOME
SEQUENCING) Y SECUENCIADO DEL RNA (RNA SEQUENCING,
RNA-SEQ)

En términos generales, el DNA gendémico completofragmentado en
pequeiios segmentos los cuales son ligados a adeggadpara luego ser
secuenciados de forma aleatoria y simultanea (RPatal, 2011). El resultado
primario de las NGS son secuencias cortas (50 apa®@s de bases continuas)

llamadasreads las cuales son unas de las mayores limitantesstie tecnologia,
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debido a los grandes volumenes de datos y congsecoente de sus requerimientos
informaticos. El tamafio de est@ads es un aspecto extremadamente relevante para
la cobertura (Wangt al, 2010), la cual se define como el nUmeraeBdsque se
solapan unos con otros en una regidbn gendomica iispecPara lograr un
ensamblado preciso de las secuencias es criti@nebiuna cobertura suficiente
(Wanget al, 2010).

Estas tecnologias pueden ser utilizadas para celeseiadode novode
genomas o para el re-secuenciado de una muesfpartcular y su consiguiente
ensamblado con un genoma de referencia. En laligetdial mayor uso de las NGS
en el estudio de caracteres complejos, involucréddatificacion de SNP y su
posterior asociacion con el fenotipo de interés/{alliams y Zeggini, 2011).

Las tecnologias de secuenciado de préxima gepnaraban provisto
oportunidades sin precedentes para la investigamaomica incluyendo el perfil de
la expresion génica, anotacion de genomas, destebto de pequeiios RNA y
deteccion de expresion diferencial (Bentley 200@ntro de los diferentes enfoques,
el secuenciado del RNARNA sequencing, RNA-seg$ un método nuevo muy
poderoso para mapear y cuantificar transcriptopesnitiendo analizar la expresiéon
global en diferentes tejidos. Recientemente, eStaida ha sido utilizada para
detectar SNP, de forma eficiente y precisa, eroreg de transcriptos de diferentes

especies (Morirt al, 2010).

El RNA-Seq utiliza la tecnologia de secuenciado af® rendimiento
desarrollada recientemente. A grandes rasgos, obiaqon de RNA (RNA total,
fraccionado o mensajero) es convertida en librediagragmentos de cDNA con
adaptadores unidos a uno o ambos extremos. Ca@autaylcon o sin amplificacion,
es luego secuenciada a alto rendimiento desdetuemex §ingle end sequencing
ambos pair end sequencing obteniendo en esta etapa lemds Generalmente,
estos tienen un tamafo de 30 a 400 bp dependientivtdcnologia de secuenciado
utilizada. Losreadsresultantes son ensamblados entre si para forordigs los

cuales son luego alineados contra un genoma decmefa. De esta manera se



obtiene la estructura de la transcripcion del ¢efidalizado y/o diferentes niveles de
expresion de los genes obtenidos (Wenhal, 2010).

1.7 HIPOTESIS

La variabilidad genética existente tras 10 afiosedieccion divergente en la
poblacion Corriedale, puede haber tenido como tedmildiferentes mecanismos
para la resistencia y susceptibilidad a pardsissrgintestinales. La variabilidad
genética anteriormente mencionada, podria debeeganes gendmicas que fueron
seleccionadas a favor y en contra para el carantestudio, llevando consigo la
diferencia a nivel de marcadores moleculares da¢réneas en estudio. Dichos
marcadores con efecto sobre la poblacion podriatietectados con las técnicas
planteadas en el presente trabajo.

1.8 OBJETIVO GENERAL

A partir de la identificacion de SNP asociadoa &ekistencia/susceptibilidad
a parasitos gastrointestinales mediante el gerdwipamasivo, se determinaran
regiones gendmicas que podran ser evaluadas eltedgtacias al resultado del
secuenciado gendmico completo y el RNA-seq. Estogara una mayor resolucion
de estas regiones, permitiendo determinar un maymero de SNP potencialmente

asociados al caracter en estudio.

1.9 OBJETIVOS ESPECIFICOS

» Evaluar el desempeiio del OvineSNP50 en tres poinl@sicomerciales
locales Corriedale, Merino y Criollo: frecuenciaéliaas, estructura

poblacional, diferencias genéticas entre razas.



Identificar SNP asociados a la resistencia a PGlianée el genotipado

masivo en Corriedale.

Determinar regiones gendémicas que podran ser eladien detalle gracias al
resultado del secuenciado genémico completo y é\-Ré&y, obteniendo

como resultado nuevos SNP y genes candidatos lpeaeaeter en estudio.

Obtener un set de marcadores moleculares candigatagliagnosticar la

R/S a PGI en ovinos de la raza Corriedale en Ugua
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2.1 ABSTRACT
The aim of this study was to investigate the gendiversity within and between

three breeds: Corriedale, Merino and Creole. SHeam three breeds (Merino
n=110, Corriedale n=108 and Creole n=10) were ggect using the lllumina
OvineSNP50 beadchip Genetic diversity was evaluated by the minor lalle
frequency (MAF) comparison between breeds. Popmuastructure and genetic
distance were assessed using STRUCTURE softwareigal component analysis
(PCA) and fixation index (§7). Fixed markers (MAF=0) that were different among
breeds, were identified as specific breed markgssng a subset of 18181 SNPs,
PCA and STUCTURE analysis were able to explain fadjmn stratification within
breeds. Merino and Corriedale showed high leve[sobfmorphism (89.4% and 86%
of polymorphic SNPs, respectively), and a modegdaetic distance @=0.08)
between them. In contrast, Creole only 69% polymiarNPs and a larger genetic
distance from the other two breeds{0.17 for both breeds). Hence, a subset of
molecular markers present in the OvineSNP50 isrinébive enough for breed

assignment and population structure analysis offrgeeroial and Creole breeds.



2.2 INTRODUCTION

Natural and artificial selection processes in ddimoeanimals took place in a
relatively short period of time (10000 years) (Ze@908) leading to a wide range of
phenotypes with large genetic differences betwemreds (Kijaset al., 2009).
Genomic information and the vast databases of pmlghisms that are available,
provide a unique opportunity to study loci that &ender selection between breeds
in this recent history (Haye=t al, 2008; Floriet al, 2009). Several genomes have
been sequenced providing the information to idgnt$ingle nucleotide
polymorphisms (SNP) (Ding and Jing, 2009), whioh lie most common variations
in DNA sequences. Their abundance, genome-widdkdisbn, and availability of a
large number of commercial platforms for High-Thgbput SNPs genotyping, make

SNPs an ideal marker for different genomic stud@ag and Jin, 2009).

The OvineSNP50 beadcfifOvineSNP50), which was developed by lllumina in
collaboration with the International Sheep Genom@snsortium (ISGC), is a
genome-wide genotyping array for the ovine genohhés beadchip contains 54,241
SNPs which were chosen for being uniformly wideadracross the ovine genome
(with an average gap size and distance of 50.9nkb4® kb, respectively) and for
their high levels of polymorphism in the evaluabededs. These SNPs were tested in
more than 75 economically important sheep breedh®&ySGC. The chip features
autosomal, mitochondrial and sex-linked SNPs (CsiMie50 Datasheet - lllumina
2010).

The information provided by the OvineSNP50 has mapyplications such as
identification of quantitative trait loci, genomade association studies (GWAS),
characterization of genetic variability among bieegenomic selection and genetic
comparison between breeds (Alanhal, 2011; Kijaset al, 2009). Differences in

genotyping results reported among breeds (Kgjeal, 2012) may have unfavourable
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effects on these applications (i.e. contributiorpopulation stratification to generate

false positive results in GWAS; Kempet al, 2011). For that reason, many studies
have focused on the evaluation of the genetic @gtaiss and substructure within

livestock populations in GWAS (Zenget al, 2007). Given the current efforts on

developing GWAS in sheep populations, the aim o $hudy was to investigate the

genetic diversity and population structure withimdaamong Corriedale, Merino and

Creole breeds, using the OvineSNP50.

2.3 MATERIALS AND METHODS

2.3.1 Selected animals

Data of 228 animals were analyzed including 98 iédale and 100 Merino lambs,
and 10 sires of each of the three breeds includettis study. Corriedale lambs
belong to divergent selection lines for resistaneersus susceptibility to
gastrointestinal parasites, developed by the UrymueSecretariat of Wool (SUL)
(Castells and Gimeno, 2011). Merino lambs werecsedefrom the Fine Merino
Nucleus, located at the Experimental Station Tamulo of the National

Agricultural Research Institute (INIA) of Uruguayéntossiet al, 2005).

In order to minimise the relationship in the dataséerino and Corriedale lambs

with average relatedness coefficient value (AR)dothan 0.04 were selected. The
AR values were calculated using ENDOG v4.6 softw@atiérrez and Goyache,

2005). Similarly, 10 Corriedale and 10 Merino sitleat were not related for at least
two generations were genotyped. Finally, 10 Creoles were selected from the San
Miguel National Park in Rocha, Uruguay. Since theme no pedigree records of the
Creole flock, selection criterion was based on mézing the observed phenotypic

variation (wool colour and presence of one or taogpof horns).
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2.3.2 DNA extraction, genotyping and quality control

DNA was isolated from blood samples and then ggueatyusing the OvineSNP50.
Only samples that presented call rates higher 84 were considered for further
analysis. Likewise, SNPs with call rates lower tH@0P6 were removed. Only
autosomal markers were evaluated, to avoid X chemme heterozygosity between

females and males.

2.3.3 SNPs frequencies

Allele frequencies were calculated with SVS Goldielix software for each breed
to assess the OvineSNP50 performance. Rare amndl dikedes were determined by
the minor allele frequency (MAF), with MAF valueswer than 0.01 and O,
respectively. Highly polymorphic alleles were thaggh MAF values between 0.3
and 0.5. In this way, a comparative analysis watopaed to identify which SNPs

were fixed or polymorphic in each breed's genome.

2.3.4 Genetic population structure

Subdivisions between and within the populationsewevaluated with the linkage
model of the STRUCTURE software version 2.3.3 (ardet al, 2000), using a
range of possible clusters (K) from two to ninenfans of 10000 iterations after a
burn-in period of 10000 iterations were performeddach K. Most probable K was
identified by theAK method (Evanncet al, 2005). Population structure was also
inferred by principal components analysis (PCAfrthe marker data (Pattersen
al., 2006). The genetic distances between breeds vadcalated using the Fixation
Index (Fs7) (Weir and Cockerman, 1984), which assess thectedtuin genotypic
heterozygosity. This parameter can range from gavogenetic divergence between
the subpopulations or from the ancestral populatiorone (complete isolation of the

subpopulations from each other and the overall [adjom). Moderate and large
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distances are those in the ranges gf \alues from 0.05 to 0.15 and 0.15 to 0.25,
respectively.

The subset of autosomic SNPs used in these ang&ERUCTURE, PCA anddy)
for each breed were in moderate linkage disequilibr(r'<0.4), with MAF>0.01,
were not in Hardy Weinberg equilibrium and common the three breeds. These

criteria were applied to identify informative molgar markers for each breed.

2.4 RESULTS AND DISCUSSION

2.4.1 Genotypes and quality control

Most samples (96.9%) presented call rates higlaar 8%. Only seven samples had
lower call rates and therefore excluded from thalyais. Overall, 107 Corriedale,
104 Merino and 10 Creole samples were used forpteeent study. Despite the
differences among the three breeds, our resultsvesthahat OvineSNP50 had a
coverage similar to the expected in the desigrhefldeadchip (average gap size of
50.9 kb, OvineSNP50 Datasheet - lllumina 2010)wa#l as a good genotyping
quality given the high sample and marker call rgfesble 1). Although neither
Corriedale nor Creole were included among the ggmat breeds in the validation

(OvineSNP50 Datasheet - lllumina 2010), the resméise promising.

Currently, not all SNPs in public databases havenbelidated and their levels of
polymorphisms are unknown for many sheep breedwmdtbeen previously reported
a low genotyping performance of the OvineSNP50an-acommercial sheep (Miller

et al, 2011). However, in this study the OvineSNP50 stmbwimilar coverage and

genotyping quality in Creole sheep and commeraieddls (Table 1).
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Table 1. Number of autosomal SNPs (52413) for each breeld watl rate higher
than 90% and SNP and genomic coverage (averagarghpensity) given by the
OvineSNP50 beadchip.

SNP with CR>90%  Average Gap (Kb) Density (Kb)

Corriedale 48,862 50.46 50.67
Creole 51,287 50.56 50.77
Merino 49,955 50.55 50.76

2.4.2 Fixed SNPs

The number of fixed markers varied among breeds watlues of 874, 1449 and
13790 SNPs for Corriedale, Merino and Creole sheegpectively. Ninety three
percent of Corriedale SNPs with MAF=0 were in commvath Creole sheep and
69% with Merino. In Merino, 90% of the fixed moléaumarkers were also fixed in
Creole sheep. Comparing the three breeds, there avéotal of 585 fixed SNPs in

common (Figure 1).

Figure 1.Venn diagram showing fixed SNPs (MAF=0) (a.) in gwayan Creole (1),
Merino (2) and Corriedale (3) sheep.
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Figure 1 shows there were 99, 99 and 11190 fixedPsShhat were unique for
Corriedale, Merino and Creole, respectively. Theasalecular markers could be
useful when it comes to assign either breed idewiitthe proportion of a certain
breed in a given animal. Wiggaes al. (2010) reported that a set of 622 SNPs is
being used to determine breed identity, as oneistédpe quality control process for
the USDA genotype database for dairy cattle (~2@hamorphic SNPs for each
breed). In pigs, Ramast al. (2011) searched for breed specific SNPs in fivaeelts
(Duroc, Landrace, Large White, Pietrain and WildaBo In this case, a breed
specific marker was defined as a SNP for which @ne alleles was detected only
in one breed (a fixed SNP). A total of 193 SNPsrfrihe PorcineSNP60 beadchip
were confirmed by Ramoat al. (2011) as being breed specific and then validated
using 490 animals of the five breeds. Four breesigament validation tests were
performed and the results indicated that for althods tested, 99% of the animals
were correctly assigned. In this way, fixed SNPribin this study as breed specific
for Corriedale, Merino and Creole sheep could ludsr breed identification after

the validation in an independent group of animals.

2.4.3 Frequencies of polymorphic and very polymorphic SNB

The percentages of polymorphic SNPs (MAF>0.01) emesin Merino and
Corriedale breeds were 89.4% and 86%, respect{Jelgle 2). However, only 69%
of the SNPs were polymorphic in Creole sheep. Highblymorphic SNPs
(MAF>0.3) by breed follow a similar trend to polympbic SNPs. The results in
Table 2 revealed that 50.1% and 50.9% of highlymolrphic SNPs were observed
in Corriedale and Merino animals, respectively. dontrast, Creole had lower
number of highly polymorphic SNPs (36%; Table 2).
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Table 2. Minor allele frequency (MAF) of Corriedale, Meriamd Creole. All
referring to autosomal SNPs shared by the thresdsreMin and Max are the
minimum and maximum MAF values. SD: standard dewmmat

MAF
Alleles Min Max  Median Mean SNPs
All 0.00 050 0.28 0.27 48,862
Corriedale Rare 0.00 0.01 0.00 0.00 2,150
High polymorphic 0.30 0.50 0.40 0.40 24,484
All 0.00 050 0.29 0.27 49,955
Merino Rare 0.00 0.01 0.00 0.00 1,715
High polymorphic 0.30 0.50 0.40 0.40 25,449
All 0.00 050 0.20 0.19 51,287
Creole Rare 0.00 0.01 0.00 0.00 14,056
High polymorphic 0.30 0.50 0.40 0.39 18,447

In general, Corriedale and Merino breeds had heyels of polymorphism. These
results for Merino were expected because it wasidiec in the design/validation of
the OvineSNP50. Moreover, the results obtained anivd and Corriedale (Table 2)
were similar to those observed in the six breedwa@si, Merino, Poll Dorset,
Romney, Scottish Blackface and Texel) sequencedngluthe OvineSNP50
development (Gutiérrez-Gét al, 2012). The 50 Merino animals that were used in
the beadchip design showed 1.3% and 48.5% of ratéhghly polymorphic SNPs,
respectively. In addition, highly polymorphic arate SNPs percentages in the other
commercial breeds ranged from 37.8% to 47.1%, aB#b30 13.9% respectively
(Gutiérrez-Gil et al, 2012), supporting the results presented in owdys
Nevertheless, there were more rare SNPs in Urugulexino than in the Merino
subsample analysed by Gutiérrez-@il al. (2012). In the case of the Corriedale

breed, although it was not directly consideredhia design, it is a composite breed

16



that resulted from the crossbreeding between Meamb Lincoln (Mendoza, 1968).
High levels of polymorphisms were also reportedGaytierrez-Gilet al (2012) for
four Spanish breeds with the OvineSNP50. They fotlrad 95.6 to 98.5% of the
SNPs were polymorphic and 46.5% to 50.6% were figblymorphic. These values
are slightly higher than those found in Merino dbdrriedale, probably because
Gutiérrez-Gilet al. (2012) included all SNPs, not only the autoso8MdPs.

Animals used in this study were selected using mimn AR as selection criterion,
which could have contributed to the high percentafygolymorphic markers by
avoiding highly related and inbred animals. The WRy be a useful tool at the time
of designing GWAS to maximize the genomic inforraaticontent and reduce the

risk of spurious associations.

The Creole sheep had significantly lower percergagk polymorphic and very
polymorphic SNPs. As the OvineSNP50 was initialltended for detecting
differences between domestic sheep breeds, thetiseleof SNPs could have been
biased towards sites with recent mutations (Miderl, 2011). This could be one
reason explaining the lower polymorphism in thedBresheep, as many of the sites
would exist in their ancestral monomorphic statevéitheless, the lower level of
polymorphism in this case could be also explaingthle small size of the population
they belong to (n<200), and the small sample ofoféreanimals with genomic
information. In addition, other unknown events imethistory of this Creole
population, such as any severe population bottlermsuld have also contributed to
a lower percentage of polymorphic SNPs. The terléranimals in this study were
not selected by AR, and in spite of these factg firesented relatively high levels of

polymorphism.

In summary, the levels of polymorphism of the malac markers in the
OvineSNP50 would be sufficient to perform GWAS aehomic selection in local
commercial breeds and Creole sheep. Many GWASeeshising a similar number
of informative SNPs have been reported recentlgnsimonet al. (2011) conducted a
GWAS in non-commercial Soay sheep using 36000 ShAs the OvineSNP50 and
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indentified more SNPs in and around Horn gene (RXFPontributing to unravel
the genetic basis of this trait. A total of 4923RFS were used in a multi-breed
GWAS for the identification of genomic regions asated with susceptibility to and
control of Ovine Lentivirus (Whitet al, 2012), although the number of informative
SNPs was variable among breeds (Rambouillet 50,Rdfpay 50,264; Columbia
44,258). Significant findings on the genetics ¢kl size in sheep were reported by
Vageet al (2013), who included 47,986 SNPs in the analafigr allowing for 5%
missing data per SNP and 1% MAF). They found a emss mutation in growth
differentiation factor 9 that was strongly assasshivith the number of lambs born in

Norwegian White Sheep.

2.4.4 Population structure

A total of 18,181 autosomal SNPs were present m ttiree breeds and were
informative for the population structure study (TeaB). Figure 2 (A,B,C) shows the
results of population structure by STRUCTURE andAPSTRUCTURE clustering
results, using Bayesian methods, are presenteigime=2A, assuming 4 hypothetical
populations (K=4), determined 3K method (Figure 2B). For K=4, the three breeds
were clearly differentiated. Creole animals wengasated in a central cluster (Figure
2A). Merino breed was represented by one mainelwgith low levels of admixture,
while Corriedale individuals were mostly groupedwo different clusters, showing

higher levels of admixture.
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Table 3. Subsets of the 52413 autosomal SNPs per breednibeit the established
criteria for the population structure analysis.

Corriedale Creole Merino
MAF>0.01 50,418 38,623 50,950
CR>0.9, MAF>0.01 46,696 37,725 48,533
HW 52,327 51,287 51,730
r'<0.4 33,595 15,196 38,806
Totals* 30,761 37,725 35,999
Subset of SNPs 18,181

MAF Minor allele frequency

CR call rate

HW Hardy Weinberg equilibrium
r? Linkage disequilibrium

STRUCTURE methods allow the assignment of indivisiia groups based on their
genetic similarities, providing information abobetnumber of ancestral populations
underlying the observed genetic diversity. In fatte Corriedale representative
clusters were also present in Merino with low atrgesoefficient, supporting the
possible common origin. A similar pattern was obedrin Corriedale with some
features of the Merino cluster. Besides these aitigs, Corriedale shows two
clusters indicating genetic substructuring thatiltesl from using Corriedale animals

that belong to divergent selection lines.
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Figure 2. Population structure analysisestimated for 181BPsSwith four cluster
(K=4). A) Each individual is represented by a \atiline, which is divided by K
colours segments representing the estimated frabiédonging to each cluster. The
black lines separate individuals from different gojpulations. B) Delta K graphic
showing that the peak (the best K) is 4. C) Firgl aecond principal components.
Each point represents an animal, and individuascatoured according to the breed.

Each cluster is labelled with the name of the breed

Figure 2C shows the results obtained by the PC/A fhinee breeds were clearly
differentiated by the first two principal compongnivhich were sufficient to account
for the observed population structure, with findingery similar to those obtained by
STRUCTURE (Figure 2A). Creole sheep were very tghdlustered, whereas
Merino breed was located in a separate, but loodelter. The subdivision of the

Corriedale cluster into two subpopulations was alsmved by the PCA analysis.
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Genetic relatedness and substructure within papuakshould be taken into account
in order to avoid spurious associations in GWASg&zet al, 2007).The correction
through population stratification (Lander and S&hat994) and the removal of
outliers are alternatives to minimize the likelikloaf false positive associations. The
results of this study indicate that the OvineSNP50vide useful information for
identifying populations structures and outliers. tBdPCA and STRUCTURE
separated into two clusters animals of the samedbwéhich belonged to divergent
selection lines. In addition, there was an anirhat tvas wrongly assigned to a breed

which was clearly detected by both methods usieg#iected informative SNPs.

Genetic differences in population structure andiati@n detected from allele
frequencies could be explained by the fact thati€dale, Merino and Creole have
undergone different selection processes. In thisgodar case, Corriedale flock has
been divergently selected for resistance to pagsithilst the breeding programme
in the Merino nucleus has been focused on improwiagl quality (Montosset al.,
2005).In contrast, Creole sheep has not been wrtiéicial selection since it was
introduced in Uruguay in the XVIII century (Fern&zd 2000). Nevertheless, more

Creole animals should be evaluated.

A moderate genetic distance was observeg=#08) between the two commercial
breeds. Results from Delgadk at. (2011) also indicated that commercial cattle
breeds showed low to moderate genetic similarity tl@ other hand, distances were
larger when Creole was compared with Corriedale Medino with Fst values of
0.16 and 0.15, respectively (Table 4). Neverthelesth analyses confirmed that
Corriedale and Merino were more related betweemthed Creole was more distant
from the commercial breeds (Table 4). In fact, Merad (1968) indicated that
Corriedale breed came from crossing Merino withcbin sheep 150 years ago.
Moreover, Creole has not been under any definegcseh process since it was
introduced in Uruguay (Camacthei al, 2000; Fernandez, 2000). Thus, this 400-
year-period of no artificial selection in Creole nsore remote in time than the

common origin between Merino and Corriedale.
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Table 4.Genetic distances between breeds, expressed dofikxalex (kst, Weir &
Cockerham, 1984) using a subset of 18,181 autosShMBk frequencies.

W&C's Fst
Breed Corriedale Creole  Merino
Corriedale 0
Creole 0.16 0
Merino 0.08 0.15 0

Creole is supposed to be descendant of Churra, Mgac Rasa or Canaria Spanish
breeds. However, dr analysis between Churra and Merino showed a shstdnce
(Fs1=0.023) when both breeds were compared (Gutiériez{Gal, 2012). In this
study, Merino was more genetically distant fromd@ewhich has the Churra breed
as one likely ancestor in South America. This lardistance suggests that Creole
may not be a direct descendant of Churra, as itpmagosed. Moradet al. (2012)
found low differentiation between sheep populatjongh Fst average values of
0.024 and 0.027 for the Zel-Lori Bakhtiari and HeggMdata sets, respectively.
These results are in agreement with a previousystuavhich 23 domestic breeds
and two wild sheep subspecies were considered evehled that sheep breeds
showed generally low differentiation (Kijat al, 2009). Similar results have been
reported when Creole cattle was compared to comaterattle (Delgadoet al,
2011).

In conclusion, the high levels of polymorphismstloé OvineSNP50 in Corriedale,
Merino and Creole sheep indicate that SNPs includeatiis chip could be used to
characterize genetic diversity and clearly assigretb and detect population
structure. This information could also become apful tool towards the
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development of specific sets of SNPs for breedgassent (traceability) and
parentage testing that could be used for commesial conservation purposes.
Results need to be validated with a representativmber of animals to ensure

accurate results previous to further applications.
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ABSTRACT

Gastrointestinal parasites (GIP) are a serioustdiion affecting sheep production
worldwide. Because of the selection complexitiesrésistance/susceptibility (R/S)
to GIP, genetic markers could simplify assessmérR/& candidates in breeding
programs. In Uruguay, divergent selection linesehbgen developed since 1998 in
Corriedale sheep, based on expected progeny differéor fecal egg count (EPD
FEC), leading to R and S lines. In the presentystadotal of 54 R and 44 S sheep
were selected by extreme values of EPD FEC anct@almg coefficient (<0.04) to
be genotyped with the Illumina OvineSNP50 BeadCHidditionally, two whole
genome sequencing (WGS) were performed from poBiBd of 4 R and 4 S
individuals and transcriptome sequencing (RNA-Sdégm messenger RNA
(mRNA) was performed in six pools of mRNA of targeirasites tissues and related
ones (jejunum mucosa, duodenum, ileum, abomasumabaochasal lymph nodes).
Population structure was assessed using STRUCTURfEwase, principal
component analysis (PCA) and fixation index{{FPCA and STUCTURE analysis
were able to explain population stratification withines and a moderate genetic
distance (Er=0.042) between them. Association regression aisalysdicated
significant association for 8 genomic regions toDEPEC. Those regions were
deeply evaluated by combining WGS and RNA-Seq. Nogedidates genes were
indentified, some of them showing expression, aad S8NPs were also found.
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3.1 INTRODUCTION

Parasitism, and particularly gastrointestinal péeas(GIP), are one of the most
serious limitations affecting small ruminant woride production. In Uruguay, GIP
represent one of the main sanitary and economtaatesn for sheep production in
pasture based systems (Castellsal., 1995). The economic impact of GIP is also
given by the prevention costs (i.e. antihelminthiend production losses due to
morbidity and mortality of infected animals (Sykes994, Cesaret al., 2010).
Additionally, anthelmintics are rapidly becomingeffective due to selection
pressure over parasite populations leading to @sereproportions of individual
nematodes being able to resist those treatmentsaf€e al., 2010). Haemonchus
contortusis a blood-sucking parasite of the abomasum ogghend is the most
predominant parasite genus present in Uruguay éCss2002). Chronic blood loss
caused by. contortuscan result in anaemia, anorexia, reduction in beeight and
wool growth (Karlsson and Greeff 2012, Simpson,®0as high fecundity leads to
rapid contamination of pastures with larvae andHhayels of ingestion can lead to
death (Karlsson and Greeff, 2012).

The resistance/susceptibility (R/S) to GIP is &dift trait to measure due toof Fecal
Egg Count (FEC) complexity and because infectednals are required, thus the
availability of genetic markers would simplify assment of candidates for selection
in breeding programs.

Microsatellites (STRs) have been one of the mastidleed markers which might be
associated with quantitative trait loci (QTL) faarpsites resistance in sheep. In fact,
different significant associations between STRs tlnode QTLs have been reported
in many chromosomes like OAR1, OAR3, OAR5, OARG6, RJA, OAR12 and
OAR15 (Silvaet al., 2012, Behet al., 2002, Benavidest al., 2002, Hulmegt al,
1993). On the other hand, single nucleotide polyhsms (SNPs) are the most
common DNA sequence variation in mammalian genorié& abundance and
genomic wide distribution of SNPs have resultedhigir adoption as the marker of
choice for association studies and identifying @gerassociated with complex
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diseases. Numerous SNPs have been identified igghemes of domestic animals.
Moreover, a large number of commercial platfornesarailable for high throughput
SNP genotyping (Ding and Jing, 2009). Recent atieritas been focused on using
dense panels of SNPs that are widespread throughogéenome. These SNP
BeadChips are now commercially available for mamymal species like sheep
(54,000 OvineSNP50) (Zhareg al, 2012). The development of genomic tools such
as the OvineSNP50 BeadChip would allow researctengerform genome-wide
association study (GWAS), improve the resolutioiQdlL, estimate allele frequency
and effect of a SNP in sheep breeds.

Next-generation sequencing (NGS) can be used hmtlld novosequencing of
genomes (requiring sequence assembly) and for samgbequencing (Whole
genome sequencing, WGS) that compares the resuttatg to the reference
sequence to discover variations present in the leaf@ay-Williams and Zeggini,
2011). In addition to genomic variants, NGS is @gal platform to investigate gene
expression by RNA sequencing. Currently, the madely used application of NGS
in complex trait genetic studies involves SNP digrg and genotyping (Day-
Williams and Zeggini, 2011).

Therefore, the aim of this study was to determihd$ and genes associated with
resistance/susceptibility to GIP in Corriedale gheey using genome wide

association studies, whole genome sequencing aggiuencing.

3.2 MATERIALS AND METHODS

3.2.1 Phenotypic measurements in Training population

The present work was performed in a Corriedalekflbelonging to Ciedag, a

research station of the Uruguayan Secretariat odIVi@UL) which was divergently

selected for R/S to GIP since 1998. The selecsobaised on the prediction of the
genetic merit for this trait of each animal, inner of the Expected Progeny
Differences (EPD) for Fecal worm Egg Count (FEC).
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The sampling protocol for the FEC genetic evaluatamnsists of two samples
recorded after weaning, under natural mixed-spguaessite challenge on pasture, as
is described in Goldbergt al. (2011). The genetic evaluation is performed by a
repeatability model as described by Ciappesoail. (2010) to obtain the FEC EPD.
FEC was determined using the modified McMasterrgpre (Whitlock, 1948), with

a sensibility of 100.

3.2.2 DNA extraction and genotyped animals

The animal resource used in this study compriségsdizep (216 R and 109 S) of
three generations (2008, 2009 and 2010) from tlkergent lines. Genomic DNA
was extracted from blood of all sheep using (Medranal. 1990) protocol (with
modifications). Animals were selected to be genetypwith the Illlumina
OvineSNP50 BeadChip according to three criteriadd)mals were considered
Resistant either Susceptible for this researchxirgme values of EPD FEC. (2)- An
average relatedness coefficient (AR) lower thart BNGOG v4.6 software), in
order to prevent false association results by iedhirey. Therefore 54 R and 44 S
were selected from the whole resource. (3)- Onipias that presented call rates
higher than 90% were considered for further ansalylskewise, SNPs with call rates
lower than 90% and minor allele frequency (MAF) &whan 0.01 were removed.
Only autosomal markers were evaluated, to avoidh¥ormosome heterozygosity

between females and males.

3.2.3 Genetic population structure

Subdivisions between lines were evaluated with lihkage model from the
STRUCTURE software version 2.3.3 (Pritchagtl al., 2000), using a range of
possible clusters (K) from two to nine. Ten runsl6f000 iterations after a burn-in
period of 10.000 iterations were performed for e&khMost probable K was
identified by theAK method (Evanncet al., 2005). Population structure was also
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inferred by principal components analysis (PCA)rirthe marker data (see Patterson
et al., 2006). The genetic distances between lines wdcallated using the Fixation
Index (Fst) (Weir and Cockerman, 1984), which assess thect&ntuin genotypic
heterozygosity. The subset of autosomic SNPsO(#) used in these analysis
(STRUCTURE, PCA and 41) were in moderate linkage disequilibrium. These
criteria were applied to achieve informative molacunarkers for each line. Another
F-statistics was also calculated to evaluate thel lef inbreeding in each line g
Weir and Cockerham). To estimatg, & set of SNPs that were in moderate linkage

disequilibrium (f<0.4) typical of R and S were used.

3.2.4 Association studies

Before the association study a linkage disequiibripruning was performed, in

order to avoid redundant markers information. Asgtan analysis was developed
using SVS Golden Helix Regression module from hdiige to test SNPs

associations with phenotypic variables. Additived aecessive association models
were used, and for each one case/control (S/R)yaadtitative (EPD FEC) studies

were carried out. Only SNPs with —log p-value>5 #&adse discovery rate (FDR)

<0.2 were considered as associated.

3.2.5 Whole genome sequencing and RNA seguencing

A total of 8 animals were selected for genome sequg, 4 R and 4 S. The selection
criteria were: extreme values of FEC EPD, femal@BlA quality (checked in
Nanodrop® N8000 and agarose gel 1%), and AR loten 0.04. DNA was sent to
the Department of Animal Science, UC Davis, CA, U3Aere two DNA pools for
libraries construction were made for each line ematained equal amounts of DNA
from each individual. Libraries were sent to BeelglCA, USA facilities where 100

bp pair end sequencing was performed.
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The CLC Genomics Workbench (CLC Bio, Aarhus, Derkp&eference Mapping
function was used to assemble the trimmed readthdéoOAR_V2.0 reference
assembly. The SNP detection function was used i€ @enomics Workbench,
based on the neighborhood quality standard (NQ$priéhm, using default
parameters.

Two animals were selected for RNA-sequencing, basetthe same selection criteria
previously described. Tissues collection occurritdr authanasia and involved the
removal of jejunum, duodenum, ileum and abomasurcosa and abomasal lymph
nodes (one sample per tissue per animal). Sample wlaced in an RNA
stabilization reagent (RNAlater; Qiagen, Hilden,r@any) for storage at -80°C.
Total RNA was isolated from the tissues using TRIAQVITROGEN according to
the manufacturer’s instructions. The concentraéiod integrity of each RNA sample
was determined by an Automated ElectrophoresiseBy$ixperion™ by BIO-RAD.
One library for each candidate tissue, and an a&tra 8brary in pool from all tissues
were performed for both animals (R and S). All ditbees were prepared using the
MRNA-Seq sample prep Kit (lllumina, San Diego, CASA) according to the
manufacturer’'s instructions, and send to the Seguognfacilities of the Davis
University CA. Sequencing was performed on a Gendmayzer IIx (lllumina) for
40 cycles. Obtained 40bp reads were mapped althtegio OAR_V2 with the CLC
Genomics Workbench Reference Mapping function.

All experiments were conducted following nationegjulations for the care and use
of animals and approved by the Honorary Committedremal Experimentation

(CHEA) of the University of the Republic of Uruguay

3.2.6 Integrated bioinformatics: Association studies, Whte genome
sequencing, RNA sequencing and databases.

Results from the association studies were usedntb dandidate genes, genome
regions and novel SNPs that contribute to R/S.igfbrmation from association

studies, whole genome sequencing and RNA-seq wasbined in the CLC
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Genomics Workbench Genomics Gateway from CLC Bilb.data were tied to a
genomic coordinate that was represented as traskse V2.0 reference genome
sequence (track 1), whole genome read mapping Roftrack 2) and S (track 3),
annotation (track 4), RNA-seq read mapping (tratkadd SNP probes from the
OvineSNP50 (track 6). In order to visualize sevénatks together, a Track List was
created.

In addition, the Sheep Genome Browser OarV2.0 fiive Livestock Industry
division of CSIRO (Commonwealth Scientific and Isthial Research Organization,
http://www.livestockgenomics.csiro.au/sheep/oapghf) was also used. It provides
public access to sheep genome browsers annotatedSWNP, Marker and reference
sequence annotations from sheep and cattle. Foonges regions with no
annotation but with gene expression, a BLAST seaval performed in order to
detect gene identity.

3.3 RESULTS

3.3.1 DNA extraction and Genotyping

A total of 98 sheep were genotyped using the llhar®vineSNP50 BeadChip. Call
rates for all samples were over 90%, so none wssadied. After quality filters
described in methods section were applied, a wital8,645 SNPs remained. An
additional subset of 1,548 SNPs with an observednianor allele frequency (MAF)
(<0.1%) were also discarded. Thus, a total of 45,@@tosomal SNPs were

maintained for the subsequent analysis.
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3.3.2 Genetic population structure

To study the population stratification usingfHPCA and STRUCTURE, a subset of
SNPs were selected that not exceeded kmkage equilibrium threshold of 0.4. This
preserved 28,653 SNPs from the 46,662 for furtib@ufation analysis.

Differentiation between lines based on SNP alledgdencies was tested with the
Fst statistic, which describes the proportion of vac&within a species that is due to
population subdivision. In general the differentiat between subpopulations was
low, with an st value of 0.042.

Principal components analysis (PCA) was used tdoexpthe relationship and
subdivision between R and S lines groups. The amgelst components (PCA1 and
PCA2) clustered animals from the same line togethwlicating a clear genetic
division among R and S divergent lines (Fig. 1he Bssignment of animals into the
two groups was considered during the analysis.ali, fthree animals that were
supposed to belong to the R cluster were locatetthenS cluster (Fig 1 red dots
marked with an arrow in the green cluster) andsdr@e case occurred with three S
sheep (green dots marked with an arrow in the tester). These animals were
considered as outliers and were not taken intowatdor association analysis. These
animals could be outliers probably to a wrong idmattion or mislabeling.
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Figure 1. Evaluation of population stratificatioy Principal Component Analysis
using 28,653 SNPs with moderate linkage disequuirbr(R2<0.4) in Corriedale
divergent lines selected by resistance and susd#gtio parasites. Susceptible and
resistant animals are represented by green andbitsdespectively. Animal

categorized as outliers are signaled by a blacknarr

A model-based Bayesian clustering (STRUCTURE) wdso gperformed to
determine population admixture and structure. itijpaned the genomic information
given by the SNPs of each individual into a nhumiiecomponents (K) represented
by K colors. The best K was determined BK method resulting in K=4.
Exploratory analysis of K=2 and K=3 were also assdsAt K = 2, the R and S
appear to carry the same two ancestral componeatsite both present in each line,
but R line is mainly represented by the green elu€.704) meanwhile S is by the
blue one (0.763) (Fig. 2). At K = 3, both linedisire represented by a major cluster
each, nevertheless they keep sharing a cluster et presented in equal

proportions.
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Figure 2. Bar Plot-Population structure analystsvested with 28.653 SNPs with
moderate LD (R2<0.4) for two to four clusters. Eauatividual is represented by a
vertical line, which is divided by K colors. Eacblar segment represents the
estimated fraction of belonging to each clustee Black line separates individuals
from different lines, identified by R= Resistanta® =Susceptible.

Is not until K=4 that R carry an ancestral compdnargely absent from S animals,
and the same occurs with cluster that is almoduske in the S line (Figure 2) This
likely reflects the past genetic contribution diree into the other and that divergent
selection led to markedly genetic differences. lnias values for R and S were -
0.05 and -0.05 for both lines, reflecting no edxuting.

3.3.3 Association studies

The profiles of the P-values (in terms of —log1Q(@f)the tested SNPs for FEC EPD
in the association analysis are shown as Manhattzs in supplementary material
(SS1). A total of 390 SNPs for FEC EPD were deiddiy the four association
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models based on the previously defined criterieaBsociation. Nevertheless none of
those SNP showed high effect over the trait in st{gthta not shown). Therefore,
among these significant SNPs, 17 SNP with the migsificant association value (-
log10 P value) were used to indentify 8 candidar®mosomes regions to be deeply
evaluated (Table 4). A summary of the 17 SNPs ifledt their name, their map
locations and their -log P-values are reportedahld 1. False discovery rate of these
SNP ranged from 5.72E to 6.58E°*,

It is interesting to note that SNPs significant fone model were in general
significant for the other models(although the digance levels varied with model).
Allele substitution effect varied between modelst is in agreement with the effect
of the SNP in the population studied. With the g@tiom of Model A, SNP in all
other models show low effects. The assumption ighabtade in Model A, where R
and S animals are consider as case controls, aD0HER is taken under a recessive

approach, is the cause that allele substitutiogcesfare that high.
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Table 1. Results from the genotype associatiorstesving the 17 SNP with highest

levels of association that defined the genomicaredo be deeply evaluated.

Genotype association models: A- Recessive caseftpBtRecessive EDP FEC, C-
Additive model case control and D- Additive mod@&EFEC.

Association Models

OAR  SNP Model A Model B Model C Model D
-log10P Ase -logl0OP  Ase -log10P Ase -yl  Ase
1 OAR1_150528301,1 10.54 4.34 12.63 0.06 11.03 2.55 13.98 0.34
OAR1_213617854,1 -- -- 9.56 0.07 9.58 2.63 10.25 .300
2 s41345,1 -- -- 13.22 0.06 16.70 4.07 16.99 0.35
OAR2_43175231,1 -- -- 12.15 0.07 16.10 4.05 17.910.36
OAR2_43304314,1 9.01 -37.87 8.53 0.07 16.48 -4.37 19.27 -0.37
3 OAR3_227769239,1 10.59 3.83 11.17 0.06 11.37 2.42 12.58 0.31
OAR3_235574907,1 -- - 10.54 0.07 12.11 2.49 13.950.32
4 OAR4_50370017,1 8.81 4.04 8.73 0.07 10.02 2.29 58 9. 0.29
s54836,1 9.08 -37.31 7.91 0.07 11.94 -2.89 12.51 -0.33
13 OAR13_9727532,1 11.15 4.44 11.97 0.06 11.18 2.38 11.96 0.31
s14792,1 9.08 -37.31 7.56 0.07 12.34 -2.69 13.11 -0.32
15 OAR15_12066235,1 8.69 -3.93 8.95 0.07 1150 5-2.4 13.01 -0.32
OAR15_12128190,1 -- -- 6.26 0.08 14.12 -3.27 15.460.34
20 OAR20_38864697,1 13.92 4.96 15.92 0.06 13.36 52.7 13.86 0.31
OAR20_31086401,1 8.81 3.52 8.72 0.07 13.00 254 0914 0.31
25 OAR25_38239942_X,1 8.44 3.20 10.21 0.07 11.72 42 2. 14.12 0.32
s50241,1 10.54 4.34 12.10 0.07 13.01 2.67 1536 .33 0

Note: -log10P value from the genotype associatsh t

Ase allele substitution effect
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3.3.4 Whole genome sequencing and RNA seguencing

Sequences of 100 bp reads from each pool were #imand mapped to the
autosomes and X chromosome of the reference sterepe (OAR V.2). A total of
84.3% and 84.3% of the reads from R and S pos|sectively were aligned to the
reference genome, for both lines (Table 2), rasglin an average of sequence
coverage of the sheep’s genome of 10,24x (min 0 &#%601) and 11.71x (min O
max 1,118,430) for R and S respectively.

Table 2. Mapping results from the whole genome seging analysis of two DNA
pools of 4 resistant and 4 susceptible sheep toagatestinal parasites. The genome

assembly was performed with the OAR V.2 sheep genom

Reads susceptible Pool resistant Pool
Totals 357,752,380 312,811,656
Mapped 301,937,019 263,941,871
Unmapped 55,815,361 48,869,785

From the total of the RNA-seq reads, 34% did nop neathe reference genome. The

average coverage achieved was 1.39x (min 0 and42@,604).
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Table 3. RNA sequencing results combined from 4@l pools from jejunum,
duodenum, ileum and abomasum mucosa and abomagai hodes. The mapping

was assessed with the OAR V.2 sheep genome.

RNA-seq Pool
Reads
Total 140.820.015
Mapped 92.360.108
Unmapped 48.459.907

3.3.5 Integrated bioinformatics: Association studies, Wh&e genome
sequencing, RNA sequencing and databases.

Data from the association studies, whole genomeesaing, and RNA-seq was

combined and complemented with the annotation afetence of the genome OAR

V2.0. This track list, lead us to explore the cagi determined by the associated
SNP, finding out the nearest annotated or only esged gene, or both (Table 4,
Figure 3a).
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Figure 2. a- lllustrative figure of the track lisf the combined techniques
(integrative approach). A region of the ovine geeromm shown, the first track
corresponds to the reference genome OAR V2.0, seemnl third track to the

resistant and susceptible sheep genome assembliyh o the annotation, fifth to
the RNA-seq results, and sixth to the SNPs from Hhenina OvineSNP50

BeadChip. b- Integrated results from associatgtndies, whole genome
sequencing from resistant and susceptible sheepA-$&, annotation, and
OvineSNP50 lllumina probes from associated SNP.s Thenome region is
determined by a SNP of the OAR15, showing no anedtgenes although there is
gene expression. c- One of the associated SNPsti®@®AR3, which is in a region
with expression but no annotation, showing thatrehare genotypic differences

between the R and S genome assembly.

Genes with no annotation but with high RNA-seq cage (Fig 3) where identified
using BLAST of the reads.
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3.4 DISCUSSION

The aim of this research was to detect associatéBsS genome regions and
candidate genes to resistance/susceptibility trg¢jagestinal parasites in Corriedale
divergent selection lines for this trait. There segeral reports of QTL and candidate
gene detection, but most of them used crossed $r@edl STR as markers. To our
knowledge, there are only three works (Riggibal., 2013, Salleet al., 2012,
Kemperet al., 2011) that used high throughput SNPs genotyping, @l of them
used different approaches. The present researcitaioce novel integrative
approaches that would be useful in subsequent tige¢éi®ns aiming to resolve the

effects of molecular markers on susceptibilityesistance to GIP in sheep.

3.4.1 Genetic population structure

A total of 28,653 SNPs were able to explain popoitastructure of divergent lines
determined by &, STRUCTURE and PCA methods. Genetic differenced an
variation detected from allele frequency betweesmB S lines could be explained by
the fact that Corriedale flock has been divergesdliected for resistance to parasites.
Moderate genetic distance was observed between dRSaiines. This genetic
variation reached after ten years of divergentctiele could be compared with
genetic differences between two breeds. In factradioet al., (2012) found low
differentiation between sheep populations, wity Bverage values of 0.024 and
0.027 for the Zel-Lori Bakhtiari and HapMap datasseespectively. These results
are in agreement with a previous study in whichd@gestic breeds and two wild
sheep subspecies were considered and revealedhibey breeds showed generally
low differentiation (Kijaset al.,2009).

Genetic relatedness and substructure within papakshould be taken into account
in order to avoid spurious associations in GWASn@gr et al., 2007). The
correction through population stratification (Landend Schork, 1994) and the
removal of outliers are alternatives to reduceefgi®sitive results in association
studies. Results from population structure (Figsthpwed outliers that were not

considered for further association analysis. Besig® correction based on
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population structure was applied, because in sonmstances, correcting for
population structure could caused several markeds genes to lose significance
(Wilson et al., 2004).This loss of significance can have two nraasons: (1) this
was a non functional polymorphism and the assariavas caused by population
structure, or (2) the polymorphism is functionakyated although the polymorphism
distribution coincides with population structure i(8%n et al., 2004). The second
option would be the case of the divergent lineshas research, and correcting the
association study could outcome in a false negateselt and loss SNPs effect.
Moreover ks index showed that there were not unbalanced dlietpiencies within

the lines due to population structure.

3.4.2 Integrated bioinformatics: Association studies, Wh&e genome
sequencing, RNA sequencing and databases.

With respect to the SNP association results, thhtanost highly significant SNP
were identified for EPD FEC on OAR1, 2, 3, 4, 1B,dhd 25 (Table 1) and novel
candidate genes were identified by the integramgroach (Table 4).
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Table 4. Each associated SNP with their positiepaesented here. The nearest annotated geneonitfeegenome (Sheep Refseq) or

in the Bovine genome (Bovine Refseq) to each SNEperted. If there was expression (results fromARIe&q) but no annotation,

BLAST was used to identify the genes. Positionsdisthnces are in base pairs, and expression ikiehas coverage in 1kbp of the

target region .

» . Distance from the RNA-seq .
OAR SNP SNP Position Nearest Gene Gene Position Sheep Refseq Cattle Refseq Expression
SNP read Blast
ubiquitin specific protease 25
1 OAR1_150528301 139331280 (USP25) 139506254 174974 none Refseq: XM_602857 NO NO
) 124.1 (-
OAR1_213617854 198154177 somatostatin (SST) 198m5 39046 SHEEP_ENSP0000028641 Refseq: NM_173960 O N 985)
SHEEP_ENSBTAP0000(
2 s41345 102077706 prepronociceptin (PNOC) 10206770 within 0695 Refseq: NM_174150 NO NO
Disintegrin and
. . SHEEP_ENSBTAP000000
OAR2_43175231 41543182 metalloproteinase domain 28 41455282 87900 48880 Refseq: XM_583562 NO 1.2 (0-124)
(ADAM28)
poly (ADF-ribose) polymeras o
3 OAR3_227769239 209568058 . 209568058 within none Refseq: NM_001082452 NO (0-80)
family, member 11 (PARP11)
. SHEEP_ENSBTAP0000(
Ryruvate dehydrogenase kinase,
4 s54836 12189129 . 12162678 26451 38686 Refseq: NM_001101883 NO 106 (0-543)
isozyme 4 (PDK4)
MACRO domain containing SHEEP_ENSBTAP0000(
13 OAR13_9727532 8764263 9191022 426759 Refseq: NM_001105029 NO NO
(MACROD2) 45773
o ) SHEEP_ENSP00000345
Rho GTPase activating protein o
514792 32662299 32662299 within 8 Refseq: NM_001102241 NO 6.9 (0-76)
12 (ARHGAP12)
translation initiation factor 4|
15 OAR15_12066235 12121262 12166462 45200 none none 3.2 (0-42)
(EIF4E) XM_0040
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20

25

OAR20_38864697

OAR20_31086401

OAR25_38239942_X

35055068

28138931

35219094

SRY (sex determining regicY)-
box 4 (SOX4)

olfactory receptor OIr1690

neuregulin 3 (NRG3)

35038455

28138931

288936

16613

within

67842

SHEEP_ENSP00000244
5
SHEEP_ENSBTAPO0000(
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A QTL for FEC was previously reported by Marsketllal., (2008) using a scan with
microsatellite markers in a linkage analysis in Mersheep. This QTL in OAR1 was
confirmed by our results using the integrative apph. The associated genomic
region determined by the first SNP (OAR1 2136178%43s close to the
somatostatin (SST) gene. Somatostatin is one ofntlest important genes in
regulating animal growth and development, whergays a negative role in animal
growth regulation by inhibiting the release of gtbwwormone (GH) (Gaet al.,
2011). In fact, genetic correlations between bodygivt and indicator resistance
traits were reported by Bishag al., (1996), Ciappesoret al, (2010). In addition,
SST down-modulates a number of immune functionspregmothers lymphocyte
proliferation, immunoglobulin production and thdegese of inflammatory cytokines
such as interferon gamma (IFNG) (ten Bokeinal., 2000). The second genomic
region defined by the OAR1 150528301 associated BaHi’close to the Ubiquitin-
specific protease 25 (USP25) and was identified eandidate gene (Table 4). It has
been demonstrated in mice that USP25 is a negaagdator of Interleukin 17 (IL-
17) which plays an important role in infection aadtoimmunity (Zhonget al.,
2013).

Two novel genomic regions on OAR2 were detectethim research for EPD FEC.
From the integrative approach the gene ADAM28 (asintegrin and
metalloproteinase) was close to the OAR2_4317528#l ©AR2 43304314
associated SNP and it is expressing (Table 4).ak heen demonstrated that
ADAM28 mediate leukocyte adhesion to endotheliisa&himodaet al.,2007). On
the other hand, Riggi@t al., (2013) detected QTLs foNematodirusthat are
coincident with our results. As it was proposedthgse authors, similar genetic
mechanisms could be underlying the resistancerdipl&trongylesandNematodirus

In fact, high genetic correlation betwe&®ematodirusand StrongylesFEC was
reported (Bishot al.,2004).

Many studies showed evidence of a QTL on OAR 3 m@arferon gamma (IFNG)

(Beh et al., 2002; Davieset al., 2006, Steaet al., 2009) which appears to be the

main candidate gene for resistance/susceptibiitistP. Nevertheless, Silvet al.,
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2012, reported that the IFNG region did not prodaog particular evidence of
linkage in their study, where associated genomigiores foraverages of last
measurements for FEC (AVFEC) and blood packedw#iime at the start of the
parasite challenge period PCVST were at positidh@6n OAR 3 and were located
more than 60 cM from IFNG. In addition, in more @at genome wide association
studies, Sallest al., (2012) and Riggicet al., (2013) reported a QTL on OAR 3
associated with worm burden and FEC, and Nemat®&EC respectively. However
no causative mutation was identified for these OAR3.. Moreover, Riggicet al.,
(2013) identified two SNPs on OAR 3 associated wimimunoglobulin A (IgA),
which were also significant for FEC. All of thisiis agreement with our results. The
associated SNP OAR3_227769239 is within the PolpRAibose) polymerase
(PARP) PARP-11 gene, which is also showing expoesérable 4, Fig 3c). The
PARP family has been shown to be involved in maejutar functions such as
transcription regulation, telomere cohesion, mitagpindle formation during cell
division, inflammation, cell death, and DNA repd&&bdEIlmageedet al., 2012).
Recent works have highlighted the novel role of PPAR in regulating the
intracellular trafficking of key cellular proteirssich as p53 and nuclear factor-kappa
B (NF«B). Literature has revealed that ADP-ribosylatiopaations may play
important roles in cellular trafficking during iafinmation, cell death, and DNA
repair (AbdElmageecet al., 2012). Additionally, Warreneet al., (2012) have
reported that PARPs are involved in interferon paty activation and enhanced by
IFNG. Shorts isoforms of PARPSs, play key roles wduiction of IRF3, interferon-
(IFN alfa), IFN beta (Hayakawet al, 2011), other cytokines after viral infection and

interferony (Warreneret al.,2012).

Results from Sallet al. (2012) determined a 2-Mbp region between 70.2 and 72.2
Mbp on OAR13 which was significantly associatedmHEC in every analysis they
used. The same genomic region was detected innalysas with the significant SNP
OAR13 9727532. The closest gene to the associaagkemwas MACROD?2 (Table
4), with no evident related biological functionE®D FEC described yet.
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The region in OAR15 reported by Sadieal. (2012) for nematode resistance using a
partial genome scan with microsatellite markersaitinkage analysis were also
confirmed with the two significant SNPs in our rass (Table 1). Using CSIRO
sheep genome browser, (http://www.livestockgenomics siro.au/cgi-
bin/gbrowse/oarv2.0/), there appear to be no olvicandidate genes within this
region. Nevertheless, between our two SNPs, RNArsggjts showed expression of
a gene that was not present in the annotation &igh). However, Blast from the
RNA-seq reads revealed the translation initiatiaotdr 4E (EIF4E). This gene is
involved in the translation of antigenic peptidésttinteract in the MHC class |
pathway of the immune system (Apchet al.,, 2011). Some of the regions
previously reported by Sallet al., 2012 for nematode resistance on OAR20 were
also confirmed by our analysis. The significant S®RR20_ 31086401 reported
here was close to olfactory receptor OIr1690 gédiable 4).

3.4.3 Conclusion

Most of the genomic regions reported in this woakédnbeen previously described as
associated to resistance/susceptibility to GIP. exéeless, the candidates genes
identified were not reported before. Even if maskitrat were identified are likely to
be only a subset of a larger number of polymorphkiaffecting this trait, or are not a
main causative mutation (if there is any), the itesare promising and offer an
interesting start point for future research. Congoar between studies is complex
because of the different approaches used and tlueenaof this highly polygenic
trait. Differences between populations, protocdl&BC records, among breeds, and
so on, make these studies even harder to compargevér, the fact that several
genomic regions consistently show association fiferdint studies suggests that
further research may shed light on this subjectstMtudies have been focused on
low density STR linkage analysis. Recently, sonueliss using higher density SNP
panels have become more common. Nevertheless, Wme&NP50 has still a low
coverage over the ovine genome, therefore using gemeration techniques and

higher SNP density chips would help us to idengffective molecular markers.
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Finally, a low density and cost effective SNP paofeQTL to EPD FEC would be

very valuable for genetic improvement programshieep.
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4 CONCLUSION

4.1 DISENO DE UN PANEL DE BAJA DENSIDAD DE SNP PARA
VALIDACION

Finalmente, se escogieron 4 regiones genomicasrniigiadas por SNP
asociados en los cromosomas OAR2, OAR13, OAR15 RZDA Estas fueron
evaluadas en detalle obteniendo 236 SNP de carposgcional y funcional.
Asimismo, se identificaron 15 SNP dentro de losegeoandidatos USP25, SST,
PARP11, SERHL2, NFAM1 y PDKA4.

El total de 251 SNP candidatos para el caractasardio, fueron empleados
para disefiar un panel de baja densidad, que emturofsera evaluado en una

poblacion de validacion.

Para cada uno de los SNP escogidos para el pawvalidacion, se disefiaron
nuevas sondas (150pb hacia 5' y 3) para el nuevmtigpado. Asimismo, se
identific6 el SNP de interés entre paréntesis gygtou alelo separado por una barra
inclinada. En estas 150bp hacia 3'y 5', se indicgxistieron nuevos SNP ademas

del escogido mediante el codigo de IUPAC.

4.2 CONCLUSION Y CONSIDERACIONES FINALES

Las variantes encontradas mediante los estudioasdeiacion mostraron
tener efectos individuales diferentes sobre lagmbh en estudio, dependientes del
modelo de asociacion utilizado. Ademés combinands tres tecnologias
(genotipado masivo con el OvineSNP50, secuenciadmdo el DNA gendémico y
RNA-seq), las enormes regiones gendmicas estabkeciomo asociadas presentan
muchos marcadores, de los cuales solamente uno<sidebieron ser escogidos

para el disefio de un panel de baja densidad quecegm® de diagnosticar la
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resistencia o susceptibilidad de la raza Corriedgb@rasitos gastrointestinales. Sin
embargo, el disefio de paneles de un niumero reddeidoarcadores posicionales y
funcionales obtenidos de la combinacion de lasté@sologias, que sean capaces de
explicar gran porcentaje de la varianza fenotigicauna poblacion de validacion,
seria una opcion valiosa a investigar para que bagamayor adopcion de estas
tecnologias de menor costo en los programa de angg@rética.

El principal problema de los estudios de asociaci@side en las
inconsistencias entre los resultados de estos iestut® asociacion con todo el
genoma para un mismo caracter, que puede atrilquirsgpalmente a aspectos tales
como tamafio de la poblacion, densidad de los mareadSNP), estructura genética
de la poblacion o la eleccidén de los modelos estiadés (Zhanget al, 2012).

Para lograr la estimacion precisa de los efectoSNP en los caracteres de
interés econémico en un estudio de asociacion, espliare mayor tamafio
poblacional y una mayor densidad de marcadoresn(Zétaal, 2012). Sin embargo,
el costo de estas tecnologias sigue siendo profoibitara estudios con grandes

cantidades de individuos.

Actualmente, los chips de SNP se aplican ampliéeneara intentar mejorar
la identificacion de ATL para caracteres de inte¥ddos animales domésticos. En
comparacion con esto, la secuenciacion podria pecapr casi toda la informacion
acerca de las variaciones, incluyendo SNP, varnaendel nimero de copias de DNA
(CTV.) y deleciones / inserciones (indels), entra®variantes, sobre la totalidad del

genoma en cierta poblacion.

Junto con la reduccién en el precio de la secaertri, es posible que
individuos clave puedan ser secuenciados, dondeliestde asociacion podrian
llevarse a cabo empleando toda esa informacion. ddbstante, los altos
requerimientos informaticos y la formacion de resosr humanos para el
procesamiento de los datos son aspectos restdctpaza muchos grupos de

investigacion.
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En un futuro, los estudios gendmicos en animalesédticos deberian
centrarse en la identificacibn de mutaciones caasatle rasgos econémicamente
importantes, por ejemplo las detectadas con RNAEsms hallazgos facilitarian la
comprension de la arquitectura genética de caexcteomplejos en los animales

domésticos y la mejora de las préacticas de losranogs de mejoramiento.
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