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ABSTRACT. Genome wide association studies are performed to
narrow down or, better still, pinpoint the region or genes involved in
the regulation of a known phenotype. The data concerning litter size
usually comes from a restrict number of individuals due to the
laborious and costly nature of the phenotyping by lambing data of
several breeding seasons. Genome-wide association was performed
in a population in which segregates a major gene determinant of
prolificacy in sheep. This is the allele of the GDF9 SNP called
Vacaria: ¢943C> T, detected in lle de France flocks in Southern
Brazil. The Vacaria genotype and phenotype data did agree with the
GDF9 sheep chromosome 5 regions from genomic analyses.
OARS5_45481559, a marker located within the GDF9 gene (chrb:
41,841,919 bp), had nominal p-value significance but did not reach
Bonferroni-corrected  significance  levels.  However,  other
chromosome 5 SNP markers (s17197, s48166, s25202, and
OARS5_47774570), located at chr5: 43,415,384 - 43,708,878 bp, did
show nominal and Bonferroni p-value significances. These first three
markers showed to be in linkage disequilibrium with
OAR5_45481559, thus confirming Plink and Emmax (Genome-
Wide Association Studies (GWAS) packages) abilities of locating
the correct genomic region associated to phenotypes. These results
are indicative that GWAS is a useful method for searching candidate
genes in prolific animals, since the linkage disequilibrium is verified
in a range of 2 Mbp
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INTRODUCTION

Sheep prolificacy is key to livestock productivity and profit. The increase of born lambs can be induced by
hormonal treatment, however, in the last three decades, mutations responsible for sheep prolificacy have been
detected (Heaton et al., 2017), most proved to be determined by major genes, and for this reason, some were
used for practical applications in animal production.

There have been recent reports of high prolificacy sheep in commercial flocks worldwide (Mullen & Hanrahan,
2014; Souza et al., 2014; Lassoued et al., 2017). Traditionally, the high prolificacy sheep are tested against
single nucleotide polimorphism (SNPs) of known mutation, if the phenotype does not fit an earlier studied
genotyping system, the search for a new gene of interest needs to be investigated.

Most of the major genes found to date are located at the BMP15 and GDF9 genes (Juengel et al., 2013).
However, when prolific sheep with high ovulation rate (OR) are not explained by known genes, the genome-
wide association analyses (GWAS) is a tool to search for genetic markers associated with the phenotype of
interest, including mutations not linked to major genes.

The objective of this study was to determine the precision of GWAS software packages in finding the most
likely gene when phenotyped animals have been genotyped to a causal SNP within the GDF9 gene (Vacaria
mutation, Souza et al., 2014). It is important to note that sample size was small, however all animals were half-
sisters to strengthen the case-control model used in the analysis.

MATERIAL AND METHODS

Searching for prolific ewes

A search was made on the Brazilian Sheep Breeder's Association (ARCO) databank, looking for prolific ewes
occurring in commercial stud flocks of eleven woollen and meat sheep breeds raised in South Brazil.
Specifically, the Ille de France breed with 76,864 records, from 1990 to 2016, reveals a prevalence of 20% of
twins and 0.5% of triplets. Farmers that owned ewes having at least one triplet birth record were contacted to:
(1) confirm the fact that hormonal treatment was not used in the farm, (2) survey birth control records, including
information of lost lambs, repeatability of twin/triplet lambings, and lambing records in the same ewe (or half-
sisters) over the years, and (3) allow blood sampling their animals (high prolificacy sheep and their
contemporaries) to detect putative genes associated to the phenotype familiar recurrence. A total of ten flocks
were sampled, however, farms with high number of birth rate records, with phenotype repeatability, were
selected for the study.

The second step was to genotype all sheep to identify the presence of known mutations that affected ovulation
rate (BMPR1B Booroola (Souza et al., 2001; Wilson et al., 2001), GDF9 Embrapa (Silva et al., 2011) and
Vacaria (Souza et al., 2014)), and are known to be segregating in Brazilian flocks. Of these, only sheep showing
the Vacaria mutation were selected for GWAS analyses.

The Vacaria mutation was genotyped following the methodology (Souza et al. 2014), and the numbers for this
population were of 12 heterozygous ewes, 11 non-carrier ewes and one VV homozygous ewes, and the data was
analysed by using a case-control model.

GWAS analysis and identification of genes associated to prolificacy traits in Vacaria sheep

A total of 24 sheep was genotyped using Illumina Ovine 50K and filtered using PLINK (1.07 10May2010
version). Roughly 13% of the 54,241 markers in the Illumina chip were pruned. This data was used for genome-
wide association analyses by using Efficient Mixed-Model Association expedited (EMMAX beta 07 Mar 2010
version) to find nominal p-values and these data were ran on PLINK for Bonferroni testing using the --assoc, --
perm, and --adjust functions.

PLINK and Emmax are free GWAS packages that allow case-control analyses and offer permutation tests to
identify the most significant markers in the analysis. These packages are normally used in synchrony, plink
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allows filtering markers by minor allele frequency (MAF), Emmax analyses phenotype-genotype interaction and
Plink is used again for phenotype-genotype interaction, considering Bonferroni correction.

Linkage disequilibrium between SNP markers of interest was calculated using Haploview 4.2 (Feb 16, 2010
version; Barrett et al., 2005).

The objective of the study check if the proposed methodological approach could identify the GDF9 gene region
as responsible to the Vacaria phenotype. D ata (of 12 non-carrier NN n=12, 11 heterozigous (VVN) and, and one
homozygous we VV n=1 half-sibs). Phenotypes used were coded as 2, 4 and 1, respectively, for
Plink/Emmax/Plink gene search analysis.

An interval of + 2Mbp of the GDF9 location (chr5: 41,841,919 to 44,735,885 bp) was used to search for genes

within the relevant genomic regions in the 3.1 sheep genome International Sheep Genome Consortium (ISGC)
version using Ensembl website (http://www.ensembl.org/Ovis_aries/Info/Index).

RESULTS

Descriptive statistics

Basic statistics for number of born lambs describing each category was described in Table 1.

Table 1. Born lambs average in the Vacaria genotypes.

born lambs average lower confidence higher confidence
Genotypes n
Vacaria NN 12 1.02 1.00 1.08
Vacaria VN 11 1.75 1.41 2.09
Vacaria VV 1 0 0 0

The VV genotype is sterile due to this mutation, and this animal was included in the analysis as control.

GDF9 association to Vacaria high- and low- prolificacy ewes

Four ovine chromosome 5 SNP markers showed nominal, Bonferroni (B), and False Discovery Rate (FDR) p-
value significances: s17197 (p=4.661e™; B=2.162e™"; FDR=7.208e™"), s48166 (p=4.661e™; B=2.162¢™"";
FDR=7.208e!), s25202 (p=4.661e™*; B=2.162e™%; FDR=7.208e™), and OARS5 47774570 (p=7.191e";
B=0.03336; FDR=0.0083) (Figure 1).
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Figure 1. Manhattan plot for Vacaria mutation showing significant markers locations in the ovine chromosome 5.

These markers were located within the ovine chromosome 5: 43,415,384-43,708,878 bp locations.
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Other six ovine chromosome 5 SNP markers within the 41,841,919 to 44,735,885 bp range showed nominal
significant p-values but did not reach Bonferroni-corrected significance levels (Figure 2 for zoomed image).
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Figure 2. Ovine chromosome 5 41,841,919-44,735,885 bp SNP significant markers detailed view.

One of them, OAR5_45481559 (41,841,919 bp), was located within the GDF9 gene (41,841,034-41,843,517
bp). This marker is in linkage disequilibrium with the top three significant markers (s17197, s48166, and
§25202), where LOD scores of 3.73 and D' of 1.0 were observed, thus confirming the GDF9 association to the
Vacaria sheep.

The variants g.43415384G>A (s17197), 9.43460085A>G (548166), and g.43466435A>G (s25202) showed
different genotype frequencies between Vacaria ewes, with homozygous A-A-G haplotypes for these three
markers defining triplet-, A/G A/G A/G twin-, and homozygous G-G-A single-bearing ewes.

DISCUSSION

Many aspects may affect the successfulness of finding a genetic association to a phenotype of interest. The
number of animals of each phenotype and how accurately phenotypes are assigned to individuals are some of
these factors. New mutations generally start in one individual and segregate amongst its offspring, therefore
numbers of phenotypes are limited. In such situations, case-control analyses would be advantageous to perform,
as opposed to sire-family models, because the former allows the analysis of lower number of individuals.

Lambing single and twins are not unusual in sheep commercial flocks. The frequency of triplet lambs, however,
tends to be low and lower still the recurrence within the family, this can indicate the presence of an ovulation
rate mutation segregating in a particular flock. Ovulation rate is a trait that varies within an animal across years,
therefore correct phenotyping might require many years of recording. As a result, selecting more prolific ewes
in a flock can be a long-term undertaking. However, if the mutation is associated to a genomic region, close to a
genetic marker, it will be more straightforward to select animals based on their genotypes.

A marker located within the GDF9 gene (OAR5_45481559, at ovine chromosome 5: 41,841,919 bp) showed to
be in linkage disequilibrium with the SNP markers placed the most significant for the analysis (s17197, s48166,
and s25202), located at ovine chromosome 5: 43,415,384 - 43,466,435 bp. This indicates Plink/Emmax/Plink
were able to pinpoint the correct genomic location of GDF9, since these animals were first genotyped by using a
mutation within this gene. It is worth to mention that OAR5 47774570 is not as closely linked to
OARS5_45481559 as the other three significant markers (Figure 3).
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Figure 3. Haploview output showing the location of OAR5_45481559 (close to GDF9) and significant markers found in
Plink/Emmax/Plink analyses (s17197, s48166, 25202, and OARS5_47774570).

This might indicate a possible misplace of some markers on the current version of the ovine genome. Better
accuracy of markers locations is expected in coming genome versions.

The fact that the GDF9 gene was located within a 2 Mbp range from the markers selected for Bonferroni
correction could also be related to the currently available ovine assembly (OAR 3.1 sheep genome ISGC
version), meaning that SNP markers might show slight changes in chromosome location in future assemblies.

Our results showed that Emmax and Plink software packages were feasible tools to search for genetic markers
of biological significance in a population with striking phenotypic differences amongst genotypes, even with
small number of affected animals.

The identification of novel genes associated to high-prolificacy sheep is helping scientists to uncover the high
number of mutations and of phenotypes in sheep, assisting farmers to select for more prolific animals in their
flocks. Accurately assigning phenotypes is the base for a successful phenotype-genotype association and case-
control software packages such as Plink and Emmax are fit to find genomic regions of interest. This means, in
the future, it will be easier to select an animal with the genotype of interest to be part in the flock's next
generations.

CONCLUSION

The Vacaria genotypes showed association to sheep chromosome 5 (43,415,384-43,708,878 bp) regions. The
top three significant markers are in linkage disequilibrium with OAR5_45481559, a marker within the GDF9
gene that showed nominal p-value significance. This linkage confirms the association of GDF9 with Vacaria
genotypes. Despite of the reduced number of animals, all of them were half-sibs to strengthen the case-control
model used in Plink and Emmax, and the analyses were able to detect the association of the Vacaria allele and
the genomic region of 2Mbp comprising the GDF9 gene that is mutated in these animals.
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