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ABSTRACT: Ovulation rate was evaluated over an 
average of four estrous cycles for 131 daughters of a sire 
suspected to be heterozygous for an allele for high 
ovulation rate.  Linkage analysis of 3k SNP data revealed 
strong evidence for segregation of a major gene with a 
location on bovine chromosome 10.  Haplotype analysis of 
the sire, recombinant daughters and a subset of non-
recombinant daughters using 50k SNP genotype data 
narrowed the positional candidate region to an area of 
approximately 1.5 Mb.  Positional candidate genes in the 
region were screened for polymorphisms in coding and 5' 
and 3' untranslated gene regions, but no functionally 
relevant polymorphisms were identified.  Polymorphisms 
identified in one of the positional candidate genes did 
however lead to a narrowing of the candidate gene region 
and exclusion of the gene in question. 
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INTRODUCTION 
In previous work a family of cattle with an 

exceptional reproductive history was identified.  The 
matriarch of the family produced triplets on three occasions 
during her lifetime and produced a son (Trio) who sired 
daughters that had multiple births at a high frequency 
(Morris et al., 2010).   Specifically, daughters of the son 
produced multiples in 19% of 109 calvings and 29% of the 
multiple births were triplets.  The observation of an 
exceptional multiple birth phenotype with apparent 
transmission across generations suggested the possibility of 
a major gene for ovulation rate.   

Previous work by others has led to the 
identification of major genes for ovulation rate and litter 
size in sheep.  In four cases the specific genes have been 
identified, namely bone morphogenetic protein-15 
(BMP15)(Galloway et al., 2000), bone morphogenetic 
protein receptor 1B (BMPR1B)(Wilson et al., 2001; 
Mulsant et al., 2001; Souza et al., 2001), growth 
differentiation factor 9 (GDF9) (Hanrahan et al., 2004) and 
beta-1,4-N-acetyl-galactosaminyl transferase 2 
(B4GALNT2) (Drouilhet et al., 2013) while in three other 
cases (FecD, FecW, FecX2W) genomic locations harboring 
segregation of a major gene has been inferred (Davis et al., 
2001; Davis et al., 2006; Juengel et al., 2011) but the 
identification of specific genes and causative 
polymorphisms remains elusive.  Identification of BMP15, 
BMPR1B and GDF9 has led to the screening of these as 
candidate loci in additional highly prolific sheep 
populations with the result that additional high ovulation 
rate variants have been identified.  The current study was 
undertaken to test the hypothesis of a major gene for 
ovulation rate segregating in a paternal half-sib family of 
daughters of the afore-mentioned sire and to identify the 

genomic location of the gene underlying the high ovulation 
rate phenotype.  Identification of the responsible gene will 
provide another candidate gene for screening high 
prolificacy or ovarian pathology phenotypes in multiple 
species. 

 
MATERIALS AND METHODS 

Animals and phenotype. A total of 131 Trio 
daughters born between 2008 and 2011 on University of 
Wisconsin-Madison research farms were evaluated for 
ovulation rate.  Ovulation rate was determined by count of 
corpora lutea (CL) over an average of four estrous cycles 
between 12 and 15 months of age using trans-rectal 
ultrasonography.  Ovulation rate was determined as the 
average number of CL per estrous cycle. 

Genotyping. Trio and all phenotyped daughters 
were genotyped with a Bovine 3k SNP BeadChip 
containing 2900 SNPs.  Additionally, Trio and a subset of 
daughters were genotyped with the BovineSNP50 
BeadChip for purposes of refining recombination 
breakpoints delimiting the candidate gene region.  SNPs on 
the X chromosome or with call rate below 95% were 
excluded from analysis as were animals with call rates 
below 90%.   

Statistical analyses. Linkage analysis was 
performed by deducing paternally inherited haplotypes and 
testing association between haplotype and ovulation rate 
locus-by-locus across the genome.  An arbitrary statistical 
threshold of 1x10-7 was employed in assessing statistical 
significance of association.  For fine mapping of 
recombination breakpoints, genotypes of daughters non-
recombinant across the most significant region (four 
representing each of the two alternative haplotypes, eight 
total) were compared manually to establish alternative 
paternal haplotypes for the region.  Genotypes for the two 
recombinant animals most narrowly bounding the candidate 
gene region were then compared to identify marker brackets 
containing the recombination breakpoints. 

Positional candidate gene analyses. Genes within 
the positional candidate gene region with potential 
physiological relevance were screened for polymorphism 
by Sanger sequencing of PCR amplicons of coding regions 
and approximately 1 kb of 5' and 3' flanking untranslated 
regions.  DNA from Trio was used as template for PCR 
amplification.  Polymorphisms were identified by visual 
inspection of sequence electropherograms using 
CodonCode Aligner version 4.2.4. To determine which of 
the two alternative sire alleles was in the high ovulation rate 
haplotype, as well as to validate the polymorphism, pooled 
DNA from ten high ovulation rate and 10 low ovulation rate 
daughters was used as template DNA for PCR amplification 
of polymorphic amplicons.  Frequency of alternative alleles 
in pooled samples was estimated from relative peak heights 



for the polymorphic bases.  To assess potential relevance of 
polymorphisms as markers for use in allele tracking or as a 
potentially causative polymorphism, allele frequency was 
estimated in a similar fashion from pooled DNA samples 
for Angus, Hereford, Holstein and Jersey breeds.  

 
RESULTS AND DISCUSSION 

Phenotypic distribution and linkage analysis. 
Average ovulation rate across all daughters was 1.67 CLs 
per cycle (Figure 1) which is significantly greater than the 
average of 1.06 observed in a sample of dams (n=18) of the 
daughters.  Linkage analysis identified a highly significant 
association (p<10-24) of a region on chromosome 10 with 
average ovulation rate.  Interestingly, this region does not 
correspond to any of the previously mapped or identified 
major genes for ovulation rate in sheep (Figure 2).  
Examination of paternally inherited haplotypes identified 
two daughters with contrasting phenotypes (one high 
ovulation rate, one low ovulation rate) that were 
recombinant within the peak of the QTL plot.  These half-
sibs shared common haplotypes outside the peak region but 
contrasting haplotypes within the peak and their 
recombination breakpoints therefore delimited boundaries 
of the positional candidate gene region initially to an area of 
~2 Mb.  Subsequent genotyping of these two recombinants, 
eight non-recombinant half-sibs (four of each paternal 
haplotype) and their sire followed by analysis of haplotypes 
provided an increase in resolution and a narrowing of the 
positional candidate region to an area of 1.5 Mb.   

Positional candidate gene analysis. Examination of 
this narrowed bovine genomic region suggested multiple 
candidate genes for the high ovulation rate phenotype.  
SMAD3 and SMAD6 reside in this region and are part of 
the transforming growth factor-ß (TGFß) signaling system 
(ten Dijke and Hill, 2004). Given the intermediary role of 
the Smad-3 protein in the high ovulation rate effects of 
GDF9 variants in sheep, SMAD3 is a strong positional 
candidate gene, though SMAD6 was also considered a 
candidate gene owing to the role of Smad-6 as an inhibitor 
that works in an opposing manner to Smad-2 and Smad-3. 
Additionally IQ motif containing H  (IQCH), located 
roughly in the middle of the positional candidate region, has 

been linked with age at puberty in human females in a 
whole genome association study meta-analysis (Elks et al. 
(2010)) and thus merits consideration as a positional 
candidate gene. Screening coding and 5’ and 3’ flanking 
regions of these three genes revealed 21 polymorphisms (20 
SNPs and one insertion/deletion) but none appeared to be 
functionally relevant and/or rare across all four breeds 
examined.  Given the relatively uncommon occurrence of 
twin births and rarity of triplet births, the causative 
polymorphism can reasonably be assumed to be rare in the 
general population. Despite the failure to identify a 
causative polymorphism in this initial positional candidate 
gene analysis, a useful outcome was identification of 
polymorphisms in the SMAD6 gene region (Table 1) that 
upon typing in a recombinant daughter excluded SMAD6 as 
a positional candidate and further narrowed the candidate 
gene region.  

CONCLUSION 
Linkage mapping analysis provided strong 

evidence for segregation of a major gene for bovine 
ovulation rate within a paternal half-sib family.  This gene 
does not correspond to previously mapped or identified 
major genes for ovulation rate or litter size in sheep, though 
its possible that the causative gene could be a member of a 
pathway related to previously identified genes. 
Identification of the causative polymorphism and gene 
would provide an additional candidate gene for screening in 
high prolificacy and ovarian pathology phenotypes in 
multiple species. 
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Figure 1.  Distribution of ovulation rate, expressed as mean 
ovulation rate over three to five estrous cycles, in heifers 
(n=131) sired by a bull heterozygous for an allele causing 
high ovulation rate. 
 

 

 
Figure 2.  Results of genome-wide linkage analysis for 
ovulation rate in a paternal half-sib family.  Genomic 
location of major genes for ovulation rate in sheep are 
indicated.  Megabase locations are indicated on the x-axis 
and minus log10 of the p-value is indicated on the y-axis.  
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