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Figure 1. Range in fertility phenotype for all AI bulls assessed in this study. Adjusted animal model (AAM) 
bull fertility phenotypes calculated for all 7,000 sires (white) and 602 sires used for �1,000 inseminations with 
�25% being in 2013 (black). Bulls for sequencing were selected from the extremes of high and low fertility, 
defined as greater than one standard deviation from the mean, �0.052 or ��0.017, (outside region denoted 
by red lines). Restricting the samples to sires which have been used in �1,000 inseminations increased the 
reliability of the fertility phenotypes but removed sires identified as having very extreme pregnancy rates based 
on small numbers of inseminations.

Figure 2. Genomic location of �-defensin genetic variants detected in bulls used in artificial insemination. Pie 
chart of percent of total SNPs identified in 160 bulls selected targeted sequencing of �-defensin genes. Genomic 
features where SNPs are located are identified in the key: intron (non-coding sections of DNA), upstream (5 k 
bp 5�UTR of a gene), intergenic region, downstream (5 k bp 3�UTR of a gene), exon (coding region), other (non-
classified variants). Because the genes are found in four clusters a single SNP can have multiple annotations; for 
example, one may be downstream of one gene, upstream of a second and intergenic.
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average to high fertility (0 to 0.07, mean 0.04, sd. 0.027). The 98 SNPs were located between positions 61,329,700 
and 61,467,209, a region of 137.5 kb containing the genes BBD128, BBD127, BBD126, BBD125, BBD115, BBD142 
and BBD116. Of the 98 SNPs in the haplotype, 3 were located within coding regions, a nonsynonymous SNP in 

Figure 3. Allele frequencies of the SNPs identified in the targeted sequencing of �-defensin genes in bulls of 
high and low fertility. The frequency of the alternate allele in bulls of high fertility is shown on the x axis and the 
alternate allele frequency in bulls of low fertility on the y axis. SNPs which have a difference in SNP frequency 
of �20% between bulls of high and low fertility are highlighted in red. SNPs with a SNP frequency difference 
over 20% between groups are more likely to be under selection pressures, than SNPs with low SNP frequency 
differences.

Figure 4. Significant association detected between �-defensin haplotype and bull fertility. (A) Association 
analysis of high quality SNPs and the adjusted animal model phenotype of fertility, -log10(P-value) is shown 
for the SNPs in the four �-defensin gene clusters on BTA8, BTA13, BTA23 and BTA27. The most significantly 
associated SNPs are all located on BTA13. Level of significance: unadjusted P-value � 0.01, indicated by red 
line. (B) –log10(P-value for all SNPs in the region on BTA13 containing the 98 SNPs found in a heterozygous 
haplotype in 9 sires (shown in red). The region contains 8 �-defensin genes, including BBD126.
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A missense SNP in the � -defensin gene BBD123, and an upstream variant in BBD124 were identified as significantly 
associated with bull fertility through WES but they did not survive correction for multiple testing in the validation pop-
ulation (unadj. P �  0.0671 and 0.0756, respectively). These genes are both located in the 19 � -defensin genes on BTA13 
reported by our group to be expressed in the reproductive tract of the bull35. As putative fertility related genes in cattle 
were previously successfully identified on the basis of cross-species conservation15, in conjunction with a documented 
role for � -defensin in mediatinjg sperm-binding21, a sperm-binding assay was used to investigate the functional impor-
tance of the significantly associated � -defensin haplotype uncovered in this study. The � -defensin haplotype was only 
found in high fertility bulls and sperm from these bulls showed significantly higher binding to oviductal epithelium 
than similar bulls without the associated haplotype. Thus, sperm from these bulls appear to have an enhanced capacity 
to establish an oviductal sperm reservoir in preparation for ovulation and this may improve the chances of successful 
fertilisation. Currently, the identity of binding molecule(s) for BBD126 on epithelial cells is unknown36; however, the 
expression pattern of BBD126 on the bull sperm head37 appears to be consistent with the location and pattern of sperm 
attachment to the oviductal epithelium. Fertility is a complex multifactorial phenotype and these results confirm a 
contributory role for � -defensins in mediating sperm function in cattle. Moreover, this haplotype spans the region 
containing BBD126, which we have recently shown to promote sperm motility in cattle38.

Conclusion
Given the important role of the male in determining herd fertility in cattle and the pace of genetic gain now 
possible with the advent of genomic selection, multiple approaches are required to unravel the complexity of bull 
fertility. Despite the small effective population size in most cattle breeds39, and the highly selected nature of AI 

Gene CHR SNP Location
Number 
genotyped BETA SE R2 T

Frequency 
‘low’

Frequency 
‘high’ P-value BH

FOXJ3 3 rs109065788 104587541 101 0.01473 0.0045 0.095 3.227 0.691 0.486 0.0016 0.069

LOC536148 30 rs42198966 3481991 110 -0.007747 0.0029 0.059 -2.625 0.414 0.58 0.0099 0.203

LOC100337009 27 rs437191942 6225144 110 0.01466 0.0063 0.047 2.324 0.085 0.113 0.0220 0.300

KIAA1549 4 rs378655691 103370232 106 -0.01466 0.0068 0.041 -2.131 0.074 0.133 0.0354 0.363

BBD124 13 rs43710895 61615527 106 0.007818 0.0042 0.031 1.85 0.297 0.36 0.0671 0.479

BBD123 13 rs43710844 61595572 102 0.007353 0.0040 0.031 1.795 0.531 0.453 0.0756 0.479

SIRPA 13 10509 53691410 108 0.01016 0.0057 0.028 1.757 0.095 0.1 0.0818 0.479

Table 1. Validated variants associated with adjusted animal model fertility phenotype. Table of validated 
variants associated with the adjusted animal model fertility phenotype P-value � 0.1. Gene � SNP annotated 
to nearest gene; CHR � Chromosome number; SNP � SNP identifier; Location � Chromosomal position 
(base-pair); Number genotyped � Number of bulls genotyped; BETA � Regression coefficient; SE � Standard 
error; R2 � Regression r-squared; T � Wald test (based on t-distribution); Frequency ‘low’ � SNP frequency in 
low-fertility bulls; Frequency ‘high’ � SNP frequency in high-fertility bulls; P � Wald test asymptotic P-value; 
BH � Benjamini-Hochberg multiple testing correction.

Figure 8. Significant effect of �-defensin haplotype on sperm binding to oviductal epithelium. Binding density 
of sperm from bulls of varying �-defensin haplotype (high fertility with �-defensin haplotype, H � ive; High 
fertility without �-defensin haplotype, H-ive; and low fertility without �-defensin haplotype, L � ive) to bovine 
oviductal epithelial cell explants. n � 4 biological and a further 3 technical replicates per group. Twelve straws 
per haplotype were assessed. Vertical error bars represent s.e.m. Different superscripts refer to statistically 
significant differences (P � 0.05).
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Association analysis. Association analysis was performed using the R package GenABEL40. Quality control was 
performed with the check.marker function and SNPs were examined for association to fertility using breed and 
the number of inseminations performed as fixed effects.

Whole exome sequencing. DNA extraction and puri�cation. Genomic DNA for 24 selected bulls was 
extracted using the Maxwell® 16, per manufacturer’s instructions. Genomic DNA (gDNA) was purified using 
Zymo Research’s DNA Clean and Concentrator ™ kit and heated to 52 °C for 2 min prior to concentration esti-
mation. gDNA concentrations were estimated using the Qubit® dsDNA BR Assay Kit for use with the Qubit® 2.0 
Fluorometer.

Probe design. Roche Nimblegen, SeqCap EZ Developer Library was purchased from Roche (Roche NimbleGen, 
WA, USA) to perform a custom-designed sequencing of the bovine exome. Liquid capture probes were designed 
to target all exons annotated in the Bos taurus UMD3.1 genome, plus 100 base pairs of 5�UTR, per standard pro-
tocols. An in-house Perl script was used to identify target regions. Probes were manufactured by Roche (Roche 
NimbleGen). Magnetically labelled, oligonucleotide probes capture the target regions of DNA during library 
preparation. One hundred base pairs of 5� untranslated region (UTR) were also included for all genes. In total, 
there were 227,647 exons in the genome transfer file. Of these, 202,899 were targeted in this design, covering 
56,671,697 bp. Less than five total matches and five mismatches were allowed. Of these probes, 92.5% were unique 
to a single genomic position, and 4.5% had only 2 possible matches within the genome. The length of probes was 
200 bp with approximately 2.1 million probes made to cover the exome. Probes were also designed to target mito-
chondrial DNA and were 1/5th of the concentration of nuclear DNA. Using probes unique within the genome, that 
is probes that map exactly once in the genome, covers only 80% of the target regions; whereas using probes that 
map up to 5 times in the genome covers approximately 98.4% of the target regions.

Library preparation. Library preparation for WES was commercially performed (Clinical Genomics, Canada) 
following the Roche Nimblegen SeqCap EZ Developer Library protocol, as per the manufacturer’s instructions. 
Briefly, 100 ng gDNA of each sample were prepared using the TruSeq Nano DNA Library Prep Kit. This step 
involved shearing of gDNA using Bioruptor DNA shearing and Agencourt AMPure XP beads, end-repair of frag-
ments, adapter ligation, LM-PCR and quality control. The strategy to hybridise fragments of gDNA to the exome 
baits was to make one equimolar pool of all 24 gDNA libraries. This pool was then split into four separate pools 
and hybridisation captures were performed on each pool with oligonucleotide probe capture reagents, resulting 
in 1X capture for every 6 samples. All captures were then re-pooled and split into four groups for sequencing on 
four HiSeq. 2500 lanes. Pooling ensures that samples were mixed prior to capture, and to give an even distribution 
of sample to each sequencing lane.

Data analysis. Sequencing files (FASTQ) were assessed for quality using FastQC. FASTQ files were trimmed 
using Trim Galore! in order to remove contaminant adapter sequences. A Phred quality score threshold of 25 was 
applied, to discard poor quality base calls, and to reduce the effect of incorrect base calling. All remaining reads 
were aligned to the Bos taurus UMD3.1.70 genome using the Burrows-Wheeler Aligner (BWA) ‘sampe’ algorithm 
with default parameters41. Picard Tools was used to convert the resulting SAM file to BAM format, sort and index 
BAM files, and to remove PCR duplicates from all BAM files. Alignment summary metrics, insert size metrics, 
and PCR duplicate metrics were all collected. GATK’s Depth Of Coverage walker determined coverage levels per 
interval.

Variant calling. Variant calling and genotyping across all 24 animals was performed using Genome Analysis 
Toolkit (GATK), following the GATK best practice guidelines for WES42. Local re-alignment around indels was 
performed using the GATK tools: Realigner Target Creator, Indel Realigner and Fix Mate Information. Base qual-
ity score re-calibration via GATK Base Recalibrator was then applied, which recalibrates scores around known 
variants. Haplotype Caller walker was used to call mutations on BAM files with Phred-scaled emit and call confi-
dences of 30, in ‘GVCF’ mode and with a BED file of the exome targets. This BED target file is used by the walker 
to identify regions in the genome which were active/variable, which were marked for local de-novo assembly of 
reads aligning to such regions.

SNP �ltering. Strict hard-filtering of variants was performed to remove variants of low quality and which fall 
outside certain parameters, to reduce the number of false positives. The parameters for hard filtering of variants 
were as follows: Filter out variant calls if located within a cluster where three or more calls were made in a 10 bp 
window [clusterWindowSize 10]; filter out variant if there were at least four alignments with a mapping quality 
of zero (MQ0) and if the proportion of alignments mapping ambiguously corresponds to 1/10th of all align-
ments [MQ0 �  �  4 && ((MQ0/(1.0 *  DP)) �  0.1)], DP: total (unfiltered) depth over all samples; filter out variants 
which were covered by less than 5 reads [DP � 5]; filter out variants having a low quality score [Q � 50]; filter out 
variants with low variant confidence over unfiltered depth of non-reference samples (QD) [QD �  1.5]; filter out 
variants based on strand bias using Fisher’s exact test: FS �  60.0 for SNP calling, FS �  200.0 for InDel calling, sim-
ilar to other SNP filtering protocols43. In house Perl scripts were also written to identify any individual genotypes 
identified as heterozygous with an allele ratio of �80:20 and any SNP which had a read depth of less than 8 in an 
individual and code them as missing data.

SNP association. The R package GenABEL40 was used to perform association analysis between fertility and SNP 
genotypes. A custom R file converted a Variant Call Format file containing all variants from GATK Haplotype 
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Caller to GenABEL format. A linear mixed model approach analysed each SNP separately for association with 
a phenotype, which allows for fixed and random effects. SNPs identified were analysed as continuous variables, 
in which case an allelic effect will be estimated. The null hypothesis is that there was no association between the 
SNP and the fertility trait. This model assumed a linear relationship between the trait and genotype as well as a 
common variance at each genotype. SNPs associated with the AAM fertility phenotype (p �  0.01) were sorted 
based on their unadj. P-value.

Accession Codes. This data set was submitted to NCBI Gene Expression Omnibus under accession number 
GSE41637 and is available in ArrayExpress as E-GEOD-41637.

Validation study
Bull selection. An independent population of bulls was used to validate variant calls from whole-exome 
sequencing in bulls divergent for fertility. Fertility phenotypes of bulls from ICBF fertility records were used, as 
previously described. However, updated fertility data for this dataset from years 2013, 2014 and 2015 were available, 
which were not used for initial sample selection for TS and WES. In total, phenotypic information was available 
for 1,414 bulls over the three years. Of these, 123 bulls from the three breeds as used in WES (69 Holstein-Freisian 
(HO), 29 Limousin (LM) and 22 Belgian blue (BB) all with � 100 insemination records per bull were selected for 
the validation analysis (lower insemination threshold was due to the shorter time scale over which recent data was 
collected).

Assay design. Agena Bioscience MassARRAY® System was used for assay design and SNP validation. SNP 
genotyping on the MassARRAY System combines the multiplexed primer extension chemistry of the iPLEX® 
assay with sensitive matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)44. In total, 58 
SNPs were targeted for validation in 4 multiplex reactions (29-, 18-, 8-, and 3-plex). DNA of each selected bull 
was obtained, and (10 ng) was used for each multiplex reaction. gDNA concentrations were estimated using 
a Nanodrop ND-1000 spectrophotometer. gDNA was dried down overnight in a PCR-free environment and 
shipped to Agena Bioscience GmbH, Germany.

Validation data analysis. Of 58 SNPs targeted for validation in the MassARRAY assay design suite, 
42 variants and 123 cattle passed filters and QC. SNPs which had a call rate � 80%, or minor allele frequency 
(MAF �  0.04) were filtered out of the dataset. Statistical analysis of association was performed using PLINK 
v1.90b3l. Association analysis was performed with phenotypes as a quantitative trait using the Wald test statistic. 
A pedigree file was used to store animal pedigree and phenotypic data and a map file was used to store genetic 
marker data. This test statistic compares asymptotic allele frequencies between high-fertility and low-fertility 
(cases and controls).

Preparation of oviductal explants. Reproductive tracts from non-pregnant crossbred heifers of beef 
breeds, were collected at a commercial abattoir immediately post-mortem and transported to the laboratory 
within 1 h in phosphate buffered saline (PBS) supplemented with Gentamicin sulphate (0.25 mg/ml, Sigma 
Aldrich, Wicklow, Ireland) at 4 °C. Reproductive tracts from heifers at various stages of the oestrous cycle were 
used, as stage has been shown to have no effect on sperm binding in vitro45,46. At the laboratory, oviducts were 
trimmed free of connective tissue, and ligated using single use sterile umbilical cord clamps (Sutherland Health 
Group Ltd, Berkshire, UK). Oviducts were then washed twice with PBS following which the isthmic section of 
the oviduct was isolated. The epithelial cells were extruded in sheets by squeezing the oviduct with a sterile glass 
slide, fragmented by pipetting, centrifuged for 1 min (200 g), transferred to M199 culture media supplemented 
with fetal calf serum (10%) and gentamicin sulphate (2.5 mg/ml, Sigma Aldrich), and incubated for 1 h at 37 °C in 
5% CO2 to form everted vesicles with apical ciliated surfaces oriented outwards47. Explants were used for binding 
assessments within 5 h of slaughter. Three reproductive tracts were flushed on each day and explants from each 
tract were processed separately.

Sperm binding assay. M199 medium (5 mL) was added to explants from each tract and centrifuged at 200 g 
for 5 min. Post-centrifugation, the supernatant was removed and explants (20 µL) from each reproductive tract 
were added to sperm aliquots (140 uL) from high fertility bulls with (H �  ive; n �  4 bulls) and without (H-ive; 
n �  4 bulls) the � -defensin haplotype as well low fertility bulls without the � -defensin haplotype (L-ive; n �  4 
bulls). Sperm were pre-stained for 30 min with 1% (w/v) Hoechst 33342 at 37 °C prior to addition to the explants 
for enhanced binding visualisation. The final sperm concentration in the presence of the explants was 5 �  106 
per mL. After 30 min incubation at 37 °C in 5% CO2, loosely bound sperm were removed from explants by gently 
pipetting through two droplets of M199 (75 µL) on a pre-warmed 24 well culture plate (37 °C). A droplet of each 
treatment (10 � L) was placed on a slide, a coverslip added and viewed using a microscope at 400X fitted with a 
heated stage at 37 °C (BX60; Olympus, Centre Valley, PA, USA) under half-light and half-fluorescence. The num-
ber of sperm bound was recorded and relative surface area of each explant was determined using a micrometre. 
Ten explants of each treatment were assessed at random for sperm binding density, calculated by determining 
the number of sperm bound per 0.1 mm2 of explant surface. The evaluator was blinded to treatment for all sperm 
binding assessments. Three reproductive tracts were used per replicate (replicate �  day) and three semen straws 
per bull were assessed giving a total of twelve straws assessed per haplotype.
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