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Use of single nucleotide polymorphisms in candidate genes
associated with daughter pregnancy rate for prediction of genetic
merit for reproduction in Holstein cows
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Summary We evaluated 69 SNPs in genes previously related to fertility and production traits for their
relationship to daughter pregnancy rate (DPR), cow conception rate (CCR) and heifer
conception rate (HCR) in a separate population of Holstein cows grouped according to their
predicted transmitting ability (PTA) [<—1 (n=1287) and >1.5 (n=1036)] for DPR.
Genotyping was performed using Sequenom MassARRAY®. There were a total of 39 SNPs
associated with the three fertility traits. The SNPs that explained the greater proportion of
the genetic variation for DPR were COQ9 (3.2%), EPAS1 (1.0%), CAST (1.0%), C7H190rf60
(1.0%) and MRPL48 (1.0%); for CCR were GOLGA4 (2.4%), COQ9 (1.8%), EPAST (1.1%)
and MRPL48 (0.8%); and for HCR were HSD17B7 (1.0%), AP3B1 (0.8%), HSD17B12
(0.7%) and CACNA1D (0.6%). Inclusion of 39 SNPs previously associated with DPR in the
genetic evaluation system increased the reliability of PTA for DPR by 0.20%. Many of the
genes represented by SNPs associated with fertility are involved in steroidogenesis or are
regulated by steroids. A large proportion of SNPs previously associated with genetic merit
for fertility in Holstein bulls maintained their association in a separate population of cows.
The inclusion of these genes in genetic evaluation can improve reliabilities of genomic
estimates for fertility.

Keywords dairy cow, fertility, genetic evaluation and reproduction, single nucleotide
polymorphisms
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Introduction
et al. 2004). Similarly, although incorporation of genomic

Fertility in cows is a complex trait that is regulated in part
by genetics. Breeding values for fertility and production
have moved in opposite directions over the past five
decades, probably in part because of the negative genetic
correlation between fertility and milk production (Boichard
& Manfredi 1994; VanRaden et al. 2004; Pritchard et al.
2013). Genetic improvement of cow fertility using tradi-
tional breeding approaches has been slow because of the
low heritability of reproductive traits, which ranges from
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information through genome-wide single nucleotide poly-
morphism (SNP) arrays has improved the reliability of
genetic estimates, it has had a lower impact for traits of low
heritability than for traits of higher heritability (Wiggans
etal. 2011). For example, the gain in reliability from
including genomic data was 17% for daughter pregnancy
rate (DPR) vs. 30% for milk production (Wigganset al. 2011).

One approach to improving the use of genomic informa-
tion for estimating genetic merit is to incorporate informa-
tion on causative mutations affecting phenotypes of interest.
Advantages of identifying causal mutations include the facts
that the effect of a causal mutation on a trait will be greater
than that of a SNP in close linkage disequilibrium; that the
relationship with a trait may extend across breeds and not
change over time; and that information about the function
of the gene, and the physiological control of the trait of
interest, will be obtained (Weller & Ron 2011).

Several approaches have been used to identify putative
causative mutations affecting fertility. The availability of
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genomic information on large populations of individuals has
allowed for the identification of haplotypes negatively
affecting fertility in dairy cattle (VanRaden etal. 2011),
and putative causative mutations associated with some of
these haplotypes have been pinpointed in the US Jersey,
Holstein and Brown Swiss breeds (Sonstegard et al. 2013;
McClure et al. 2014). Resequencing of regions near quan-
titative trait loci has led to the identification of causal
mutations associated with fetal death in Holsteins (Charlier
etal. 2012) and embryonic lethality in Nordic Red cattle
(Kadri etal. 2014). Using analyses of gene networks,
candidate genes for cattle reproductive behavior have been
identified (Kommadath etal. 2011). A candidate gene
approach has also been used to identify mutations in genes
associated with fertilization and embryonic development
during the pre-implantation period (Khatib et al. 2009a,b;
Cochran et al. 2013a).

Cochran et al. (2013b) identified 51 SNPs in candidate
genes that were associated with one or more fertility
traits in Holstein bulls including DPR, cow conception
rate (CCR) and heifer conception rate (HCR). Many of
these SNPs had neutral associations with milk production,
suggesting that it could be possible to select for fertility
without selecting against milk yield. However, genetic
markers in one study are often not predictive in other
studies (Siontis et al. 2010; Ioannidis etal. 2011). The
objective of this study was to evaluate the SNPs in
candidate genes previously associated with genetic merit
for female fertility in Holstein bulls (Cochran et al. 2013b)
in a separate population of Holstein cows. In addition, the
degree to which incorporation of these SNPs in genomic
estimates of DPR would improve reliability was ascer-
tained.

Materials and methods

Selection of animals

Holstein cows were selected based on their predicted
transmitting ability (PTA) and reliability for DPR; these
values were obtained from the May 2014 US national
genetic evaluations (Animal Genomics and Improvement
Laboratory, ARS, USDA, Beltsville, MD). Cows were selected
to have a high (>1.5) or low regressed PTA for DPR
(£—1.0). The minimum reliability for inclusion was 0.25.
The PTA for DPR ranged from —5.4 to —1 for the low DPR
group and from 1.5 to 3.7 for the high DPR group.
Reliabilities ranged from 0.25 to 0.71 and from 0.25 to
0.73 for the low and high DPR groups respectively. Cows
were located in six dairies in Florida and five in California.
There were 1036 cows in the high DPR group and 1287 in
the low DPR group. All animals had at least one lactation
completed at the time of sampling, with a range of one to
seven lactations. Summary statistics for cows used in
genetic analyses are presented in Table S1.

Candidate genes for fertility in Holsteins

Genotyping

Samples of whole blood were collected via saphenous
vessel venipuncture into tubes coated with ethylenedi-
amine tetracetic acid and shipped on ice to Neogen for
DNA isolation and genotype determination. Genotyping
was performed using the Sequenom MassARRAY® system
(iPLEX GOLD; Sequenom) according to the manufacturer’s
instructions. The technique is based on the analysis of
DNA products using matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (Abel et al.
2006). The region of DNA containing the SNP was
amplified by PCR, a primer extension reaction was
performed to generate allele-specific DNA products and
the size and amount of each allele-specific product were
determined using chip-based mass spectrometry. The
average call rate was 95.67%. A random sample of 10
SNPs was determined in duplicate for each animal;
agreement between duplicates was 97.02%. When the
genotype did not match between samples, both genotypes
were deleted and treated as no calls.

Animals were genotyped for a total of 69 SNPs
previously associated by Cochran et al. (2013b) with at
least one the following traits: CCR, HCR, productive life
(PL), net merit (NM), milk yield (MY), fat yield (FY),
protein yield (PY), protein percent (PPCT), fat percent and
somatic cell score. Of these, 51 were associated with one
or more fertility traits (DPR, CCR and/or HCR), with 39
being previously associated with DPR. The SNPs were
from a larger set of 434 genes selected using criteria
described by Cochran etal. (2013b) for a possible
relationship to reproductive function. The 69 SNPs were
significantly associated with at least one trait based on a
false discovery rate of 0.05.

Details of each SNP are described by Cochran et al
(2013b). Most of the 69 SNPs in the present study are
missense mutations in the coding sequence of the gene
except for HSP70 (promoter mutation), FGF2 and PGR
(intronic mutations) and ARL6IP1 and TBCI1D24 (non-
sense mutations). SNPs causing an amino acid change were
selected because they were predicted to change the struc-
ture of the encoded protein using an exchangeability matrix
(Yampolsky & Stoltzfus 2005).

Statistics

Statistical analysis was performed using the sTATISTICAL
ANALYSIS SYSTEM (8AS, version 9.4; SAS Institute, Inc.). Minor
allele frequency (MAF) was calculated, and the distribution
of genotypes for each SNP was tested for deviation from
Hardy—Weinberg equilibrium using the arreLe procedure.

The association of genetic variants for each SNP was
estimated individually using the mmxep procedure of sas.
Genotype was considered a categorical variable. The full
model was as follows:
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Yij=pu+a+g;+e

where Y; is the deregressed value of the trait of interest for
the i cow (i =1, 2, ..., n), a; is the random polygenic effect
(including all available pedigree information) of the i cow,
g; is the fixed effect of SNP genotype j and e¢; is the random
residual effect. a;~Ac,” and &i~Wo,2, where A is the
numerator relationship matrix, W is an diagonal matrix of
weights, ¢, is the additive genetic variance of the trait of
interest and o, is the residual error variance. The elements
of W are proportional to the number of observations for
each cow in the dataset. All of the available pedigree
information for each cow was used when modeling the
covariance among the polygenic effects.

The additive effect at locus j was estimated as (g;3 gj1)/2,
and the dominance effect at locus j was estimated as
gi2 — (953 + gj1)/2. The SNPs in which the additive or
dominance effect was P < 0.05 were noted.

Changes in reliability by including candidate genes in
the calculation of the estimate for DPR

An analysis was performed to determine whether the
inclusion of genotypes for 39 candidate genes previously
related to DPR (Cochran etal. 2013b) improved the
reliability of genomic estimates of DPR obtained using
genome-wide SNP arrays. Using as a reference population
the 2323 cows from the present study and the 550 bulls
used by Cochran et al. (2013b), genotypes for the 39 SNPs
of interest were imputed in the rest of U.S. Holstein
population that had been subjected to genomic analysis
and was available in the national evaluation system. The
dataset included 494 050 Holsteins.

The imputation was performed in a two-step process. In
the first step, the 39 SNPs of interest were added to
genotypes from the commercial genomic chips [[llumina
50K versions 1 and 2, 3K, and high and low density;
GeneSeek Genomic Profiler versions 1 and 2, and the
GeneSeek Genomic Profiler-HD (Neogen); Zoetis low- and
medium-density chips (Zoetis); and the Eurogenomics
EuroG10k (Illumina)] and coded as missing values for the
animals not genotyped for the 39 SNPs. In the second step,
all genotypes were imputed to the 61 013 markers set used
for routine genomic evaluation following the procedure of
VanRaden et al. (2013). Missing genotypes for the 39 novel
SNPs were filled during the imputation process.

The gain in reliability from adding the 39 SNPs to the
evaluation SNP set was determined using the method
described by VanRaden et al. (2008), by which the last four
years of phenotypic information was removed and parent
averages and parent average reliabilities were compared
with values that included SNP and polygenic effects
estimated using genomic information. The analysis was
performed first with the 61 013 SNPs currently used for the
US genomic evaluations (USDA-SNP panel), and then the

39 SNPs previously related to DPR (UFL-SNP panel) were
added to the official SNP set and the evaluations recalcu-
lated (Table S2). This is the approach used in the United
States to determine reliability gains when the SNPs used in
the evaluations are changed. The analysis was also repeated
after removing the SNPs in the USDA-SNP panel that were
within 100 or 200 kb of SNPs in the UFL-SNP panel. In
addition, the reliability of using only UFL-SNP panel was
determined.

Pathway analysis

Genes that were significantly associated with DPR, CCR or
HCR were subjected to pathway analysis using QIAGEN’s
INGENUITY® PATHWAY ANALYSIS (1PA®; www.ingenuity.com). In
this analysis, associations were calculated using direct and
indirect relationships among genes that were experimen-
tally observed. wa®

canonical pathways in which at least two genes were

software was used to identify (i)

over-represented, (ii) upstream regulators affecting at
least six genes and (iii) biological functions predicted to be
regulated by the genes in which a minimum of six genes
were acting. For all analyses, only relationships with a
P-value < 0.05 are reported.

Results

Allele frequencies

The frequency of each allele is presented in Table S3. In
general, the minor allele was the same as previously
reported by Cochran et al. (2013b). The exceptions were for
BSP3 [minor allele =G (29.8% MAF) vs. A (MAF = 30.3%)
in the previous study], COQ9 [A (MAF =48.6%) vs. G
(MAF = 48.5%)], MRPL48 [G (MAF = 37.9%) vs. A (MAF =
49.2%)] and PARM1 [G (MAF=47.3%) vs. C (MAF =
47.8%)]. Of the 69 SNPs, 17 were not in Hardy—Weinberg
equilibrium. For ACAT2, AP3B1, AVP, C7H19orf60, CCTS,
DZIP3, FST, HSP70, OCLN, SLC18A2, TSHB and ZP2, there
were more animals homozygous for the major allele than
expected. For HSD17B6, HSD17B7 and TXN2, there were
fewer heterozygotes than expected, and for NLRP9 and
PARM]1, there were more heterozygotes than expected
(>50%).

Association of SNPs with fertility traits

Results for DPR are shown in Table 1. There were signif-
icant relationships with DPR for 29 SNPs, with 22 having
an additive effect, four having a dominance effect and three
having additive and dominance effects. Of the 29 SNPs,
ARL6IP1 and TBC1D24 are non sense mutations, PGR is a
mutation in an intronic region and the remaining 26 are
missense mutations. The SNPs that explained the greatest
proportion of the genetic variation in DPR were COQ9
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Table 1 SNPs associated with daughter pregnancy rate.

Candidate genes for fertility in Holsteins

2

Copies of minor allele’ P-value

Gene SNP id Chr.  Location 0 2 Effect 2 A D

ACAT2 rs109967779 9 97478396 0.62 (0.50) 1.59 (0.48) 3.38 (0.74) 1.38 0.0067 0.0006 0.4616
AP3B1 rs133700190 10 9177305 0.84 (0.45) 2.05 (0.50) 3.47 (1.15) 132  0.0003 0.0250 0.8881
APBB1 rs41766835 15 47252371 1.99 (0.44) 0.29 (0.52) —-0.58 (1.17) —1.28 0.0088 0.0298 0.5624
ARL6IP1 rs110541595 25 16544291 0.88 (0.52) 2.08 (0.47) 0.60 (0.73) —0.14  0.0008 0.7267  0.0143
BCAS1 rs109669573 13 82164839 1.97 (0.52) 1.20 (0.47) 0.03 (0.72) —-0.97 0.0035 0.0144  0.7268
BOLA-DMB rs109032590 23 7189701 0.52 (0.47) 2.38 (0.49) 3.63 (0.91) 155  0.0062 0.0010 0.6255
BSP3 rs110217852 18 51919757 2.14 (0.46) 0.92 (0.50) —0.35 (0.89) —1.24 0.0059 0.0061 0.9637
C7H190rf60  rs109332658 7 4533772 2.44 (0.47) —0.09 (0.52) 0.87 (0.91) —-0.78 0.0100 0.0977  0.0062
CAST rs137601357 7 98485273 2.51 (0.54) 1.05 (0.47) —-0.70 (0.64) —1.61 0.0105  <0.0001 0.7907
coQ9 rs109301586 18 25527339  —0.57 (0.57) 1.73 (0.47) 4.17 (0.59) 2.37 0.0319 <0.0001 0.8943
CSNKTE rs133449166 5 110565337 1.03 (0.50) 1.33 (0.48) 3.10 (0.79) 1.03  0.0040 0.0143  0.1971
DEPDC7 rs110270752 15 63421395 1.58 (0.45) 0.70 (0.51) 3.01 (1.14) 0.71 0.0015 0.2190 0.0253
DNAH11 rs110629231 4 30766895 2.24 (0.49) 0.78 (0.48) —-0.47 (0.87) —1.36 0.0059 0.0028 0.8630
DSC2 rs109503725 24 27124361 0.14 (0.55) 2.14 (0.47) 1.76 (0.68) 0.81 0.0058 0.0396 0.0276
DzIP3 rs133175991 1 53855896 1.42 (0.44) 1.59 (0.53) -2.17 (1.52) —-1.80 0.0006 0.0189 0.0278
EPAS1 rs43676052 1 28650973 2.43 (0.46) —0.43 (0.51) -1.15(1.06) —-1.79  0.0200 0.0010 0.1140
FCER1G rs109137982 3 8308678 1.52 (0.41) 1.06 (0.68) 5.80 (2.32) 214  0.0020 0.0648 0.0479
FUT1 rs41893756 18 55831611 1.84 (0.43) 0.75 (0.54) —2.40 (1.40) —-2.12  0.0078 0.0027  0.2169
HSD17B12 rs109711583 15 74828355 0.10 (0.54) 1.59 (0.46) 2.96 (0.66) 1.43  0.0056 0.0002  0.9055
HSD17B7 rs110828053 3 6630548 1.00 (0.43) 1.90 (0.57) 4.92 (1.34) 1.96 0.0044 0.0038 0.2033
LHCGR rs41256848 11 30824442 1.68 (0.55) 1.74 (0.47) 0.12 (0.65) —-0.78 0.0023 0.0392 0.1100
MRPL48 rs43703916 15 54119266 0.56 (0.50) 1.40 (0.48) 3.53 (0.74) 1.48 0.0100 0.0002 0.2425
OCLN rs134264563 20 10167825 0.35 (0.49) 1.58 (0.48) 3.82 (0.86) 1.73  0.0050 0.0001 0.3962
PCCB rs109813896 1 134130474 0.23 (0.50) 1.99 (0.48) 2.77 (0.78) 1.27  0.0069 0.0023  0.3831
PGR rs109506766 15 8158458 2.15 (0.54) 1.34 (0.47) 0.42 (0.69) —-0.86 0.0032 0.0265 0.9202
PMM?2 rs109629628 25 7716425 0.24 (0.51) 1.63 (0.48) 3.17 (0.70) 1.47  0.0072 0.0001 0.8811
RABEP2 rs133729105 25 26182660 0.96 (0.52) 1.26 (0.48) 2.55 (0.74) 0.79 0.0032 0.0499 0.3694
TBC1D24 rs110660625 25 2007163 1.21 (0.49) 0.92 (0.48) 2.96 (0.81) 0.87 0.0008 0.0429 0.0474
TXN2 rs134031231 5 75266801 0.84 (0.54) 0.95 (0.47) 2.59 (0.68) 0.82  0.0002 0.0311 0.1254

"Data are least-squares means (standard error) for the predicted transmitting ability.

2A, additive; D, dominance.

(3.2%), EPAST (1.0%), CAST (1.0%), C7H190rf60 (1.0%)
and MRPL48 (1.0%).

There were 23 SNPs that had a significant association
with CCR. Of these, 19 had an additive effect and four had a
dominance effect (Table 2). The SNPs that explained the
greatest proportion of the genetic variation for CCR were
GOLGA4 (2.4%), COQ9 (1.8%), EPAST (1.1%), MRPL48
(0.8%) and FUT1 (0.8%).

There were 14 SNPs with significant associations with
HCR, of which nine had an additive effect, three had a
dominance effect and two had additive and dominance
effects (Table 3). The most explanatory SNPS were
HSD17B7 (1.0%). AP3B1 (0.8%), CACNAID (0.6%) and
HSD17B12 (0.6%).

Six SNPs were significantly associated with DPR, CCR and
HCR (AP3B1, BOLA-DMB, DNAH11, HSD17B12,
HSD17B7 and MRPL48); 13 were associated with DPR
and CCR (ARL6IP1, BSP3, C7H19orf60, CAST, COQ9,
DSC2, DZIP3, EPAS1, FCERI1G, FUT1, OCLN, PCCB and
PMM?2), one SNP affected both HCR and DPR (CSNK1E)
and three were associated with CCR and HCR (CD40, FST
and IBSP).

Comparison of significant SNPs with results of a previous
candidate gene study

The SNPs that were significantly associated with DPR, CCR
and HCR were compared to SNPs previously associated
with fertility traits by Cochran et al. (2013b) (Table 4). For
DPR, 19 of 39 SNPs found by Cochran et al. (2013b) to be
associated with DPR were associated with DPR in the
present experiment. For 15 of these SNPs (ACAT2, AP3B1,
ARL6IP1, C7H19orf60, CAST, COQ9, CSNKI1E, DEPDC7,
FUTI1, HSD17B12, HSD17B7, OCLN, PCCB, PMM2 and
TBC1D24), the allele associated with a higher value for
DPR was the same as previously reported. For four of the
SNPs (APBBI1, BSP3, DSC2 and RABEP2), the allele
positively associated with DPR was the opposite of that
found by Cochran et al. (2013b). In addition, 10 significant
SNPs found in the present study were not associated with
DPR in Cochran et al.’s (2013b) study. Of these 10 SNPs,
four were previously associated with fertility, including
CCR (BCAS1), HCR (DZIP3), PL (LHCGR) and NM (EPAS1),
and six were previously associated with production traits
including MY (BOLA-DMB), FY (DNAH11 and MRPL48),
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Table 2 SNPs associated with cow conception rate.

2

Copies of minor allele’ P-value
Gene SNP id Chr.  Loc. 0 1 2 Effect A D
ACAT2 rs109967779 9 97478396 0.81 (0.95) 2.28 (0.91) 5.48 (1.40) 2.34  0.0051 0.0023  0.4127
AP3B1 rs133700190 10 9177305 0.98 (0.85) 2.82 (0.96) 5.94 (2.22) 2.48 0.0023 0.0287  0.6471
ARL6IP1 rs110541595 25 16544291 0.84 (0.99) 3.14 (0.90) 0.46 (1.40) —0.19  0.0008 0.8093 0.0183
BOLA-DMB  rs109032590 23 7189701 0.35 (0.89) 3.48 (0.94) 551 (1.76) 258 0.0057 0.0046  0.6438
BSP3 rs110217852 18 51919757 2.89 (0.88) 1.27 (0.95) —2.00(1.71) —2.45 0.0048 0.0055  0.4825
C7H190rf60  rs109332658 7 4533772 3.63 (0.89) —0.48 (0.98) 0.70 (1.73) —1.47  0.0077 0.1042  0.0300
CAST rs137601357 7 98485273 3.99 (1.03) 0.58 (0.88) —0.50(1.22) —-2.25 0.0074 0.0017  0.2581
CD40 rs41711496 13 75567844 3.02 (1.09) 1.38 (0.88) 0.16 (1.20) —1.43  0.0002 0.0472  0.8393
CcOQ9 rs109301586 18 25527339 —1.12 (1.08) 2.26 (0.89) 6.18 (1.12) 3.65 0.0187 <0.0001 0.7845
DNAH11 rs110629231 4 30766895 3.54 (0.92) 0.78 (0.91) —-0.63 (1.65) —2.08 0.0047 0.0161  0.5497
DSC2 rs109503725 24 27124361 0.01 (1.04) 3.35(0.89) 1.78 (1.30) 0.89 0.0033 0.2368 0.0176
DZIP3 rs133175991 1 53855896 1.51 (0.82) 295 (1.01) -3.40(2.92) -245 0.0011 0.0966  0.0241
EPAST rs43676052 11 28650973 3.14(0.88) —-0.95(0.97) —1.09 (2.06) -2.11 0.0114 0.0461 0.1343
FST rs109247499 20 25589648 0.92 (1.06) 1.53 (0.87) 4.49 (1.28) 1.78 0.0011 0.0162  0.2461
FUT1 rs41893756 18 55831611 2.55 (0.79) 0.88 (1.03) —4.21(2.83) —3.38 0.0080 0.0185 0.3169
GOLGA4 rs42339105 22 10887536 0.55 (0.70) 7.67 (1.50) 15.10 (6.39) 7.28 0.0244 0.0232  0.9639
HSD17B12 rs109711583 15 74828355  —0.21 (1.03) 2.11 (0.88) 4.38 (1.26) 229 0.0073 0.0017  0.9829
HSD17B7 rs110828053 3 6630548 1.27 (0.81) 3.36 (1.08) 8.49 (2.55) 3.62  0.0047 0.0050 0.3429
IBSP rs110789098 6 3809790 3.28 (0.98) 1.22 (0.89) 0.06 (1.42) —1.16 0.0027 0.0412  0.6746
MRPL48 rs43703916 15 54119266 0.40 (0.96) 1.81 (0.91) 5.58 (1.41) 259 0.0083 0.0007  0.2653
OCLN rs134264563 20 10167825 0.29 (0.92) 2.57 (0.90) 5.67 (1.65) 2.69 0.0036 0.0021  0.7160
PCCB rs109813896 1 134130474  —0.27 (0.95) 2.93 (0.90) 4.44 (1.48) 235 0.0064 0.0031  0.4339
PMM?2 15109629628 25 7716425  —0.13 (0.96) 2.53 (0.91) 3.92 (1.33) 2.03  0.0041 0.0053  0.5335
"Data are least-squares means (standard error) for the predicted transmitting ability.
2A, additive; D, dominance.
Table 3 SNPs associated with heifer conception rate.

Copies of minor allele’ Effect P-value?

Gene SNP id Chr.  Loc. 0 1 2 Effect A D
AP3B1 rs133700190 10 9177305 3.79(1.02) 6.48(1.18)  16.95(2.92) 658 0.0076  <0.0001 0.0347
BOLA-DMB rs109032590 23 7189701 411 (1.08)  7.78 (1.16) 8.92 (2.30) 2.40  0.0031 0.0471 0.4243
C17H220rf25 15133455683 17 74976374  7.31(1.30) 523 (1.12) 3.38 (1.64) -1.96  0.0005 0.0450  0.9325
CACNA1D rs135744058 22 47726446  4.34 (1.12) 5.61 (1.14) 12.18 (2.20) 3.92 0.0061 0.0008 0.0799
CD40 rs41711496 13 75567844  7.33 (1.35)  5.37 (1.06) 3.56 (1.51) -1.89  0.0005 0.0459  0.9508
CSNK1E rs133449166 5 110565337  6.82 (1.17)  4.27 (1.11) 7.82 (1.92) 0.50  0.0008 0.6395  0.0349
DNAH11 rs110629231 4 30766895  7.07 (1.12)  4.75 (1.10) 2.10 (2.15) —2.48  0.0020 0.0322 0.9148
FAM5C rs135071345 16 16039905 2.57 (0.90) 5.91(1.57)  25.75 (6.40) 10.24  0.0027 0.0014  0.0069
FST rs109247499 20 25589648  4.64 (1.33)  5.49 (1.05) 8.77 (1.63) 2.07  0.0015 0.0362  0.3659
GCNT3 rs109830880 10 50709147 6.66 (0.96) 3.73 (1.44) 14.16 (4.85) 3.75 0.0017 0.1247 0.0166
HSD17B12 rs109711583 15 74828355  3.30(1.29) 6.31(1.08) 9.14 (1.61) 292 0.0059 0.0027  0.9483
HSD17B7 rs110828053 3 6630548  3.49 (0.96) 9.18(1.34) 15.33 (3.35) 592  0.0098 0.0005  0.9111
IBSP rs110789098 6 38309790  7.98 (1.19)  3.33 (1.07) 5.11 (1.81) —-1.44  0.0040 0.1689  0.0243
MRPL48 rs43703916 15 54119266  4.43 (1.17) 5.58 (1.10) 8.95 (1.81) 2.26  0.0025 0.0283 0.4367

"Data are least-squares means (standard error) for the predicted transmitting ability.

2A, additive; D,

PY (PGR and TXN2) and PPCT (FCER1G) (Cochran et al.

2013Db).

For CCR, nine of the 33 SNPs examined by Cochran et al.
(2013b) were associated with the trait (ACAT2, AP3BI,
CAST, COQ9, FUT1, HSD17B7, OCLN and
PMM?2). In each case, the beneficial allele was the same

ARLG6IP1,

dominance.

in both studies.

There were an additional 14 SNPs

associated with CCR, and of these, 11 were associated with

Cochran et al.

(2013b)

another fertility trait or trait involving fertility in the
study including DPR
C7H190rf60,CD40, DSC2, HSD17B12 and PCCB), HCR
(DZIP3 and GOLGA4), PL (IBSP) and NM (EPAS1 and FST).

(BSP3,
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Table 4 Comparison of the number of SNPs previously associated with
daughter pregnancy rate (DPR), cow conception rate (CCR) and heifer
conception rate (HCR).

Number of SNPs per trait

Description of the SNP DPR CCR HCR
Previously associated with the trait 39 33 22
Associated with each trait in the present study
Same direction 15 9 4
Opposite direction 4 0 0
New significant 10 14 10
Total significant 29 23 14

"Associated with each trait by Cochran et al. (2013b).

Three were previously associated with production traits,
including MY (BOLA-DMB), FY (DNAHI11) and PY
(MRPL438).

For HCR, four of the 22 SNPs found by Cochran et al.
(2013b) were significantly associated with HCR (AP3BI1,
CACNA1D, CSNKI1E and HSD17B7). For each gene, the
allele associated with higher HCR was the same in both
studies. In addition, 10 genes that were associated with
HCR were previously associated with other traits including
DPR (C17H220rf25, also known as TANGO2; CD40; and
HSD17B12), PL (IBSP), NM (FST), MY (BOLA-DMB and
FAMS5C), FY (DNAH11 and MRPL48) and PY (GCNT3) by
Cochran et al. (2013Db).

Reliability gain for DPR by including candidate gene
SNPs in genomic estimates

The results for reliability gain calculation are presented in
Table 5. For DPR, the reliability using parental averages
was 30.44%. Inclusion of genomic information based on the
61 013 SNPs currently used for the US genomic evaluations
(USDA-SNP) in the genetic evaluation increased reliability
to 60.79%, a gain of 30.35%. When SNPS from the UFL-
SNP panel were also added, the reliability gain was
increased by a further 0.20% to 60.99%. Removal of
markers in the USDA-SNP panel near the markers in the
UFL-SNP panel (within both 100 and 200 kb) increased the
reliability gain from adding SNPs from the UFL-SNP panel
as compared to using the USDA-SNP panel alone by 0.33%
(100 kb) 0.38% (200 kb). The increase in reliability of DPR
through incorporation of the UFL-SNP panel alone was
2.76%, from 30.44 to 33.20%.

Pathway analysis

There were three significant canonical pathways in which
at least two genes associated with DPR, CCR or HCR were
represented. These were the cholesterol biosynthesis path-
way (ACAT2 and HSD17B7), estrogen biosynthesis path-
way (HSD17B7 and HSD17B12) and autoimmune thyroid

Candidate genes for fertility in Holsteins

Table 5 Changes in reliability by including UFL-SNP in the calculation
of genomic estimate for daughter pregnancy rate.

Reliability” (%) Gain
Vs,
USDA-
PA + SNP
SNP array PA Gen Gain (%)
USDA-SNP 30.44 60.79 3035 -

USDA-SNP + UFL-SNP 30.44 60.99 3055 0.20
USDA-SNP (—100 kb) + UFL-SNP?  30.44 61.12 30.68 0.33
USDA-SNP (—200 Kb) + UFL-SNP® 30.44 61.17 30.73 0.38
UFL-SNP 30.44 3320 276 -

PA, parental average; Gen, genomic information; Gain, difference
between the parental average and the parental average + genomic
information.

2USDA-SNP panel without markers within 100 kb of UFL-SNP markers.
3USDA-SNP panel without markers within 200 kb of UFL-SNP markers.

disease signaling pathway (CD40 and FCER1G). The
biological functions represented by the largest numbers of
genes were cellular growth and proliferation/cell morphol-
ogy/cell death (AP3B1, APBBI1, ARL6IP1, CACNAID,
CAST, CD40, CSNKI1E, EPAS1, FAMSC, FCERIG, FST,
IBSP, LHCGR, OCLN, PGR, TBCID24 and TXN2) and
reproductive system development and function (CACNA1D,
CAST, CD40, DSC2, EPAS1, FAMS5C, FCERI1G, FST,
HSD17B7, LHCGR, OCLN and PGR).

Several upstream regulators of genes significantly asso-
ciated with fertility traits were identified, including estradiol,
which is an upstream regulator for 13 genes (APBBI,
BCAS1, CAST, CD40, FST, HSD17B12, HSD17B7, LHCGR,
PMM_?2, OCLN, PGR, RABEP2 and TXN2); tumor necrosis
factor, regulating nine genes (CD40, DSC2, FCER1G, FST,
HSD17B7, LHCGR, OCLN, RABEP2 and TXN2); as well as
chorionic gonadotropin (DNAH11, EPAS1, FST, HSD17B7,
LHCGR and PGR), progesterone (CD40, EPASI1, FST,
LHCGR, PGR and OCLN) and transforming growth factor
p1 (CD40, DSC2, DZIP3, FCERIG, LHCGR and PCCB),
which each regulate six genes.

Discussion

In the present study, the effects of a large proportion of the
SNPs previously associated with genetic merit for fertility
traits were validated in a separate population of animals.
Additionally, inclusion of these SNPs in genetic evaluations
for DPR improved reliability. Many of the genes represented
by the SNPs in this study are involved in steroidogenesis or
are regulated by steroids. This latter supports the idea that
ovarian steroidogenesis is important for cow fertility.

One characteristic of many GWAS and candidate gene
studies is that associations between genotype and pheno-
type are not repeatable (Ioannidis et al. 2011). For example,
Littlejohn et al. (2012) were not able to replicate the effect of
any of 138 markers previously associated with residual feed
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intake in dairy cattle. In the present study, however, many
SNPs previously related to fertility traits (Cochran et al.
2013b) had similar relationships in a separate set of
animals. Of the 39 SNPs previously found to be related to
DPR by Cochran etal. (2013b), 19 were significantly
associated with DPR in the present study. For 15 of the
19 genes, the beneficial allele was the same as that found by
Cochran et al. (2013b). This result suggests that many of
the candidate gene SNPs found by Cochran et al. (2013b)
are likely to represent true causal variants.

Failure of many of the SNPs found by Cochran et al.
(2013b) to have a significant effect on DPR in the present
study may represent a combination of circumstances,
including false positives as well as the fact that reliabilities
of the cow population used in the present study are lower
than the reliabilities for the bull population used by Cochran
et al. (2013Db). As anticipated, because CCR and HCR have
lower reliabilities than does DPR (Cooper et al. 2014), fewer
of the significant SNPs for the former two traits found by
Cochran et al. (2013b) were significant in the present study.

A further indication of the utility of the candidate gene
SNPs for DPR was the finding that these SNPs by themselves
increased the reliability of estimates of DPR in the national
herd by 2.8%. The increase in reliability may have been
greater if more genotyped animals were available for
imputation. In addition, the reliability of estimates from
the use of the USDA-SNP panel could be improved by 0.20%
with the inclusion of information from the UFL-SNP panel.
This is a noteworthy gain when compared to the 0.4% gain
for DPR reported by VanRaden et al. (2013) by increasing
the number of random genetic markers by 300 000. In
another study of Jerseys and Holsteins, there was no
improvement in the accuracy of the genetic prediction for
MY, FY and PY when a higher density SNP panel (800K)
was compared to the 50K panel (Erbe et al. 2012; Cuyabano
etal. 2014). The 0.2% improvement in reliability means
that the UFL-SNP panel can provide useful information for
estimating fertility above that achieved with the current
USDA-SNP panel. This is despite the fact that some of the
variation explained by the UFL-SNP panel is already
explained by the USDA-SNP panel. This latter conclusion
is based on the fact that the increase in reliability from the
addition of the UFL-SNP panel to the USDA-SNP panel was
0.38% if SNPs from the USDA-SNP panel located 200 kb
from a UFL-SNP were removed from the analysis (vs. 0.20%
if the SNPs were not removed).

All of the SNPs have the same variance in the Bayes A
model used in the US genomic evaluation system (Wiggans
et al. 2011), and the shrinkage in such a model could prevent
the 39 putative causal SNPs from contributing substantially
to the reliabilities of the breeding values. One modeling
strategy to avoid that problem is to fit the causal SNPs as fixed
effects and to compute the direct genomic values as the sum of
the random effects of the 61 013 markers currently used in
the evaluation and the fixed effects of the 39 causal SNPs.

Although this is computationally tractable in the current
study, it is not feasible to scale that to approximately 30 traits
for each of the six breeds that receive genomic evaluations
because that would require the use of different sets of SNPs for
each breed and trait.

Many of the genes related to fertility in the present study
are involved in actions of steroid hormones, particularly
estradiol and, to a lesser extent, progesterone. Two of
the canonical pathways in which genes related to DPR,
CCR or HCR were over-represented were involved in
steroidogenesis—the cholesterol biosynthesis pathway
(ACAT2 and HSD17B7) and estrogen biosynthesis pathway
(HSD17B7 and HSD17B12). Furthermore, a total of 13
genes related to fertility traits are targets of estrogen
regulation (APBB1, BCAS1, CAST, CD40, FST, HSD17B12,
HSD17B7, LHCGR, PMM2, OCLN, PGR, RABEP2 and
TXN2), and six genes are regulated by progesterone
(CD40, EPAS1, FST, LHCGR, PGR and OCLN). The lactating
cow, which is less fertile than the non-lactating heifer
(Pursley et al. 1997), experiences low circulating concen-
trations of estradiol at estrus and low progesterone concen-
trations during the luteal phase of the estrous cycle (Sartori
etal. 2002). At least in part, reduced circulating concen-
trations of steroids reflects increased liver metabolism
during lactation (Wiltbank et al. 2006). Administration of
estradiol cypionate around the time of ovulation has been
reported to increase pregnancy rate (Cerri et al. 2004;
Emadi et al. 2014). In contrast, benefits of supplementation
of cows with progesterone after insemination are small
(Wiltbank et al. 2014). Taken together, these results impli-
cate steroid hormones as critical determinants of fertility.

Genes for several SNPs related to fertility in this study
have previously been implicated in variations in reproduc-
tive function. CAST has been previously linked to genetic
merit for fertility in dairy cattle (Garcia etal. 2006).
DNAHI11 and FAMSC are differentially regulated in the
brain of animals exhibiting strong vs. weak estrus (Kom-
madath etal. 2011). BOLA-DMB, CD40, EPAS1 and
FCERI1G are differentially regulated in the endometrium of
pregnant vs. non-pregnant cows, whereas BCASI,
C7H190rf60, MRPL48 and RABEP2 are differentially reg-
ulated in the endometrium of lactating vs. non-lactating
cows (Cerri et al. 2012). PCCB is differentially regulated in
the liver during the transition period in the cow (Graber
et al. 2010). GOLGA4 and FUT1 are differentially regulated
in embryos produced from superovulated vs. unstimulated
dams (Gad et al. 2011), EPAS1 is upregulated in caruncular
and chorioallantoic tissues of somatic cell nuclear transfer
pregnancies (Hoffert-Goeres et al. 2007) and CSNKIE has
been associated with regulation of fS-catenin (Kim et al.
2010), which in turn is involved in the WNT signaling
pathway and is regulated by progesterone in the endome-
trium (Satterfield et al. 2008). Some genes are linked to
reproductive tract diseases, such as CACNAID, involved in
proliferation of endometrial cancer cells (Hao et al. 2015),
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and HSD17B7, whose expression is higher in ovarian
endometriosis lesions (Huhtinen et al. 2012).

Other genes associated with fertility play important roles
in immune function, including AP3B1, which is involved in
antigen processing and presentation (Sasai et al. 2010);
GCNT3, which is necessary for antigen expression in
mammalian cells (Nonaka etal. 2014); and CD40 and
FCER1G, which are members of the TNFR family that
mediates actions of TNF in inflammation, immunity and
cellular differentiation and death (Brenner etal. 2015).
Immune function is likely to be closely connected to fertility.
Indeed, cows that experience more than one postpartum
disease are less fertile than are cows that have experienced
zero or one disease (Santos et al. 2011).

In conclusion, a large proportion of SNPs previously
associated with genetic estimates of fertility in Holstein bulls
maintained their association in a separate population of
cows. The inclusion of these genes in genetic evaluations
can provide moderate improvement in the reliability of
genomic estimates for fertility. Moreover, these genes point
out the importance of steroids for optimal reproduction in
dairy cattle.
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