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Genomewide association study of reproductive efficiency in female cattle
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ABSTRACT: Reproductive efficiency is of economic
importance in commercial beef cattle production, as fail-
ure to achieve pregnancy reduces the number of calves
marketed per cow exposed. Identification of genetic
markers with predictive merit for reproductive success
would facilitate early selection of sires with daughters
having improved reproductive rate without increasing
generation intervals. To identify regions of the genome
harboring variation affecting reproductive success,
we applied a genomewide association study (GWAS)
approach based on the >700,000 SNP marker assay, using
a procedure based on genotyping multianimal pools of
DNA to increase the number of animals that could be
genotyped with available resources. Cows from several
populations were classified according to reproductive
efficiency, and DNA was pooled within population and
phenotype prior to genotyping. Populations evaluated

included a research population at the U.S. Meat Animal
Research Center, 2 large commercial ranch populations,
and a number of smaller populations (<100 head) across
the United States. We detected 2 SNP with significant
genomewide association (P < 1.49 x 10~7), on BTA21
and BTA29, 3 SNP with suggestive associations (P <
2.91 x 107°) on BTAS, and 1 SNP with suggestive asso-
ciation each on BTA1 and BTA2S5. In addition to our
novel findings, we confirmed previously published asso-
ciations for SNP on BTA-X and all autosomes except 3
(BTA21, BTA22, and BTA28) encompassing substan-
tial breed diversity including Bos indicus and Bos tau-
rus breeds. The study identified regions of the genome
associated with reproductive efficiency, which are being
targeted for further analysis to develop robust marker
systems, and demonstrated that DNA pooling can be
used to substantially reduce the cost of GWAS in cattle.
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INTRODUCTION

Reproductive efficiency in cattle is an important ele-
ment of the cow—calf component of the beef production
industry. Failure of the female to become pregnant after
breeding results in the female becoming a liability in the
herd with no calf for the producer to market. As a result,
reduction in unproductive periods in the reproductive fe-
male’s life would significantly impact production costs.
Therefore, we set out to identify regions of the genome
associated with reproductive efficiency in beef cattle.

Heritability estimates for the most commonly used
reproductive traits are low (0.04-0.16; Morris et al.,
2000; Meyer et al., 1990; Cammack et al., 2009), creat-
ing a challenge when identifying genomic regions that
may harbor genetic markers that could be used for se-
lection. With the advent of high-density SNP arrays, it
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is possible to perform genomewide association studies
(GWAS) for lowly heritable traits such as reproductive
efficiency. However, because the effects of individual loci
are subtle, very large sample sizes are required to achieve
adequate power, making cost of the research prohibitive.
Previous literature has used DNA pooling to evaluate
complex traits including disease and fertility (Johnson,
2007; Macgregor et al., 2006, 2008; Huang et al., 2010);
therefore, we used DNA pooling of groups of cattle based
on phenotypic extremes to achieve adequate power for
substantially reduced cost. Conversely, individual geno-
typing and a comprehensive phenotyping approach have
also been reported in the literature to detect associations
between SNP and components of female reproduction in
Bos taurus, Bos indicus, and Bos taurus * Bos indicus
composites (Peters et al., 2013; VanRaden et al., 2013;
Fortes et al., 2012; Hawken et al., 2012). Meta-analysis
and comparison of significant SNP among related studies
to the current dataset could serve to increase our confi-
dence in SNP common to more than 1 study because of
the potential for artifact false positives in GWAS.

To identify regions of the genome associated with
reproductive efficiency in beef cattle, a GWAS using the
BovineHD beadchip assay (Illumina Inc., San Diego,
CA) and DNA pooling was conducted. These data were
then compared to previously reported results to identify
regions of similarity and newly identified regions asso-
ciated with reproductive efficiency.

MATERIALS AND METHODS

Animal Populations

Cattle populations and phenotypes were previously
described in McDaneld et al. (2012). We provide a brief
summary of the populations for convenience, as phe-
notype classification varied across population (Table 1).
Briefly, the central Florida population was distinct from
the other populations in that phenotypic categories were
based on pregnancy success or failure in 2 consecutive
breeding seasons. This population included Brangus,
Braford, and Simbrah breeds and will collectively be re-
ferred to as examples of Bos indicus X Bos taurus com-
posites. The western Nebraska population included 2
phenotypic categories, including females with 3 consecu-
tive successful pregnancies and females that were culled
after 1 failed breeding season. Females in the U.S. Meat
Animal Research Center (USMARC) population were
characterized as either low or high reproductive based
on an analysis over a number of seasons (McDaneld et
al., 2012), and reproductive success was modeled over a
lifetime of breeding records. For additional populations
in the central and southwestern United States, all females

McDaneld et al.

were classified as either nonpregnant or pregnant based
on the outcome of their first breeding season.

Pooling of DNA Samples

Collection of samples and DNA extraction were
previously described in McDaneld et al. (2012). A DNA
pool size of approximately 100 animals was chosen to
minimize cost of achieving 80% power to detect an allele
frequency difference of 5%. This was based on technical
variances and pool construction variance estimated from a
preliminary experiment comprising 1 pool of 200 Angus
bulls and 1 pool of 200 Hereford bulls, which had been
individually genotyped previously with the Bovine 50K
beadchip assay v1 (Illumina Inc.; data not shown). For the
current study, a total of 95 DNA pools (approximately 100
animals each) were evaluated using the BovineHD bead-
chip assay (Illumina Inc.): 34 DNA pools from central
Florida, 20 from USMARC, 33 from western Nebraska,
and 8 from the central and southwestern United States.

Pooling allele frequency (PAF) is a proxy for allele
frequency based on normalized intensities of red and
green signal from the BovineHD beadchip assay, where
relative intensity of the signal is used in the analysis rather
than the traditional genotype call. This concept was pre-
viously reported in McDaneld et al. (2012). Briefly, PAF
was computed from the X and Y intensity data using pro-
cedures outlined by Peiris et al. (2011) to estimate the het-
erozygote-corrected frequency estimate, p, = X/(X + kY).
The heterozygote-correction factor was estimated as k =
X/Y using data from heterozygotes among approximately
1,000 multibreed and crossbreed cattle from USMARC
that were individually genotyped, in which X is the nor-
malized intensity for red and Y the normalized intensi-
ty for green. Analysis for PAF was completed with and
without £ for the populations. The P-values were highly
correlated and generally insensitive to & value adjustment
for a given SNP (Supplemental Fig. 1, found online); all
discussion henceforth refers to models where PAF was
derived with k. In this study, PAF (or p, from Peiris et
al., 2011) corresponds to the allele frequency estimate for
allele A. The A and B alleles were defined as previously
described by Illumina (Illumina Technical Note, 2006).

Data Analysis

Pools for the central Florida and USMARC popula-
tions were replicated on 2 different BovineHD beadchip
assays for a total of 108 arrays from these 2 locations. The
2 arrays for each pool were averaged to result in 1 average
PAF value per pool for a total of 54 PAF values for the 2
locations. Accuracy and repeatability were characterized
for all SNP and sample pools by comparing technical rep-
licates for the central Florida and USMARC populations.
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Table 1. Animal phenotypic information and population size for pools that were evaluated with the BovineHD bead-
chip assay (Illumina Inc., San Diego, CA)

A. Central Florida population!

Breed Phenotype? Number of animals Number of pools (number of animals per pool)
Brangus Nonpregnant/nonpregnant 165 2 (55 and 110)
Nonpregnant/pregnant 433 5(75, 75,91, 96, and 96)
Pregnant/nonpregnant 140 2 (22 and 118)
Pregnant/pregnant 413 4 (78,96, 114, and 125)
Simbrah Nonpregnant/nonpregnant 90 1 (90)
Nonpregnant/pregnant 295 3(96, 96, and 103)
Pregnant/nonpregnant 172 2 (70 and 102)
Pregnant/pregnant 524 5 (86, 96, 96, 120, and 126)
Braford Nonpregnant/nonpregnant 64 1 (64)
Nonpregnant/pregnant 191 2 (83 and 108)
Pregnant/nonpregnant 197 2 (69 and 128)
Pregnant/pregnant 586 5(106, 118, 119, 120, and 123)
B. Western Nebraska population
Year Phenotype’ Number of animals Number of pools (number of animals per pool)
2007 Nonpregnant first year 990 10 (approximately 100)
2007 Pregnant first, second, and third year 731 7 (approximately 100)
C. U.S. Meat Animal Research Center population of Nebraska
Phenotype* Number of animals Number of pools (number of animals per pool)
Low reproductive 1,056 10 (approximately 100)
High reproductive 1,031 10 (approximately 100)
D. Additional populations’-®
Population location Breed Season of Breeding Phenotype’ Number of animals
New Mexico 1 Three-fourths Angus x one-fourth Hereford Spring Nonpregnant 109
Pregnant 109
Texas Brangus Spring and autumn Nonpregnant 88
Pregnant 88
Missouri and Iowa Angus Spring Nonpregnant 95
Pregnant 95
New Mexico_Z8 Brangus Spring Nonpregnant 34
Pregnant 34
New Mexico 3? Three-fourths Angus x one-fourth Hereford Spring Nonpregnant 20
Pregnant 20
Kansas Brangus Spring Nonpregnant 26
Pregnant 26
California Angus Spring Nonpregnant 20
Pregnant 20

Because of the animals available for the populations studied within phenotype and location, we were not able to always obtain pools of approximately 100
animals. For the central Florida population, within-phenotype pools were also created based on contemporary group (unit of origin). As a result, some of the
pools were smaller than the desired 100 animals per pool.

2Data were collected from yearling heifers exposed in a 90-d autumn breeding season. If a heifer failed to become pregnant, she was retained in the herd and
exposed again as a 2-yr-old heifer. Phenotype is the combination of the pregnancy failure or success of the 2 breeding seasons.

3Data were collected from 2006 born females of Angus, Red Angus, and Simmental background. Phenotype is based on pregnancy failure at the first breeding
or 3 successful pregnancies in 3 breeding seasons.

“4Phenotypes were determined from a population of 15,416 cows with DNA available, which had not been culled for reasons other than reproduction in the first
5 yr of life. To rank cows for reproductive merit, we treated the observation of nonpregnant or pregnant in a breeding season as the phenotype and fit breeding
season and population as fixed effects and cow as a random effect. Cows with a DNA sample available were ranked by BLUP for cow effect and the lowest 1,000
animals were put into the 10 low pools of 100 cows each and the top 1,000 were put into 10 high pools of 100 cows each.

5A nonpregnant Brangus heifer or a heifer in the Texas system could have been moved to another breeding season or used as an embryo transfer recipient dam.
Therefore, they could have had a pregnancy success recorded later in life.

Because of the animals available for the populations studied, we were not able to always obtain pools of approximately 100 animals. As a result, the smaller popu-
lations (New Mexico 2, New Mexico 3, Kansas, and California) were pooled together based on breed (Bos indicus influenced populations versus Bos taurus popula-
tions) to obtain a pool of approximately 100 animals. New Mexico 2 and Kansas were pooled together, while New Mexico_3 and California were pooled together.

"Twelve- to 15-mo-old heifers were estrous synchronized, bred once by Al and then exposed to natural service sires in a 60- to 90-d breeding season (i.e.,
phenotype was a success or failure — yearling heifer pregnancy).

8Luna-Nevarez et al., 2010.
9Mulliniks et al., 2011.

Downloaded from www.journal ofanimal science.org at ND State University Library Periodicals Dept on June 18, 2014


http://www.journalofanimalscience.org/

1948

Differences between technical replicates were computed
and used to make a histogram to characterize the distri-
bution of differences between technical replicates across
all pools and a box and whiskers plot to characterize the
distribution of differences by sample pool.

For the western Nebraska and central and southwestern
U.S. pools, 1 array was run per pooled sample, as it was de-
termined based on biological and technical variances that
biological replication (increasing the number of pools) was
more effective than technical replication (increasing the
number of arrays per pool) at increasing statistical power.

Each population was analyzed separately because of
differences in fixed effects or phenotypic categories be-
tween populations and heterogeneous variance resulting
from large differences in PAF between studies. Pooling al-
lele frequency was the dependent variable and phenotypic
category was the independent variable for all 4 populations.
In the central Florida population, phenotypic categories
were OO for cattle that were nonpregnant for 2 consecu-
tive breeding seasons, OP for cattle that were nonpregnant
in the first breeding season and pregnant the second, PO
for cattle that were pregnant in the first breeding season
and nonpregnant in the second, and PP for cattle that were
pregnant in 2 consecutive breeding seasons. To account for
breed and population stratification within breed, the aver-
age variance—covariance matrix (A) among PAF (34 pools)
was estimated by the function cov() of R (version 2.15; R
Foundation for Statistical Computing, Vienna, Austria)
with a record for each SNP and a column for each pool.
Mean PAF for each phenotypic group were estimated by
solving the general linear model equations, X'V 1Xu =
X'V-ly, in which p is a vector of solutions to the equation,
y is the vector of n PAF values for each of the n pools, and
Xis a n x p matrix of Is and Os with a value of 1 indicating
the phenotypic category to which the each pool belongs, in
which 7 is the number of pools (34 in this case) and p is the
number of phenotypic categories (4 in this case). The vari-
ance—covariance matrix (V) among y was nondiagonal be-
cause of population structure (Fig. 1), V =62A, in which 62
is a SNP-specific scaling factor to adjust the average vari-
ance—covariance matrix (A) to the variation specific to each
SNP. The assumption of the analysis was y ~ multivariate
normal [MVN](XB, 62A). The SNP-specific scaling factor
estimate was REML (Harville, 1977), 62 = y'Py/(n — p), in
which P = A~1 — A" IX(X’A"1X)X’A~!. The average ¢*
across all SNP is approximately 1 reflecting the fact that A
is the average variance—covariance matrix across all SNP.
The SNP specific F test was computed as F'= p'k'[k(X"V~
X) 1k T 'kp/(p — 1), in which

-1 1 0 0
k=1—-1 0 1 o0
-1 0 0 1

McDaneld et al.

A, B.

b < High

7 Low
a

< OI0

4L op

+ pio
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Figure 1. Genetic diversity of cattle populations in the study represented
by an unrooted neighbor-joining tree based on Euclidean distances among
pooling allele frequency estimates (Saitou and Nei, 1987; Studier and Keppler,
1988). The central Florida population (A; 34 pools) included Brangus (a),
Braford (b), and Simbrah (c). Phenotypes for this population were nonpreg-
nant the first 2 breeding seasons (O/O), nonpregnant first and pregnant second
(O/P), pregnant first and nonpregnant second (P/O), and pregnant both breed-
ing seasons (P/P). The U.S. Meat Animal Research Center population (B; 20
pools) included high and low reproductive pools based on BLUP for cows with
lifetime pregnancy success data with some censoring when cows were culled
after being twice nonpregnant in consecutive breeding seasons. The western
Nebraska population (C; 33 pools) included pools for cattle that failed their
first breeding season and pools for cattle that were pregnant for 3 consecutive
breeding seasons. The central and southwestern U.S. population (D; 8 pools)
included Bos taurus (a) and Bos indicus (b) influenced pools that were either
nonpregnant or pregnant their first breeding season.

The F was tested using the cumulative distribution func-
tion of the F' distribution integrated from right to left
using the function pf() of R with p — 1 numerator df and
n — p denominator df.

For the USMARC population, the analysis was the
same as described previously for the central Florida
population except the X matrix was 20 x 2 including
1 column with values of 1 indicating high reproductive
pools and a second column with values of 1 indicating
low reproductive pools, and values of X were 0 other-
wise. For the western Nebraska and central and south-
western U.S. populations, the X matrix was 33 x 2 and 8
x 2, respectively. For both western Nebraska and central
and southwestern U.S. populations, the first column of
X included values of 1 indicating pregnant pools and the
second column included values of 1 indicating nonpreg-
nant pools, and values of X were 0 otherwise. As a result,
for USMARC, western Nebraska, and central and south-
western United States, k=[1—1] and p = 2.

Earlier work with a subset of these data (McDaneld et
al., 2012) identified cattle that were classified as nonpreg-
nant and possessed a Y-chromosome anomaly. In addition,
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we reported a small number of SNP on autosomes strongly
associated with presence of the Y chromosome, indicating

that these SNP may be annotated incorrectly. To identify
these SNP and remove them from the current dataset, log

R ratios (log base 2 of the ratio of total intensity [X + Y]

divided by a reference value for total intensity adjusted

for genotype from approximately 1,000 individually geno-
typed cattle (including both male and female cattle)) were

analyzed and an analysis of variance with log R ratio as

the dependent variable and sex as the independent variable

for all SNP was completed. This analysis revealed 1,328

SNP that were either on the Y chromosome or located

on autosomes and strongly associated with sex and the Y
chromosome. Single nucleotide polymorphisms were also

removed from the GWAS if the difference between males

and females in log R ratio was greater than 1 and the R?

was greater than 0.9 (data not shown). After removal of
these SNP with possible misannotation and those with

missing data for 1 or more pools, 770,775 remaining SNP
were tested individually in the GWAS.

Comparison of Genomewide
Association Study Data to Literature

To compare the current GWAS dataset to those
data previously reported for Bos indicus and Bos tau-
rus cattle, data from Hawken et al. (2012) and Animal
Improvement Programs Laboratory (2013a,b), Cole et al.
(2012), and VanRaden et al. (2009), respectively, were
evaluated against the current dataset. Comparison to the
Bos indicus data was completed by plotting SNP data
from Hawken et al. (2012) as a histogram with the cur-
rent GWAS dataset (Supplemental Table 1, see www.marc.
usda.gov/~mcdaneld/; Supplemental Fig. 3, 4 and 5). Traits
evaluated in the Hawken et al. (2012) study included age
at first observed corpus luteum, postpartum anestrous in-
terval, and observation of a corpus luteum before the cow’s
calf is weaned. The Bos taurus data included high-confi-
dence SNP effects from the BovineSNP50 beadchip assay
(Illumina Inc.) estimated for Holstein, Jersey, Brown Swiss,
and Ayrshire cattle based on approximately 30,000 prog-
eny tested bulls and 16,000 cows (Animal Improvement
Programs Laboratory, 2013a,b; Cole et al., 2012; VanRaden
et al., 2009). Traits evaluated included daughter pregnancy
rate (computed from postpartum interval), heifer concep-
tion rate, and cow conception rate. From these data, the
50 highest-ranking SNP based on absolute value of the
SNP effect in the dairy cattle data (Animal Improvement
Programs Laboratory, 2012a,b; Cole et al., 2012; VanRaden
et al., 2009) were compared to the current study.

Because the data reported herein used the BovineHD
beadchip assay and the dairy study used BovineSNP50
beadchip assay, significant associations within 50 kb of
the 50 highest-ranking SNP from the dairy study were

1949

identified, with SNP from both assays mapped to the
UMD3.1 assembly (Zimin et al., 2009). On average,
there were approximately 29 BovineHD beadchip assay
SNP within 50 kb of each previously reported SNP in
dairy cattle. The SNP with the smallest P-value from the
current study within 50 kb from a high ranking dairy
SNP were identified and then the number of BovineHD
SNP within the 100-kb window were used to complete
a Bonferroni correction. If the corrected P-values were
less than or equal to 0.05, then the SNP were regarded
as confirming reproduction associations in dairy cattle.

Estimating the Effective Number of Tests

The Bonferroni correction is expected to be conser-
vative when there is linkage disequilibrium (LD) among
SNP on the same chromosome as would be expected
in a GWAS with 770,775 SNP (Gao et al., 2008, 2010;
Hendricks et al., 2013). The effective number of tests
(Mg genomewide was estimated using Simple M (Gao
et al., 2008, 2010) to determine the familywise (or exper-
iment-wise) error rate at the 5% (0.05/[effective number])
level and at the suggestive level (1/[effective number];
Lander and Botstein, 1989). The M was estimated using
individual genotype BovineHD beadchip assay data from
a group of animals for which we had individual genotypes.
These included 1,530 animals, which were a combined
data set of haplotype map (hapmap) animals (n = 718;
Porto-Neto et al., 2013) and USMARC animals (rn = 812).
The method of Simple M uses the distribution of eigenval-
ues to estimate Mg, which is the number of eigenvalues
required to account for 99.5% of the variance. If the ratio
of number of SNP divided by the sample size is too small,
then the estimated eigenvalues are too variable because of
insufficient sample size; hence, it is necessary to divide
the SNP within chromosomes into windows when estimat-
ing the M to ensure sufficient precision when estimating
eigenvalues. The same ratio of number of animals to SNP
in a window that Gao et al. (2008) reported, 3.75 (500 in-
dividuals/133 SNP per window), was used in validating
their technique with permutation testing. In other words,
the ratio of sample size to number of SNP within window
cannot be any smaller than 3.75 to make the validation
of Gao et al. (2010) relevant to the data presented herein.
Using Mg the extent to which Bonferroni is conservative
using the Sidak correction was estimated.

RESULTS AND DISCUSSION

Genetic Diversity of Populations

Populations evaluated in this study included Bos in-
dicus x Bos taurus composites, Bos taurus X Bos taurus
crossbreds, and Bos taurus purebreds. These cattle were
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from multiple locations across the United States including
the USMARC, commercial ranches in central Florida and
western Nebraska, and multiple locations in the central
and southwestern United States including Kansas, lowa,
Missouri, Texas, New Mexico, and California (McDaneld
et al., 2012). As a result, substantial population stratifica-
tion existed between and within populations as demonstrat-
ed by neighbor-joining trees (Fig. 1). Differences among
the 3 breeds of the central Florida population including
Brangus, Braford, and Simbrah were clearly apparent
as long branches separate the different breeds (Fig. 1A).
Differences between Bos indicus * Bos taurus composites
(central Florida) and Bos taurus crosses (USMARC and
western Nebraska) are reflected by the long branch lengths,
which separate the composites of the central Florida popu-
lation versus the shorter branch lengths that separate the
USMARC and the western Nebraska population (based on
neighbor-joining tree encompassing all populations; data
not shown). Approximately half of the pools for the central
and southwestern U.S. population were Bos indicus influ-
enced pools, which is reflected in the long branch that sep-
arates the Bos indicus influenced pools (b in Fig. 1D) from
the Bos taurus pools (a in Fig. 1D) in neighbor-joining
tree for this population. The localized clustering and vari-
able branch lengths of neighbor-joining trees between and
within populations illustrate why it was necessary to use
a nondiagonal covariance matrix with the general linear
model to statistically adjust for population stratification.

The experimental populations reported herein span
considerable genetic diversity. While there are advantages
to this diversity, there is not adequate power to detect loci
with specific effects and LD patterns within breed. The ex-
perimental design for the current study allowed us to find
only those genetic variants that are present in all the breeds,
show the same effect on the phenotype, and, even more
important, show the same LD pattern with the surrounding
SNP. In an attempt to shed some light on this, a preliminary
analysis on the central Florida population was conducted to
estimate phenotype specific effects within breed (data not
shown). Unfortunately, obvious spurious results indicated
that the breed specific model was overparameterized.

Estimating the Effective Number of Tests

The M4 based on individual genotype data from the
BovineHD beadchip array on 1,530 animals was 343,497,
which was 44.5% of the 771,051 SNP that could be ana-
lyzed for the individual genotype data used. Single nu-
cleotide polymorphisms with minor allele frequencies
less than 0.05 or greater than 0.95 were culled from the
data set. Single nucleotide polymorphisms culled from
the analysis were slightly different between Mg estima-
tion and the GWAS because of differences in SNP with
technical failures for individual genotyping and pooling.

McDaneld et al.

The window size for computing the composite LD matrix
was 408 (1,530/3.75). The Mg for each window were
summed over all windows on the autosomes and BTA-X.
The 5% genomewide error rate corresponded to a nomi-
nal P-value of 1.49 x 107 based on Simple M (Gao et al.
2008) and 6.65 x 1078 based on Bonferroni. Assuming
that the M from Simple M is correct, the genomewide
error rate for Bonferroni at the 5% level is actually 2.3%,
so the true Bonferroni error rate is less than half of the
value targeted (2.3/5 <0.5) for the hapmap and USMARC
population used to estimate Simple M.

The genetic diversity of the individually genotyped
population included multiple Bos taurus and Bos indi-
cus breeds, composites, and crossbreds; hence, the ge-
netic diversity in the population used to estimate Mg
was at least as great as the experimental animals placed
into pools in this study. Because of this, one would ex-
pect the estimate of M to be conservative but obvi-
ously less conservative than Bonferroni. In comparison
to humans, the M as a percentage of SNP was 53%
for 778,629 SNP and 60% for 383,213 SNP (Gao et al.,
2010). Despite the large amount of diversity within the
hapmap and USMARC populations, they evidently have
greater LD (smaller M ¢) than human populations.

Adjusting for Population Stratification

The Q-Q plots were used to evaluate adjustment for
population stratification due to differences in genetic
makeup of the populations evaluated. If stratification is
appropriately adjusted for, then the Q-Q plot for —log10
P-value agrees with the expectation for smaller values
and exceeds the expectation for larger values if there are
real QTL. If there is LD, as in the central Florida popula-
tion, and real QTL, then large and intermediate values
(-log10 P-value) should exceed expectation along with
large values. Indeed, the —log10 P-values for the central
Florida population exceed expectation for expected val-
ues between 2 and 5 (Supplemental Fig. 2). To determine
if the excess SNP with small P-values on BTAS are con-
tributing to the distortion of the Q-Q plot for the central
Florida population, a Q-Q plot was generated without
SNP on BTAS. This Q-Q plot does not show an excess of
small P-values (or large —log10 P-values; Supplemental
Fig. 3) and fell close to expectation well within the 95%
confidence region. Conversely, the Q-Q plot with only
BTAS (Supplemental Fig. 4) indicates excessive small
P-values. These results indicate that most of the P-values
contributing to the lack of fit in the whole genome Q-Q
plot were located on BTAS, which indicates that it is
indeed true positives on BTAS combined with LD be-
tween true positives and neighboring SNP, which creates
the excess of small P-values in the Q-Q plot. However,
for the central and southwestern U.S. population, —log10
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P-values achieve the upper 97.5 percentile for expect-
ed values between 4 and 5 (Supplemental Fig. 7), and
for the western Nebraska population, —logl0 P-values
only exceeded expectation for large expected values
greater than 5 (Supplemental Fig. 6). For the USMARC
population, —log10 P-values do not exceed expectation
(Supplemental Fig. 5). The lack of small P-values for
the USMARC population may reflect poor matching be-
tween phenotypes (high and low reproductive efficiency),
which compromised power after accounting for popula-
tion stratification with the covariance matrix. Further evi-
dence was observed in preliminary analyses in which we
did not weight by the inverse of the covariance matrix
and many highly significant P-values for the USMARC
population (data not shown) were observed.

Technical Error Between Replicates

There was close agreement between technical rep-
licates for over 99.9% of the SNP (Supplemental Fig. 8
and 9); however, there were a relatively small proportion
of outlying SNP with differences spanning the full range
from —1 to 1. There was evidence of SNP that were “re-
peat offenders” in that they demonstrated poor technical
replication for multiple samples greater than expected by
chance (data not shown). Furthermore, there were sample
pools with an excess of SNP with discrepant technical
replicates. However, there were no SNP or pools with
universally bad technical replication; apparently, some
SNP and pools are more robust than others. The average
covariance matrix across all SNP genomewide would
be expected to discount pools with excessive technical
variance; however, it is possible that an explicit analysis
on individual technical replicates instead of the average
would permit discounting of an aberrant technical repli-
cate while still being able to use technical replicates for
the same pool that cluster well. In other words, if 1 tech-
nical replicate clusters with other pools whereas the other
is on a long branch by itself, then the outlier pool is more
likely to be suspect and the 1 that clusters well more like-
ly to be high quality data. Modeling individual technical
replicates will be considered more fully in future studies.

Furthermore, to evaluate the sensitivity of the results
to differences in technical replicates, an analysis was
completed on both technical replicates for the BovineHD
beadchip assay of the central Florida and USMARC
populations. The 2 technical replicates were analyzed
separately and then compared to determine the need to
run duplicates of the pools on the BovineHD beadchip
assay. For the central Florida population, 3 contrasts
among the phenotypic groups were based on pregnancy
success in the first 2 breeding seasons. Using P to denote
pregnant and O to denote not pregnant, the 3 contrasts
were (P/P + O/P + P/O)/3 — O/O, P/P — (O/P + P/O)/2,

1951

and P/O — O/P. For the USMARC population, there was 1
contrast: high reproductive efficiency — low reproductive
efficiency. Estimates of contrasts were computed sepa-
rately for all approximately 770,000 SNP and the 2 tech-
nical replicates. Product moment covariances and corre-
lations (using cov and cor functions in R version 2.15 [R
Foundation for Statistical Computing, Vienna, Austria])
were then estimated between technical replicates. For
comparison, sampling variance were estimated for each
contrast and averaged across SNP. Mean within SNP
sampling variances were slightly larger than sampling
variances estimated across SNP (Table 2). This indicates
that the distribution of estimated effects across SNP is
consistent with the sampling properties observed within
SNP indicating that the individual SNP tests were conser-
vative (because the mean within SNP sampling varianc-
es were slightly larger than the between SNP estimates).
Technical error variance can be measured as the variance
of replicate 1 given replicate 2 or vice versa. Technical
error variances ranged from 1.00 x 10~ to 2.05 x 10~#
with roughly half of the sampling variance in estimat-
ing contrasts due to technical variance (variance among
technical replicates) and half due to binomial sampling
of alleles in the population plus pool construction vari-
ance. If pools were smaller, the proportion of variance
from technical error would be expected to be smaller and
larger for larger pools because the binomial sampling
variance converges towards 0 as sample size increases.
Pool construction variance is also expected to shrink with
pool size because pool construction variance scales with
binomial sampling variance (Craig et al., 2009).
Correlations between the replicates ranged from 0.68
to 0.79 depending on contrast. Correlations of this magni-
tude between technical replicates indicate that it is more
cost effective to sample twice as many animals and use 1
BovineHD beadchip assay sample as long as the cost of
phenotyping and collecting a sample are low relative to
the cost of the BovineHD beadchip assay. Because of suf-
ficiently high correlations between technical replicates, 1
BovineHD beadchip assay was run per pool for the west-
ern Nebraska and central and southwestern U.S. pools.

Pooling and Results of Genomewide Association Studies

The goal of the current experiment was to perform
a GWAS of the bovine genome for chromosomal seg-
ments harboring variation affecting female reproductive
success. Due to the low heritability of this trait and the
potential for a variety of genome-based and environmen-
tal causes that contribute to the simple binary phenotype
(multinomial in central Florida population) of pregnant/
nonpregnant, we anticipated the need for a large sample
size. To accommodate this in the available budget, it
was necessary to use a pooling strategy to reduce geno-
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Table 2. Comparison of analyses between technical
replicates 1 and 2 for the central Florida and U.S. Meat
Animal Research Center (USMARC) populations

Sampling Mean sampling

covariances across variances within
SNP (x 1074 SNP (x 104!

Comparisons? 012 O12 0; r ‘712 Gg

(O/P+P/O=P/P)/3-0/0 4.15 285 390 0.71 4.55 4.50
P/P — (O/P + P/O)/2 2.04 141 197 0.70 2.05 1.97
P/O - O/P 359 237 339 0.68 3.61 3.40
High — low 530 436 5.69 0.79 5.41 5.83

'Mean sampling variances were computed on a within SNP basis in the stan-
dard way (materials and methods) and then subsequently averaged over SNP.

2In the central Florida population, P/P cattle were pregnant for both con-
secutive breeding seasons, O/P cattle failed to get pregnant the first breeding
season and were pregnant the second, P/O cattle were pregnant first breeding
season and failed the second, and O/O cattle failed to get pregnant in either
breeding season. High — low is the contrast between high and low reproduc-
tive performance in the USMARC population.

typing costs. Samples were pooled on the basis of loca-
tion, phenotype, and/or breed to reduce environmental
and background genotype effects for the most efficient
comparisons. Technical variation in measuring PAF in-
creases sample size required relative to individual geno-
typing. This increase in sample size required was taken
into account in designing experiments for this study.

We previously reported the association of SNP on
BTA-Y with the nonpregnant phenotype (McDaneld et
al., 2012) and therefore will only present data for BTA-X
and the autosomes here (Supplemental Table 1, see http://
www.marc.usda.gov/~mcdaneld/). Manhattan plots for
all autosomes and BTA-X are presented in Fig. 2. One
SNP (BovineHD2900000490 at position 2,086,737) on
BTA29 achieved genomewide significance (nominal
P < 6.49 x 107®%) in the western Nebraska population
(Fig. 2c and 3; Supplemental Table 1; see http://www.
marc.usda.gov/~mcdaneld/). However, no other auto-
somal SNP achieved genomewide significance for the
4 populations evaluated. In addition to being genome-
wide significant in the western Nebraska population,
BovineHD2900000490 was nominally significant in the
USMARC population (P = 8.0 x 1073; Supplemental
Table 1; see http://www.marc.usda.gov/~mcdaneld/) and
was within 786 kb of a significant SNP (Hapmap43008-
BTA-65226; P = 5.8 x 10~%) reported by Hawken et al.
(2012) in a tropically adapted composite breed for age at
first observed corpus luteum (Fig. 3).

Five SNP were associated with reproductive effi-
ciency at the suggestive level of significance genome-
wide (nominal P < 2.91 x 1079) but not at the genome-
wide level of significance (nominal P < 1.49 x 1077,
Fig. 2) in at least 1 of the 4 populations evaluated. In
addition, 1 SNP (BovineHD0500012936 at position
45,009,461 on BTAS) was suggestive in central Florida

McDaneld et al.

and nominally significant in USMARC. These sug-
gestive SNP were BovineHD0100011078 at position
38,455,373 on BTAI (USMARC; P = 1.16 x 107%; Fig.
2b), Hapmap30002-BTA-142983 at position 26,876,852
on BTAS (central Florida; P = 1.07 x 107%; Fig. 2a and
4), BovineHD0500010194 at position 35,519,812 on
BTAS (central Florida; P = 9.98 x 1077; Fig. 2A and 4),
BovineHD0500012936 at position 45,009,461 on BTAS
(central Florida; P =1.08 x 107, USMARC; P =4.01 x
10-3; Fig. 2a and 4; Supplemental Table 1; see http://www.
marc.usda.gov/~mcdaneld/), and BovineHD2500011053
at position 39,615,041 on BTA25 (central Florida; P =
8.16 x 1077; Fig. 2a and 5). It should be noted that only
SNP with consistent affects and LD patterns across breed
are detectable in our analysis.

It would be interesting to know how the false dis-
covery rate (FDR; Benjamini and Hochberg, 1995)
corresponds to the suggestive level of significance be-
cause they both represent preliminary screen thresholds.
Unfortunately, the FDR depends on the distribution of
P-values so the FDR corresponding to the suggestive level
of 2.91 x 1079 is different for different data sets. False dis-
covery rate (or q) at this P-value is approximately 0.136
for the central Florida, 0.56 for the western Nebraska, and
over 0.9 for the USMARC (20 pools) and central and
southwestern U.S. (8 pools) populations. These popula-
tions that do not have sufficient power to compensate for
multiple testing and detect significant SNP were included
because they can support a significant or nearly signifi-
cant result from the western Nebraska or central Florida
populations or another study from the literature, now or
into the future. For example, BovineHD2900000490 has
a P-value of 1.82 x 1078 in the western Nebraska pop-
ulation and 0.00796 in the USMARC population. Only
2 SNP for the western Nebraska population achieve an
FDR of 5%, BovineHD2900000490 (P = 1.82 x 107%)
and BovineHD2100010571 (P = 1.08 x 1077). None of
the other populations (western Nebraska, USMARC, or
central and southwestern United States) achieved a FDR
of 5%. Accounting correlations or dependencies among
SNP because of LD makes FDR far more conservative
and in fact more conservative than Bonferroni for these
data (Benjamini and Yekutieli, 2001).

When comparing the current SNP data to previous re-
ports in the literature, peaks in SNP —log10 P-values from
the central Florida population located at 20 to 55 Mb on
BTAS closely coincided with significant (P < 0.001) SNP
from Hawken et al. (2012; Fig. 4). The similarities be-
tween the results of the 2 studies were remarkable in spite
of 2 key differences. First, Hawken et al. (2012) used the
Bovine 50K beadchip assay, which reduces the opportuni-
ty to identify common significant SNP. Second, the traits
evaluated were different between studies, as Hawken et
al. (2012) evaluated age at first observed corpus luteum,
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Figure 2. Manhattan plots for all 4 populations (central Florida [A], U.S. Meat Animal Research Center [B], western Nebraska [C], and central and south-
western United States [D]) with —log10 P-values across the genome with the exception of BTA-Y, which was published in an earlier report (McDaneld et al.,
2012). The green dashed line marks the statistical threshold for 1 expected false positive result in 20 experiments based on the Bonferroni adjustment, 7.19 =
—log10 of 0.05/770,775 SNP. The red dashed line marks the statistical threshold for 1 expected false positive in 1 experiment based on the Bonferroni adjustment,

5.89 =—logl0 of 1/770,775 SNP.

postpartum anestrous interval, and observation of a cor-
pus luteum before the cow’s calf is weaned. However, the
populations shared similar breed composition and this
might have been the key in identifying similar regions
of significance on BTAS. The central Florida population
evaluated in the current study included Bos indicus % Bos
taurus composite breeds, Brangus, Simbrah, and Braford,
while Hawken et al. (2012) studied Brahman and a tropi-
cally adapted composite, which had both Bos indicus and
Bos taurus ancestry. Close agreement between the SNP
peaks of the current pooling study and the individual
genotyping study of Hawken et al. (2012) on BTAS in
spite of differences in SNP platform and components of
reproduction is important. Evidence from independent
studies, such as the data presented herein and Hawken et
al. (2012), can be combined using P-values (Bailey and
Gribskov, 1998). As an example, for n independent stud-
ies, —2 times the sum of the natural logs of the P-values
is distributed as chi square with 2n degrees of freedom.
Considering the results in Fig. 4, many SNP within the re-
gion from 25 to 50 Mb have P-values less than 1073 for 1
study and 107 for the other or P-values less than 10~ for

1 study and 107 for the other. For both of these combina-
tions of P-values, the combined P-value was based on the
4 df chi-square statistic of Bailey and Gribskov (1998)
is 2.17 x 1078, which is significant at the genomewide
level assuming both studies used BovineHD beadchip as-
say. Hawken et al. (2012) used the Bovine 50K beadchip
assay so this inference is conservative.

Previous reports have also identified SNP associated
with traits influencing reproductive efficiency in Bos tau-
rus cattle, which included multiple dairy breeds (Animal
Improvement Programs Laboratory, 2013a,b; Cole et al.,
2012; VanRaden et al., 2009). To align the current data-
set to these SNP, significant associations were compared
to Bovine 50K beadchip assay data for Holstein, Jersey,
Brown Swiss, and Ayrshire. High-ranking (rank <50) SNP
effects on dairy reproduction traits including daughter
pregnancy rate, heifer conception rate, and cow concep-
tion rate (Fig. 6) were confirmed (Bonferroni corrected P
< 0.05 using the number of SNP in the 100 kb window)
for 87 SNP in the current study. These SNP were distrib-
uted across 26 autosomes and the X chromosome (Fig. 6).
The only chromosomes not confirming SNP were BTA21,
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Figure 3. Manhattan plot with —log10 P-values across BTA29 for the
western Nebraska population. The red vertical histogram bars give the sig-
nificant —log10 P-values (P < 0.001) from Hawken et al. (2012). The green
dashed line marks the statistical threshold for 1 expected false positive re-
sult in 20 experiments based on the Bonferroni adjustment, 7.19 = —logl0
0f 0.05/770775. The red dashed line marks the statistical threshold for 1 ex-
pected false positive in 1 experiment based on the Bonferroni adjustment,
5.89 =—log10 of 1/770,775 SNP.

BTA22, and BTA28. Between the current study and those
reported for Holstein, Jersey, Brown Swiss, and Ayrshire,
similar regions of the genome appear to harbor genetic
variation influencing reproduction. While significant SNP
in the current study were within 50 kb of high-ranking
SNP from the dairy populations, this does not confirm
that they are the same SNP or quantitative trait nucleo-
tide because significant SNP localized to the same 100 kb
regions in both studies but they were not the same SNP.
Regional confirmation instead of specific SNP confirma-
tion is not surprising given the differences between these
populations and the likely different patterns of LD.

To predict possible biological function associ-
ated with genomewide and suggestive significant SNP
for the current dataset, the genomic regions (500 kb
on either side of the SNP) surrounding the signifi-
cant SNP on chromosome 1 (BovineHD0100011078
at position 38,455,373 bp UMD3.1), chromosome 5
(Hapmap30002-BTA-142983 at position 26,876,852
bp UMD3.1, BovineHD0500010194 at position
35,519,812 bp UMD3.1, and BovineHD0500012936
at position 45,009,461 bp UMD3.1), chromosome
21 (BovineHD2100010571 at position 36,114,162 bp
UMD?3.1), chromosome 25 (BovineHD2500011053 at
position 39,615,041 bp UMD3.1), and chromosome
29 (BovineHD2900000490 at position 2,086,737 bp
UMD3.1) were evaluated for candidate genes. In addition
to Hawken et al. (2012) and the data presented herein for
the 20 to 55 Mb region on chromosome 5 (Fig. 4), which
contains 3 suggestive significant SNP, Fortes et al. (2012,
2013) previously reported association of this region with
serum levels of inhibin in bulls and identified the candi-
date gene helicase B (HELB). Helicase B (47,713,413—

McDaneld et al.
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Figure 4. Manhattan plot with —log10 P-values across BTAS for the cen-
tral Florida population. The red vertical histogram bars give the significant —
logl0 P-values (P < 0.001) from Hawken et al. (2012). The red dashed line
marks the statistical threshold for 1 expected false positive in 1 experiment
based on the Bonferroni adjustment, 5.89 =—log10 of 1/770,775 SNP.

47,751,430 UMD3.1) is located in the 3" end of this 20 to
55 Mb region on chromosome 5 (Fig. 4) along with gluta-
mate receptor interacting protein 1 (GRIPI1; 47,622,316—
47,707,620 UMD3.1). While the exact role of HELB has
not been determined, GRIP1 appears to have a role in ex-
tracellular matrix proteins that are essential for adhesion
between the epidermal basement membrane and under-
lying dermal connective tissues during embryonic devel-
opment (Kato et al., 2010). GRIP1 has also been shown
to enhance the mRNA abundance of the estrogen recep-
tor alpha-dependent extracellular matrix gene in chon-
drogenic cells (Kato et al., 2010), and mutations in the
GRIP]I gene have been reported to cause Fraser syndrome,
an autosomal recessive congenital disorder that results in
multiple characteristics including abnormalities of the
reproductive system (Vogel et al., 2012). Additionally,
knockout mice for the GRIPI gene have been reported
to possess abnormalities that hinder reproductive success
(Gehin et al., 2002).

Evaluation of chromosomes 1, 21, 25, and 29, which
also contained genomewide and suggestive significant
SNP, identified possible candidate genes that have roles
in multiple cellular functions. For chromosome 1, NSUN3
(NOLI1/NOP2/sun domain 3; 37,960,654-38,021,044 bp
UMD3.1) was the only annotated gene within 500 kb of the
suggestive significant SNP (BovineHD0100011078 at po-
sition 38,455,373 bp UMD3.1). Chi and Delgado-Olguin
(2013) previously reported that the NOL1/NOP2/sun do-
main family of genes, which includes NSUN3, may have
a role in early embryogenesis. Located in chromosome
21 was also a candidate gene, STXBP6 (syntaxin binding
protein 6; 35,412,324-35,694,581 bp UMD3.1), near the
suggestive significant SNP (BovineHD2100010571 at
position 36,114,162 bp UMD?3.1) that may have a role
in embryogenesis (Kleppe et al., 2013). Chromosome
25 contained multiple candidate genes within 500 kb of
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Figure 5. Manhattan plot with —logl0 P-values across BTA25 for the
central Florida population. The red vertical histogram bars give the significant
—logl0 P-values (P < 0.001) from Hawken et al. (2012). The red dashed line
marks the statistical threshold for 1 expected false positive in 1 experiment
based on the Bonferroni adjustment, 5.89 =—log10 of 1/770,775 SNP.

the suggestive significant SNP BovineHD2500011053
(39,615,041 bp UMD3.1), including ACTB (beta-actin;
39,343,599-39,347,049 bp UMD3.1), which has been
reported to have a role in multiple events during early
embryogenesis (Mande et al., 2012; Velarde et al., 2007).
For chromosome 29, MTNRIB (melatonin receptor 1B;
1,871,384-1,886,180 bp UMD3.1) was within the 500-
kb regions surrounding the SNP BovineHD2900000490
at position 2,086,737 bp UMD3.1 and has been reported
to have a role in bovine oocyte maturation (El-Raey et al.,
2011) and glucose homeostasis (Huopio et al., 2013). In
addition to candidate genes that have been implicated in
processes that mediate reproduction, other genes reported
to have roles in cell signaling and cellular function were
also identified in proximity to the significant SNP. Other
candidate genes on chromosome 25 included WIPI2
(WD repeat domain phosphoinositide-interacting protein
2;39,565,710-39,589,442 bp UMD3.1), which has been
reported by Polson et al. (2010) to regulate lipidation,
FSCNI (fascin actin-bundling protein 1; 39,292,719-
39,302,192 bp UMD3.1), which alters proliferation and
migration during development (Ma et al., 2013; Yang et
al., 2013), MMD2 (monocyte to macrophage differenti-
ation-associated 2; also known as PAQR10; 39,609,810—
39,672,870 bp UMD?3.1), which mediates Ras signaling
(Jin et al., 2012), RADIL (39,683,976-39,733,712 bp
UMD3.1), which has a role in cell adhesion and migra-
tion (Smolen et al., 2007), and FOXK! (forkhead box
K1; 39,755,192-39,813,549 bp UMD3.1), which has a
role in cell proliferation (Shi et al., 2012). In addition
to MTNRIB on chromosome 29, FAT3 (FAT tumor sup-
pressor homolog 3; 1,962,913-2,765,251 bp UMD3.1),
which is a cadherin that mediates cell migration (Deans
et al., 2011), was also identified as a candidate gene near
the SNP BovineHD2900000490 at position 2,086,737 bp
UMD3.1.
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Figure 6. Alignment of significant SNP identified in dairy cattle
(Animal Improvement Programs Laboratory, 2013a,b; Cole et al., 2012) to
current genomewide association study data. Significant SNP associations in
the current data set were compared to Bovine 50K beadchip assay data for
Holstein, Jersey, Brown Swiss, and Ayrshire. High ranking (rank < 50) SNP
effects on dairy reproduction traits including daughter pregnancy rate, heifer
conception rate, and cow conception rate were confirmed for 87 SNP (signi-
fied by red dots) in the current study.

Conclusions

Through the use of large sample size, genetically di-
verse cattle populations, DNA pooling, and the Illumina
BovineHD beadchip assay, 1 SNP significantly associ-
ated (5% genomewide error rate) with reproductive effi-
ciency in beef cattle and 6 SNP at the suggestive level of
significance were identified. These significant or sugges-
tive SNP were located in genomic regions across BTA1,
BTAS, BTA21, BTA25, and BTA29 and align with re-
gions previously identified in the literature. Culmination
of the data presented herein provides us with a number
of genomic regions for further evaluation of neighbor-
ing genes and possible functional pathways associated
with reproduction and confirms that DNA pooling can
be used in GWAS of cattle to reduce research costs.
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