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ABSTRACT

Previous research has found that a quantitative trait
locus exists affecting calving and conformation traits
on Bos taurus autosome 18 that may be related to
increased calf birth weights, which are not routinely
recorded in the United States. Birth weight data from
large, intensively managed dairies in eastern Germany
with management systems similar to those commonly
found in the United States were used to develop a selec-
tion index predictor for predicted transmitting ability
(PTA) of birth weight. The predictor included body
depth, rump width, sire calving ease, sire gestation
length, sire stillbirth, stature, and strength. Genetic
and phenotypic correlations and heritabilities from the
United States were substituted for the German values,
and birth weight PTA predicted for 31,984 bulls with
US genetic evaluations. A genome-wide association
study was conducted on the predicted birth weight
PTA with the 2-step genomic BLUP procedure used
for routine evaluations in the United States. Allele
substitution effects were predicted for 43,188 single
nucleotide polymorphisms (SNP). Genotypes were
available for 53,644 predictor animals. Gene set en-
richment analysis was performed on the 100 SNP that
had the largest effects expressed in additive genetic
standard deviations. Several SNP related to growth
and development were found among the 25 SNP with
the largest effects, including markers located within or
near (<100 kbp) ABCA12, FLRT2, LHX/, MAP3KY,
NRAC, NTNG1, PIGN, and ZNF75A. The gene set en-
richment analysis identified the Kyoto Encyclopedia of
Genes and Genomes “Regulation of actin cytoskeleton”
pathway (bta04810) as being enriched. That pathway
includes the ROCK gene, which is involved in placental
function in the human, as well as other developmen-
tal genes (e.g., FAK and PAK). Prediction equations
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derived from one population are useful for identifying
genes and gene networks associated with phenotypes
that are not directly measured in a second population.
This approach will identify only genes associated with
the traits used to construct the birth weight predictor,
and not loci that affect only birth weight.

Key words: birth weight, quantitative trait loci, se-
lection index, single nucleotide polymorphism

INTRODUCTION

Many studies have reported on QTL affecting calving
traits in several populations of Holstein cattle (Kiihn et
al., 2003; Schnabel et al., 2005; Holmberg and Ander-
sson-Eklund, 2006; Kolbehdari et al., 2008; Thomasen
et al., 2008; Seidenspinner et al., 2011; Purfield et al.,
2014), and there appears to be a major gene on BTA18
affecting dystocia, stillbirth, conformation, and lifetime
economic merit (Cole et al., 2009b; Brand et al., 2010;
Sahana et al., 2011; Purfield et al., 2014). Qanbari et
al. (2011) also identified a signature of selection in the
same region of the cattle genome. Cole et al. (2009b)
suggested that sequestration of leptin by a sialic acid-
binding immunoglobulin-type lectin may result in in-
creased gestation lengths and, in turn, increased calf
birth weights.

Numerous studies have examined relationships
among calving traits, including calving ease (CE),
stillbirth (SB), gestation length (GL), and calf birth
weight. The relationship of these traits has been known
for some time, and Philipsson et al. (1979) discussed
the importance of these interrelationships in the con-
text of breeding strategies. Meijering (1984) surveyed
the literature and reported correlations of CE and SB
with birth weight ranging from 0.08 to 0.41. Meyer
et al. (2001) found that CE was negatively correlated
with perinatal survival, meaning that increased dys-
tocia was associated with decreased calf survival, and
correlations were similar using data from first (—0.16)
and all (—0.13) lactations. Correlations of direct CE
and SB with direct GL of 0.18 and 0.38, respectively,
were reported for Danish Holsteins by Hansen et al.
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(2004). Lopez de Maturana et al. (2009) used structural
equation models to explore genetic relationships among
dystocia, GL, and SB in US Holsteins, and reported
significant but heterogeneous correlations among all 3
traits. More recently, Johanson et al. (2011) reported
significant, positive genetic correlations of direct birth
weight with direct dystocia (0.73), GL (0.52), and di-
rect SB (0.57). Cole et al. (2009b) reported that genetic
correlations among direct and maternal CE and SB
differ when comparing whole-genome and chromosome
18-specific genetic marker effects.

Several recent studies have reported on QTL associ-
ated with birth weight. Eberlein et al. (2009) reported
that the non-SMC condensin I complex, subunit G
(NCAPG) gene on BTAG is associated with fetal growth
rates in Charolais cattle. Microsatellites on chromo-
somes 2, 6, and 14 had significant associations with
birth weight in a Holstein x Jersey crossbred popula-
tion (Maltecca et al., 2008). Markers associated with
body size, CE, daily gain, and SB have been identified
on BTA14 and BTA21 in German Fleckvieh (Pausch et
al., 2011). These results lend support to the proposal of
Cole et al. (2009b) that the QTL on BTA18 affecting
calving and conformation traits may be associated with
increased birth weight.

Calf birth weights are not routinely collected by US
dairymen, although they are recorded in some experi-
mental herds (Johanson and Berger, 2003; Olson et al.,
2009; Heins et al., 2010). Birth weights are recorded in
German contract test herds associated with the breed-
ing organization Rinderzuchtverband Mecklenburg-
Vorpommern GmbH (Karow, Germany), which also use
US sires and manage their herds similarly to American
producers, suggesting that those data could be used to
develop a predictor of sire PTA to be applied to both
populations. The resulting birth weight data previously
have been used for an unpublished genetic evaluation
for calving traits as well as for analyses on the relation-
ship of calving traits with conformation traits (Waurich
et al., 2010) and for an assessment of the reliability
of estimated birth weight in contrast to real weighing
records (Waurich et al., 2011).

Selection index methodology (e.g., Cameron, 1997)
can be used to identify the set of traits that best pre-
dict birth weight, and those predictors combined with
population-specific genetic and phenotypic (co)variance
matrices to produce correct weightings. The objectives
of this study were to (1) develop a predictor for calf
birth weight in the United States using correlated traits
and data from similar herds in Germany, (2) use SNP
markers to identify regions of the genome associated
with birth weight, and (3) identify candidate genes lo-
cated in genomic regions of interest that could have an
effect on birth weight.
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Prediction of Birth Weight Using EBV
and Selection Indices

Estimation of (Co)variances. Data for the esti-
mation of variances and (co)variances needed for the
selection index came from 20 contract herds of the
breeding organization Rinderzuchtverband Mecklen-
burg-Vorpommern in northeastern Germany. The con-
tract herd system initially was set up for the purpose
of progeny testing and is now mainly used to collect
additional data as a complement for the milk-recording
data. All contract herds are relatively large by Ger-
man standards, the average herd size is 780 cows, and
recording of birth weights is mandatory. Considering
the calving complex and first calvings only, data were
recorded in the period of October 2005 to June 2010
and comprised 25,462 records on birth weight (kg), CE
(4 classes: 1 = without assistance, 2 = little assistance,
3 = heavy assistance, and 4 = operation), GL (d) and
SB status (0 or 1). Calving ease records were recoded
into a binary form such that class 1 was coded as 0 and
all other classes as 1. Calving data were merged with
data on conformation scores stemming from the official
classifications that use a linear 1 to 9 scale. In total,
14,022 records for dams of calves and 2,989 records on
calves with a recorded calving and their later classifica-
tion in first lactation could be used.

The fixed effects for calving traits, with the number
of classes given in parentheses, were herd (20), year-
season (15), sex (2), and age at first calving (9). For
conformation traits from the official classification, the
fixed effects were herd (20), year-season (15), age at
first calving (9), stage of lactation (5), and classifier
(3).

Due to the different nature of the 2 trait complexes
and the structure of the data used for the estimation
of (co)variances, the variance components needed for
the set-up of the selection index equations could not
be estimated with 1 unique model. Rather, a series of
models was used. A general overview of the models is
given in Table 1. Essentially, bivariate sire-maternal
grandsire models were used for the estimation of (co)
variances among traits of the calving complex. Sire-
maternal grandsire models including direct additive
and maternal genetic effects can be used as an alter-
native to animal models, as shown by Eaglen et al.
(2012). Whereas birth weight and GL were treated as
continuous traits using linear models, for the categori-
cal traits CE and SB, threshold models applying logit
link and probit link functions were used. Both types of
link functions were used, depending on the convergence
of estimates. All bivariate runs for calving traits were
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done using ASReml 3.0 software (VSN International
Ltd., Hemel Hempstead, UK). For the estimation of
(co)variances between conformation traits and calving
traits, all models were linear animal models including
direct additive genetic as well as maternal genetic ef-
fects solved using VCE 6 software (Groeneveld et al.,
2010). Finally, for (co)variances among the 4 conforma-
tion traits (not shown in Table 1), a multiple-trait sire
model considering all 4 traits applying ASReml 3.0 was
used. The series of models described in Table 1 provides
far more (co)variance components than are needed for
the selection index approach. For the selection index
to be set up, only (co)variances between direct genetic
effects are needed.

Selection Index Methodology. A selection index
approach following Miesenberger (1997) was used to
develop a predictor of sire (direct) birth weight using
the following traits: sire dystocia, sire SB, sire GL,
body depth (BDEP), rump width (RW), stature
(STAT), and strength (STR). Trait definitions can
differ slightly among countries, but even if phenotypes
differ slightly across countries, it seems reasonable to
assume that the underlying biology of those traits is
the same if similar bull populations are used. Genetic
correlations of US with German evaluations from the
December 2012 Interbull (Interbull Center, Uppsala,
Sweden) evaluation were positive and high for all traits
evaluated: sire dystocia (0.81), sire SB (0.60), BDEP
(0.81), RW (0.85), STAT (0.95), and STR (0.85). Nei-
ther Germany (vit, 2013) nor the United States (AIPL,
2013) currently provide routine genetic evaluations
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for GL. The relatively low genetic correlations for sire
dystocia and sire SB may be due to differences in the
genetic evaluation models used in Germany (vit, 2013)
and the United States (Cole et al., 2007).

Using a traditional selection approach, an index (I)
was used to predict the true value of the sire PTA for
birth weight (T) by regressing T on I:

I= blxl + 62332 +...4+ bnﬂfm

where the b; are regression coefficients and the z; are
the PTA of the predictor traits included in I. The
predictors are selected to minimize the expectation of
the squared difference between the true and predicted
values by solving the normal equations for the index
Pb = G:

g g
T T, bl uy
. | l= . 7 [ 1 ]
2 2 b
T, Oy n Uy

where the elements of P are the (co)variances among
the predictors, b is a vector of regression coefficients,
G is a vector of (co)variances among the predictors
and T, and the o, are the phenotypic (co)variances of
the predictors with birth weight. However, when the
predictors in I are PTA, the elements of P are genetic
(co)variances that must be adjusted by the reliability of
those PTA to calculate the elements of b without bias:

Table 1. Description of bivariate models used for estimation of (co)variances between calving traitsl (BW,
CE, GL, and SB) and conformation traits (BDEP, STR, RW, and STAT)"?

Trait® Birth weight CE SB GL
Birth weight LIN, S-MGS LIN-BIN,,, LIN-BIN,, LIN-LIN
CE S-MGS BIN,,,, S-MGS LIN-BIN,,, LIN-BIN,,
SB S-MGS S-MGS BIN,,,, S-MGS LIN-BIN,,,
GL S-MGS S-MGS S-MGS LIN, S-MGS
BDEP

STR LIN, You = Xb + Za + e

RW LIN, yut = Xb + Za + Zm + e

STAT

'The top block describes the bivariate models used to estimate (co)variances among the calving traits, with
traits treated as linear (LIN) or binary traits (LIN-BINlog or LIN-BINpro; where log = logit link function,
pro = probit link function) above diagonal. Below and on the diagonal the model used for the random genetic
effects is shown (S-MGS = sire-maternal grandsire model).

*The lower block describes the two bivariate models used to estimate (co)variances of calving traits with
conformation traits. y.,, and y.,s are vectors of phenotypes for calving and conformation, and the subscript
indicates calving traits recorded as observations on the calf (“calf”) or the dam (“cow”); X and Z are design
matrix relating observations to levels of fixed and random effects; b is a matrix of solutions for levels of fixed
effects; a is a vector of random additive animal effects; m is a vector of random maternal genetic effects; and

e is a vector of random residual effects.

*Traits: CE = calving ease; SB = stillbirth; GL = gestation length; BDEP = body depth; STR = strength;

RW = rump width; STAT = stature.
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Table 2. Heritabilities (diagonal elements), genetic correlations (above the diagonal), and SE of genetic correlations (below the diagonal) of

predictors of birth weight in the German Holstein population

Trait! BDEP Birth weight GL RW SCE SSB STAT STR
BDEP 0.356 0.45 —0.07 0.36 0.34 0.37 0.36 0.67
Birth weight 0.049 0.326 0.44 0.35 0.72 0.53 0.56 0.39
GL 0.061 0.053 0.472 0.03 0.34 0.15 0.08 —0.17
RW 0.072 0.069 0.040 0.361 0.13 0.43 0.31 0.53
SCE 0.086 0.053 0.073 0.107 0.184 0.63 0.39 0.15
SSB 0.147 0.102 0.117 0.157 0.110 0.124 0.28 0.30
STAT 0.069 0.055 0.014 0.070 0.104 0.163 0.478 0.40
STR 0.049 0.052 0.057 0.060 0.105 0.149 0.066 0.339
'BDEP = body depth; GL = sire gestation length; RW = rump width; SCE = sire calving ease; SSB = sire stillbirth; STAT = stature; STR
= strength.
2 gl 22 b - 3), and average reliabilities of the auxiliary traits were
aa A 1 B substituted for the 7 in each matrix. The correlations
X - J 21 of birth weight with the auxiliary traits were the same
r? rf O, 7 02 b, rlo,, as used in the German data because birth weight data
n 1 n“1 n n n n

where the r are the reliabilities of the predictors; the o
and o; are the additive genetic variances and (co)vari-
ances of the predictors, respectively; and the o, are the
additive genetic (co)variances of the predictors with
sire birth weight. The elements of b are obtained in the

usual manner as b = P'G, and the reliability of the
2

index is calculated as 7, = U—é, where 07 = b'"Pb and
or

07 = o>. The relative emphasis placed on each trait was

calculated by dividing each element of b by the sum of

the elements of b. A value of 0.445 was used for o7,

based on results of B. Waurich (2011, unpublished

data).

The US selection index weights were computed by
inverting the left-hand side of Equation 2 and multiply-
ing it by the right-hand side to produce a prediction of
the vector b. The phenotypic and genetic correlations
(Table 2) were substituted for the German values (Table

are not routinely available in the United States.
Genetic (co)variances and reliabilities were estimated
using PTA from a subset of 3,599 Holstein bulls with
reliabilities of at least 60% for all 7 predictor traits.
Genetic correlations among the 4 conformation traits
were obtained from the Holstein Association USA type
evaluation system (T. Lawlor, Holstein Association
USA, Brattleboro, VT, personal communication, 2011),
and correlations among the other traits were estimated
as a function of PTA correlations and their reliabilities
using the method of Calo et al. (1973) as follows:

S RL) (S RL,)

> (RLy x RL,)

X1 9, 3]

T2 =

where RL; and RL, are reliabilities of traits 1 and 2, 7 »
is the approximate genetic correlation between traits 1
and 2, and 7, is the correlation between PTA for traits
1 and 2. The resulting genetic correlation matrix was

Table 3. Heritabilities (diagonal elements), genetic correlations (above the diagonal), and SE of genetic correlations (below the diagonal) of

predictors of birth weight in the US Holstein population®

Trait? BDEP Birth weight GL RW SCE SSB STAT STR
BDEP 0.370 0.45 0.06 0.72 0.21 0.27 0.78 0.91
Birth weight 0.049 0.326 0.44 0.35 0.72 0.53 0.56 0.39
GL 0.013 0.053 0.138 0.03 0.03 0.19 0.04 0.05
RW N/A? 0.069 0.013 0.260 0.27 0.29 0.67 0.70
SCE 0.013 0.053 0.013 0.013 0.086 0.56 0.23 0.20
SSB 0.013 0.102 0.013 0.013 0.011 0.03 0.24 0.24
STAT N/A® 0.055 0.013 N/A? 0.013 0.013 0.420 0.71
STR N/A? 0.052 0.013 N/A? 0.013 0.013 N/A? 0.310

"Values associated with birth weight were identical to the German data because those phenotypes were not available in the United States.
’BDEP = body depth; GL = sire gestation length; RW = rump width; SCE = sire calving ease; SSB = sire stillbirth; STAT = stature; and

STR = strength.

*Standard errors were not available (N/A). Genetic correlations among conformation traits were provided by Holstein Association USA

(Brattleboro, VT).
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converted to a (co)variance matrix by multiplying by
the appropriate additive genetic standard deviations
(Table 2). Standard errors of the genetic (co)variances
were estimated as follows:

1*691,2
n—2

SE = : [4]

where &, , is the genetic (co)variances among PTA for
traits 1 and 2, and n = the number of animals with
PTA (Sokal and Rohlf, 1995).

The German and US indices were compared using
both the index weights and the relative emphasis each
index placed on each trait. The relative emphasis of
each trait in each index was calculated by dividing the
individual weights by the sum of all weights, scaling the
values to a percentage, as also is done when computing
the lifetime net merit index (Cole et al., 2009a).

Prediction of Birth Weight PTA. Predicted
transmitting abilities for birth weight in US Holsteins
were estimated using PTA for sire CE (SCE; Cole et
al., 2005), sire SB (SSB; Cole et al., 2007), sire GL
(Norman et al., 2009), and 4 conformation traits (Hol-
stein Association USA, 2011): BDEP, RW, STAT, and
STR. The PTA for GL were obtained in December 2012
following the procedure of Norman et al. (2009), and
accuracies were calculated using the ACCF90 package
(Misztal et al., 2002). Bulls were required to have PTA
for all of the traits included in the index and cows were
required to have pedigree indices (PI) for all predictor
traits. Pedigree indices for birth weight were construct-
ed for cows and bulls without PTA for GL as 0.5(sire
PTA) + 0.25(maternal grandsire PTA) + 0.25(birth
year mean PTA). It also was necessary to construct
PI of SCE and SSB for cows because those PTA are
computed using a sire-maternal grandsire model that
does not provide cow PTA. The final data set of birth
weight pseudo-phenotypes included predicted birth
weight PTA and reliabilities for 290,210 Holstein ani-
mals, including 31,948 bulls with PTA for all traits in
the index, 159,947 bulls with PI for birth weight, and
98,317 cows with PI for birth weight, and the pedigree
file included 722,662 records. Deregressed PTA were
computed by dividing the PTA by the squared reli-
ability (Garrick et al., 2009) and used as phenotypes for
subsequent genome-wide association studies.

Genome-Wide Association Study

The genomic data set included 258,262 animals with
PTA or PI for birth weight, calculated as described in
the previous section (159,945 bulls and 98,317 cows)
with available genotypes. Of those, 53,644 (19,792 bulls
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and 33,852 cows) constituted the discovery population
used for the prediction of SNP effects, and the remain-
ing 204,618 (51,934 bulls and 152,684 cows) were the
validation set. The data set included BovineSNP50
BeadChip (Hlumina Inc., San Diego, CA) genotypes
(mostly bulls), as well as low-density genotypes (pre-
dominantly cows) imputed to the BovineSNP50 Bead-
Chip SNP set using version 2 of the findhap program
(VanRaden et al., 2011a). Allele substitution effects for
the 45,188 SNP used in the December 2012 US genetic
evaluations were estimated using an infinitesimal al-
leles model with a heavy-tailed prior in which smaller
effects are regressed further toward 0 and markers with
larger effects are regressed less to account for a non-
normal distribution of marker effects (VanRaden, 2008;
VanRaden et al., 2011b). Marker effects were randomly
distributed with a heavy-tailed distribution generated
by dividing a normal variable by A% where h deter-
mines departure from normality and s is the size of the
estimated marker effect in standard deviations (Van-
Raden, 2008). When h is 1, marker effects are normally
distributed with no additional weight in the tails, and
variance in the tails grows with increasing values of A.
A value for h of 1.2, which is used for routine genomic
evaluations in US Holsteins, also was used in this study.

Gene annotation information is based on the Nation-
al Center for Biotechnology Information (NCBI) build
6.1 (http://www.ncbi.nlm.nih.gov/assembly/313728/)
of the bovine genome. Coordinates are based on the
UMD 3.1 version of the Bos taurus genome assembly
(Zimin et al., 2009). Manhattan plots were created us-
ing ggplot2 0.9.2 (Wickham, 2009) and R 2.15.1 (R
Development Core Team, 2010) systems on an IBM
xSeries 3850 server (IBM Corp., Armonk, NY) running
Red Hat Enterprise Linux 5.0 (Red Hat Inc., Raleigh,
NC).

Validation of Chromosome 18 Effects

Previous studies have reported the presence of a QTL
on chromosome 18. Generalized (GLM) and mixed
linear models (MLM), as implemented in TASSEL
3.0.163 software (Bradbury et al., 2007), were used to
perform single-SNP analyses for the markers located on
chromosome 18 to determine if different analyses rank
the SNP similarly. The models used for the GLM and
MLM were as follows:

GLM: y = X3 + €;
MLM:y = X 4+ Zu + e,

where y is a vector of deregressed PTA for birth weight,
B is an unknown vector of fixed SNP effects, u is a
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vector of unknown random additive genetic effects from
background QTL, X and Z are known design matrices,
and e is a vector of random error terms. The elements
of u are normally distributed, with a mean of 0 and a
variance of Kof, where K is a SNP-based kinship ma-
trix and o2 is the additive genetic variance of birth
weight. Error terms are normally distributed with a
mean of 0 and a variance of Io?, where I is an identity
matrix and ¢ is the residual (error) variance. A princi-
pal components analysis was used to assess the degree
of stratification present in the population.

Pathway Analysis

The 100 SNP with the largest allele substitution ef-
fects for birth weight were chosen for further analysis.
Individual SNP were associated with the closest, an-
notated gene using the BEDTools package closestBed
program (Quinlan et al., 2009). The Database for
Annotation, Visualization and Integrated Discovery
(DAVID; Dennis et al., 2003) 6.7 was used to conduct a
gene-set enrichment analysis for birth weight (Huang et
al., 2009). Gene-set enrichment analysis is used to iden-
tify gene pathways that contain large numbers of genes
with large effects for the phenotype of interest. The
Weizmann Institute GeneALaCart web tool (http://
www.genecards.org/BatchQueries/index.php) was used
to identify associated pathways for each gene as well as
to query the literature for gene functions. Data tracks
from the University of California, Santa Cruz (UCSC)
Genome Browser (Kent et al., 2002) were used to iden-
tify regions of cross-species sequence homology.

RESULTS AND DISCUSSION
Selection Indices for the Prediction of Birth Weight

Index weights and the relative emphasis on each trait
for the German and US indices are presented in Table
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4. Four traits in each index have relatively large coef-
ficients relative to the other 3. In both indices, SCE
and SSB receive more than 40% of the emphasis, with
46.5 and 40.4% in Germany and the United States,
respectively. The indices differ somewhat in that BDEP
and STR are the other heavily weighted traits in the
German index, whereas GL and STAT have large coef-
ficients in the US index. The genetic correlation of GL
with SCE is much larger in the German population
than the United States, which may explain why less
emphasis is placed on SCE in the US index (20.0 vs.
30.6%), and why much more emphasis is placed on
GL in the US index (33.5 vs. 6.1%). The genetic cor-
relations for BDEP and STR also differ substantially
between the German and US indices, with differences
of 13 and 22%, respectively. The differences in the ge-
netic correlation structure are expected to affect the
resulting PTA for birth weight, and rank (Spearman)
correlations among correlations calculated using the US
and German weights with the US PTA were only 0.77.

In the US index, 32.8% of the relative emphasis is
on SCE and STAT. Stature is defined as the height at
the hips of a cow, with an average cow standing 143.5
cm (56.6 in) tall, and SCE is the percentage of difficult
births expected among calves sired by a particular bull.
A negative association between dystocia and conforma-
tion has been described several times in the literature
(e.g., Thompson et al., 1980; Dadati et al., 1985). Ali et
al. (1984) did find favorable associations among some
physical measurements of daughters and their calving
ease, but that reflects daughter calving ease rather than
SCE. McDermott et al. (1992) found that birth weight
is the most important predictor of dystocia, so it is
not surprising that dystocia is an important predictor
of calf birth weight. Moderate genetic correlations of
GL with CE were reported by Jamrozik et al. (2005).
Hansen et al. (2004) found a modest genetic correlation
of SCE with GL (40.18), a larger correlation between
GL and birth weight (40.38), and an extremely strong

Table 4. Selection index coefficients and relative emphasis on predictors of birth weight for the German and

US Holstein populations

Germany United States
Trait! Coefficient Emphasis (%) Coefficient Emphasis (%)
BDEP 0.6849 15.2 0.1168 7.2
GL 0.2766 6.1 0.5456 33.5
RW 0.4303 9.5 0.0301 1.8
SCE 1.3808 30.6 0.3250 20.0
SSB 0.7182 15.9 0.3292 20.2
STAT 0.3731 8.3 0.2089 12.8
STR 0.6544 14.5 0.0690 4.2

"The traits included in each index were body depth (BDEP), sire gestation length (GL), rump width (RW),
sire calving ease (SCE), sire stillbirth (SSB), stature (STAT), and strength (STR).

Journal of Dairy Science Vol. 97 No. 5, 2014



3162

correlation of SCE with birth weight (40.93), although
they concluded that the association of GL with birth
weight was weak. The relatively low emphasis on GL
in the German index of 6.1% is consistent with such
a finding. One explanation for the heavy emphasis
on GL in the US index may be the segregation of a
QTL associated with GL (Maltecca et al., 2009), but
that QTL also is segregating in the German Holstein
population (Brand et al., 2010). Boldman and Famula
(1985) reported that extensive use of good-CE bulls
could produce progeny with lower scores for several
conformation traits, including STAT and RW. Cue et
al. (1990) reported unfavorable genetic correlations of
SCE with capacity (similar to strength) and RW in
heifers, and with capacity in mature cows.

Predicted Birth Weight in US Holsteins

PTA and Reliabilities. Summary statistics for
PTA and reliabilities of birth weight are presented in
Table 5 for 2 groups of animals: bulls with selection
index-based predictions of birth weight, and animals
with PTA computed using PI. Properties of the PTA
were similar for the 2 groups, but the average reli-
abilities were much lower for the animals with PI. The
distributions of birth weight PTA and reliabilities for
the 31,948 bulls with selection index-based PTA are
shown in Figures 1 and 2, respectively. The reliabilities
in Figure 2 were calculated using the selection index as
described above. There were 2,324 bulls with reliabili-
ties of at least 90%, and they all were older bulls born
between 1956 and 1991 that had high reliabilities for the
traits in the selection index. It appears that reliabilities
for older bulls may have been overestimated, possibly
as a result of the approximation used to compute the
reliabilities of CE and SB (Van Tassell et al., 2003).

The 10 bulls with the smallest and largest PTA for
birth weight are shown in Table 6. Eight of the bulls
sired fewer than 100 daughters with lactation records,
whereas 7 had more than 1,000 milking daughters.
The Holstein bull Round Oak Rag Apple Elevation
(HOUSA000001491007) was the source of the QTL
reported by Cole et al. (2009b), and he appeared as the
maternal grandsire of both low- and high-birth-weight
PTA bulls.

Correlation of Birth Weight with Traits Not
in the Index. Correlations of birth weight PTA with
PTA for several traits not in the index were used to
approximate genetic correlations. All correlations were
different from 0 (P < 0.05). Milk, fat, and protein yield
had small, negative correlations of —0.02, —0.01, and
—0.02 with birth weight, respectively. These results
are consistent with those of Legault and Touchberry
(1962), who reported negative, nonsignificant correla-
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Table 5. Summary statistics for PTA and reliabilities (REL) of calf birth weight and its predictors for bulls with PTA computed using the selection index (n = 31,948), and bulls

(n = 159,945) and cows (n = 98,317) with PTA computed using pedigree indices

REL

PTA

Maximum

Minimum

SD

Mean

Maximum

Mean SD Minimum

n

Trait?

Group'

Birth weight

BDEP

RWID

SCE

SSB

STAT

STR

Birth weight
Birth weight

Index
PI, bull
PI, cow

"Pedigree indices (PI) were computed for bulls with no PTA for sire gestation length as well as for cows that do not receive PTA from the sire-maternal grandsire model used for

genetic evaluation of sire calving ease (SCE) and sire stillbirth (SSB).

’BDEP = body depth; RWID = rump width; GL = sire gestation length; STAT = stature; STR = strength.
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Figure 1. Distribution of sire predicted transmitting abilities for calf birth weight for the 31,948 bulls with PTA for the birth weight predictor
traits (body depth, rump width, sire calving ease, sire gestation length, sire stillbirth, stature, and strength).

tions of birth weight with dam milk and fat yield. Swali
and Wathes (2006) reported no significant phenotypic
association of birth weight with milk yield, but Chew
et al. (1981) found a positive association of the 2 traits.

Correlations of birth weight PTA with fitness traits
were —0.06 for daughter pregnancy rate (a measure of
fertility; VanRaden et al., 2004), —0.09 for lifetime net
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merit (a measure of profitability; Cole et al., 2009a),
0.09 for productive life (a measure of longevity; Van-
Raden and Wiggans, 1995), and +0.04 for SCS (a mea-
sure of udder health; Schutz, 1994). These correlations
all are unfavorable. Dystocia, which is strongly associ-
ated with birth weight, has adverse effects on several
measures of fertility in the dairy cow (e.g., Meijering,
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Figure 2. Distribution of the approximate reliability (%) of PTA for calf birth weight for the 31,948 bulls with PTA for the birth weight
predictor traits (body depth, rump width, sire calving ease, sire gestation length, sire stillbirth, stature, and strength).
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Figure 3. Size of marker effects in additive genetic SD for predicted birth weight. Point areas are proportional to marker effects. Color ver-

sion available in the online PDF.

1984). Berry et al. (2007) also reported that dystocia is
associated with increased SCS in early lactation. These
correlations seem reasonable in light of the association
of birth weight with dystocia, and the association of
dystocia with these fitness traits.

The PTA correlations of birth weight with conforma-
tion traits not included in the index ranged from —0.045
(rump angle) to +0.21 (final score). All correlations ex-
cept for rump angle were positive. These results suggest
that bulls that sire large calves also produce daughters
with greater-than-average conformation scores, which
is generally consistent with previous reports (e.g.,
Thompson et al., 1980; Ali et al., 1984; Dadati et al.,
1985; Koenen and Groen, 1996; Coffey et al., 2006).

Analysis of Genomic Data

Genome-Wide Assoctiation Study. Allele sub-
stitution effects scaled to units of additive genetic
standard deviations are shown in Figure 3, and the
name, location, effect size, and functional information
for the 25 SNP with the largest effects on birth weight
are shown in Table 7. This includes individual SNP
on chromosomes 2, 3, 9, 10, 14, 15, 16, 21, 24, and
25, as well as groups of SNP in close proximity to one
another on chromosomes 18 and 31. Twelve SNP are
intragenic, 9 are located near (<100 kb) genes, and 4
are not located near any annotated genes (>100 kb).

The largest marker effect among the top 25 is 0.014
standard deviation, and the smallest is 0.005 standard
deviation.

Several factors may affect the power of the asso-
ciation study. The rank correlation of German birth
weight PTA with the PTA predicted using the German
correlation matrices in the selection index was +0.78
for bulls with a minimum reliability of 0.40. This sug-
gests that factors exist affecting birth weight that are
not accounted for in the index, which could result in
decreased power to detect genomic regions affecting
birth weight.

The method used to deregress the PTA and PI does
not account for the sources of information that contrib-
ute to the reliability (e.g., individual’s own phenotype,
progeny records, or parental performance). This may
be problematic when, as in the current study, PI are
computed and deregressed for many animals. The sta-
tistical power of the analysis may be overstated and the
false discovery rate higher than expected, as a result.

Validation of Chromosome 18 SNP Effects. A
disadvantage of the genomic BLUP (gBLUP) meth-
odology used in this study is that marker effects can
be distributed among SNP that are in high linkage
disequilibrium (LD) with one another, which can make
QTL difficult to detect or locate accurately. Although
putative QTL identified in the US population have been
confirmed in studies using different methodologies (e.g.,
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Cole et al., 2009b, 2011), the change in location of the
QTL on BTA 18 was surprising. The GLM and MLM
analyses were conducted to determine if the change in
location represents a true biological effect, or if it is an
artifact of the analysis used.

A 50-SNP sliding-window analysis of LD in TASSEL
showed that the original QTL (ARS-BFGL-NGS-109285
at 57,589,121 bp) is in close linkage with the gBLUP
QTL (ARS-BFGL-BAC-2333 at 58,067,310 bp) in the
same region (r* = 0.38; P < 0.0001). Results of the
principal components analysis showed no significant
stratification among the animals used in this study.
The original QTL had the third-highest significance
(—logoP = 9.49) of all markers on BTA18 in the GLM
(Supplemental Figure S1; http://dx.doi.org/10.3168/
jds.2013-7409), and was the most significant SNP in the
MLM (—log;oP = 5.50; Supplemental Figure S2). These
results suggest that the SNP associated with the true
QTL is ARS-BFGL-NGS-109285, as originally reported
by Cole et al. (2009b), and not ARS-BFGL-BAC-2333.

Future association studies should use methods such
as the unified mixed-model approach of Yu et al. (2006)
for fine-mapping QTL, rather than gBLUP, to more
accurately identify true QTL when many markers are
in tight LD with one another. In cases where compu-
tational limitations may preclude such an approach,
¢gBLUP could be used to identify chromosomal regions
of interest, and an MLM approach could be used on
subsets of markers in interesting regions.

One notable limitation of the association analyses
conducted in this study is that the birth weight predic-
tor used can identify only QTL associated with the
traits in the predictor. If a QTL is associated with birth
weight, but not the predictors in the selection index,
then it will not be identified using these methods unless
such associations are found by chance. This means that
the following discussion of genes and pathways associ-
ated with birth weight is necessarily incomplete. This
problem cannot be overcome with statistical methodol-
ogy, and must be addressed by the routine recording of
birth weight phenotypes in the United States.

Genes Associated with Large Effects. The func-
tion of genes associated with large SNP effects can be
loosely grouped into 2 categories: those involved in
growth and development, and those associated with
other processes, such as the cell cycle and signaling.
The former include ABCA12, FLRT2, LHX}, MAP3KJ5,
NRAC, NTNG1, and PIGN, whereas the latter include
ATM, BTG, CD33, and LIHI1. In the following discus-
sion, each gene has been placed into 1 of these 2 groups.
Table 7 includes detailed information about the 25 SNP
with the largest effects (in additive genetic SD) on
birth weight, including position (mbp), gene name and
function, and references to relevant literature.

3167

Genes Associated with Growth and Develop-
ment. The SNP with the largest effect was ARS-
BFGL-NGS-100716 (rs110729775) at 60,905,721 bp
on BTA24. This marker is 72 kbp upstream of the
PIGN gene, which encodes a protein that is crucial
in the manufacture of anchors for glycosylated phos-
phatidylinositol moieties (Gaynor, et al. 1999). Loss-
of-function mutations of PIGN have been linked to
neonatal hypotonia in humans (Maydan et al., 2011)
and chromosome instability in dividing cells (Burrell et
al., 2013). Although the downstream effects of modified
glycosylphosphatidylinositol molecules produced by
PIGN proteins are still unclear, the results of several
studies indicate that the gene’s activity may be impor-
tant in development.

Several regions on BTA14 have been associated with
increased birth weight, although some studies report
microsatellite coordinates in centimorgans (¢M), rather
than SNP locations in base pairs, making comparisons
difficult. In the current study, 2 SNP on BTA14 had
large effects, one near KHDRBSS, which is involved in
spermatogenesis (Venables et al., 1999), and the second
near RPL22L1, a ribosomal subunit (Houmani et al.,
2009). These results differ from earlier studies that
reported effects on birth weight on BTA14 (Davis et
al., 1998; Kneeland et al., 2004; Koshkoih et al., 2006;
Maltecca et al., 2008; Pausch et al., 2011), possibly
because of differences among the populations studied.

A SNP on BTA15, BTB-00581588 (rs41745294) at
13,792,186 bp, was originally believed to be in a gene
desert. Closer investigation revealed that this SNP is
located in a region that has high percentage similar-
ity with a human sequenced RNA molecule extracted
from placental tissue (MGC accession: BC033698;
http://www.ncbi.nlm.nih.gov/nuccore/BC033698). To
our knowledge, the function of this highly conserved,
putatively transcribed region of the genome has not
yet been investigated and may serve as an excellent
starting point in future studies on mother-offspring
developmental signaling pathways.

The SNP ARS-BFGL-NGS-117800 (rs110406930) at
62,871,926 bp on BTA16 is intronic to LHX/, which
is related to body weight and body length in Chinese
cattle (Ren et al., 2010). Mutations in LHX/ have
been associated with pituitary hormone deficiencies
in humans (Pfaeffle et al., 2008), suggesting that it is
necessary for proper development of the hypothalamic-
pituitary axis.

Several other SNP were associated with genes that
may be involved with growth and development, but the
links are somewhat tenuous: ZNF75A may be upregu-
lated in bovine embryos (Smith et al., 2009); ABCA12
is involved in the transport of epithelial lipids (Uitto,
2005) and ichthyosis fetalis in Chianina cattle (Charlier
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et al., 2008); NTNG1 is involved in cell signaling during
nervous system development (Nakashiba et al., 2000),
and mutations in NTNG1 are associated with develop-
mental disorders in humans (Lin et al., 2009); RFX6
is essential for pancreatic islet cell formation (Smith et
al., 2010); MAPSKS5 is associated with developmental
competency of bovine embryos (Pfeffer et al., 2007);
and FLRT?2 is associated with fibroblast growth fac-
tor signaling during embryonic development, heart
morphogenesis, and embryonic survival (Haines et al.,
2006; Miiller et al., 2011). The NRAC gene is highly
expressed in murine adipose and heart tissue (Zhang et
al., 2012), and adipose tissue development occurs dur-
ing mid to late gestation in the cow (Du et al., 2011).
Genes of note on the X chromosome include AMME,
linked to Alport syndrome, midface hypoplasia, and
elliptocytosis in humans (Vitelli et al., 1999); DMD,
a gene involved in muscle development (Muntoni et
al., 2003); and PP2R1A, which affects cell growth and
signaling (Janssens and Goris, 2001).

Height receives 14.7% of the emphasis in the birth
weight predictor in the form of STAT (Table 4), so it
would not have been surprising if 1 or more height-
related genes had large effects. Several genes associated
with human height have homologs in the cow (Pausch
et al., 2011; Pryce et al., 2011; Utsunomiya et al.,
2013), but none of those genes were identified as having
large effects on birth weight. It is not surprising that
different genes may be associated with mature height
and birth weight, although Horikoshi et al. (2013) have
reported on associations of intrauterine growth with
adult height in humans.

Genes Associated with Other Cellular Process-
es. A group of 4 markers spanned a region of BTA18
from 55,309,510 to 60,258,991 bp. The SNP with the
largest effect is located near VOMIR1, which is as-
sociated with pheromone receptor activity (Fleischer
et al., 2009). Other genes located close to large SNP
include CD38 (Simmons and Seed, 1988; Varki and
Angata, 2006) and LIG1 (DNA replication and repair;
Ellenberger and Tomkinson, 2008). This is a gene-
rich region that was previously identified by Cole at
al. (2009b) as containing a QTL affecting calving and
conformation traits in US Holsteins, as well a QTL for
direct (sire) gestation length by Maltecca et al. (2011).
Several structural variations have been found in this
region, including insertion, deletions, and copy number
variants (Hou et al., 2011). These structural variants
may represent a high degree of paralogous gene families
in this region of the chromosome, which are notoriously
difficult to assemble (Eichler, 1998).

Gene Networks Associated with Birth Weight.
The analysis of genes associated with SNP with large
effects on birth weight identified the “regulation of

Journal of Dairy Science Vol. 97 No. 5, 2014

COLE ETAL.

actin cytoskeleton” pathway (bta04810) as enriched
compared with other pathways. Several genes in this
pathway are associated with embryonic development
and cell growth, including focal adhesion kinase (FAK;
Corsi et al., 2006), p2l-activated kinases (PAK; Hof-
mann et al., 2004), and Rho-associated protein kinases
(ROCK; Wei et al., 2001). Increased expression of the
ROCKZ2 isoform may be a mediator of placental apop-
tosis, and it is associated with preeclampsia in humans
(Ark et al., 2005). The bovine placenta is cotyledonous
rather than hemochorionic as in humans, but ROCK
also may play a role in placental support of the fetus
in the cow.

CONCLUSIONS

Prediction equations derived from one population
may be useful for identifying genes and gene networks
associated with phenotypes that are not directly mea-
sured in a second population. The differences among
birth weight PTA estimated using the German and US
index weights suggest that the prediction equations re-
quire additional refinement before they are suitable for
routine evaluation, but the results of the genome-wide
association study suggest that the resulting PTA are
useful for identifying SNP associated with growth and
development. These results also show that the classical
framework of quantitative genetics in animal breeding
(e.g., selection index theory and estimation of variance
components using restricted maximum likelihood) can
be used for modern analyses, in this case a genome-
wide association study based on high-throughput SNP
genotyping of many animals.
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