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ABSTRACT

Identification of the genetic variants associated with 
calf survival in dairy cattle will aid in the elimina-
tion of harmful mutations from the cattle population 
and the reduction of calf and young stock mortality 
rates. We used de-regressed estimated breeding values 
for the young stock survival (YSS) index as response 
variables in a genome-wide association study with im-
puted whole-genome sequence variants. A total of 4,610 
bulls with estimated breeding values were genotyped 
with the Illumina BovineSNP50 (Illumina, San Diego, 
CA) single nucleotide polymorphism (SNP) genotyp-
ing array. Genotypes were imputed to whole-genome 
sequence variants. After quality control, 15,419,550 
SNP on 29 Bos taurus autosomes (BTA) were used 
for association analysis. A modified mixed-model as-
sociation analysis was used for a genome scan, followed 
by a linear mixed-model analysis for selected genetic 
variants. We identified 498 SNP on BTA5 and BTA18 
that were associated with the YSS index in Nordic 
Holstein. The SNP rs440345507 (Chr5:94721790) on 
BTA5 was the putative causal mutation affecting YSS. 
Two haplotype-based models were used to identify 
haplotypes with the largest detrimental effects on YSS 
index. For each association signal, 1 haplotype region 
with harmful effects and the lead associated SNP were 
identified. Detected haplotypes on BTA5 and BTA18 
explained 1.16 and 1.20%, respectively, of genetic vari-
ance for the YSS index. We examined whether YSS 
quantitative trait loci (QTL) on BTA5 and BTA18 
were associated with stillbirth. YSS QTL on BTA18 
overlapped a QTL region for stillbirth, but most likely 
2 different causal variants were responsible for these 2 
QTL. Four component traits of the YSS index, defined 
by sex and age, were analyzed separately by the modi-
fied mixed-model approach. The same genomic regions 
were associated with both bull and heifer calf mortal-

ity. Several genes (EPS8, LOC100138951, and KLK 
family genes) contained a lead associated SNP or were 
included in haplotypes with large detrimental effects on 
YSS in Nordic Holstein cattle.
Key words: young stock survival, calf mortality, 
genome-wide association, quantitative trait loci

INTRODUCTION

Calves and young stock that die during the rearing 
period result in lost revenue for dairy farmers, fewer 
heifers for replacement, veterinary costs, and adverse 
effects on animal welfare. Juvenile death rates among 
Danish Holstein calves born between 2008 and 2012 
were 7.5% in heifer calves and 10% in bull calves (Ped-
ersen et al., 2014). Mortality during the rearing period 
has greater economic consequences than early embryo 
loss, abortion, or stillbirth.

Part of the variation in survival has a genetic basis. 
Fuerst-Waltl and Sørensen (2010) reported heritability 
values between 0 and 0.08, depending on the age of 
calves investigated. Norberg et al. (2013) presented her-
itability for mortality between 0 and 0.03 in the period 
from 24 h after birth to 180 d in Danish Jersey heifer 
calves. Some of these deaths may be due to the action 
of recessive lethal alleles. Due to the widespread use of a 
limited number of elite dairy cattle bulls, some harmful 
recessive alleles have spread in the population. These 
deleterious alleles frequently go unnoticed because the 
identification of a carrier bull requires mating between 
its descendants. Mutations causing embryonic lethal-
ity and stillbirth have been reported in Nordic dairy 
cattle by using genomic data (Sahana et al., 2013, 2016; 
Kadri et al., 2014). However, recessive lethal mutations 
have not been reported for young stock mortality. An 
index for young stock survival (YSS) in calves was 
included in the Nordic total merit index by the Nor-
dic Cattle Genetic Evaluation (NAV; www.nordicebv.
info). Pedersen et al. (2015) reported that correlations 
between the YSS index and other Nordic total merit 
indices were generally close to 0. The strongest positive 
correlations (between 0.1 and 0.2) were observed with 2 
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indices, health index and longevity. To improve YSS, it 
is necessary to select for YSS directly.

The number of dairy cattle with genomic SNP array 
data has increased rapidly in recent years. The combi-
nation of genomic information and breeding values for 
YSS creates an opportunity to identify genomic vari-
ants with harmful effects on YSS. Once these variants 
have been identified, it will be possible to select against 
them and prevent at-risk matings between carriers. 
This selection will improve calf survival and reduce the 
cost per live cattle produced. Quantitative trait locus 
information can be used to improve accuracies for ge-
nomic prediction (Brøndum et al., 2015). The aim of 
this study was to identify QTL affecting YSS in Nordic 
Holstein (NH) cattle.

MATERIALS AND METHODS

Phenotype and Genotype Data

We analyzed data from 4,610 NH bulls born in 1998 
or later with EBV for YSS. The YSS index was cal-
culated based on 4 survival traits: survival from 2 to 
30 d for bull calves (BP1) and heifer calves (HP1), 
from 31 to 184 d for young bull calves (BP2), and 
from 31 to 458 d for young heifer calves (HP2). Calf 
death and survival during this period were recorded 
as 0 and 1, respectively. Calves slaughtered, exported, 
or with missing records were recorded as missing. The 
YSS index was calculated by combining EBV for BP1, 
BP2, HP1, and HP2 by NAV (Denmark), which were 
weighted by their relative economic values and stan-
dardized (Pedersen, 2015).

The breeding value estimation procedure for YSS by 
NAV was described by Pedersen et al. (2014). Pheno-
typic data for YSS traits were precorrected for heterosis 
(by applying regression on the expected total heterosis 
of all included populations), country (Danish, Swed-
ish, and Finnish data were combined), calf size, calving 
ease, effect of transfer to another herd, and herd-by-
year effect. De-regressed EBV (DRP) were derived for 
animals based on the effective daughter contributions 
of sire and maternal grandsire (Goddard, 1985; Schaef-
fer, 1985) by using MiX99 software (Vuori et al., 2006). 
Supplemental Table S1 (https://doi.org/10.3168/
jds.2017-12688) lists descriptive statistics of DRP and 
reliabilities of the YSS index, its components traits, 
and stillbirth. Histograms of DRP distributions for 
BP1, BP2, HP1, HP2, and the YSS index are presented 
in Supplemental Figure S1 (https://doi.org/10.3168/
jds.2017-12688). Heritability estimates for the YSS 
index and its component traits were reported as being 
in the range of 0.007 to 0.027 (Pedersen et al., 2014). 
The phenotypic correlation (DRP) among the YSS 

index and its components traits was ~0.78 on aver-
age (Supplemental Table S2; https://doi.org/10.3168/
jds.2017-12688).

An association study for the YSS index was carried 
out by using imputed whole-genome sequence (WGS) 
data. All bulls were genotyped with the Illumina Bo-
vineSNP50 BeadChip (54k; version 1 or 2; Illumina, 
San Diego, CA). The 54k genotypes were first imputed 
to the Illumina BovineHD marker set and then to the 
full WGS level (Iso-Touru et al., 2016; Wu et al., 2016). 
A total of 22,751,039 biallelic variants (SNP and in-
dels) were imputed from WGS reference data. The SNP 
with a minor allele frequency less than 1% or those 
deviating from Hardy-Weinberg proportions (P < 10−6) 
were removed. Eventually, 15,419,550 SNP remained 
for association analysis. The position of each SNP was 
defined according to the Bos taurus genome assembly 
UMD3.1 (Zimin et al., 2009). Genes located within or 
overlapping with top associated SNP were determined 
by using information from the Variant Effect Predictor 
tool version 87 of Ensembl (McLaren et al., 2010).

To examine whether YSS QTL were associated with 
stillbirth, detected QTL regions for the YSS index were 
analyzed for 5,484 NH bulls with DRP for stillbirth for 
first parity (4,575 records overlap with YSS). Stillbirth 
was defined as a calf that was born dead or died within 
24 h after birth. Stillbirth might be affected by some 
of the same genetic factors as mortality at a very early 
age in life. The EBV of stillbirth was estimated by a 
multitrait sire model with direct and maternal effects 
by NAV (http://www.nordicebv.info/dk/).

Association Analyses

A modified linear mixed-model approach (efficient 
mixed-model association expedited, EMMAX) (Kang 
et al., 2008, 2010) was used to detect associations be-
tween imputed sequence variants and YSS index. For 
details of model description and analysis, see Iso-Touru 
et al. (2016) and Wu et al. (2016). Significantly as-
sociated SNP from the above analysis were reanalyzed 
using a linear mixed model (LMM; Yu et al., 2006), 
which included a polygenic effect to adjust for familial 
relatedness and population structures and a fixed ef-
fect of the marker. Details of the statistical models and 
analytical approach were presented by Wu et al. (2016).

Association analyses for BP1, BP2, HP1, and HP2 
were only carried out using EMMAX. For each model, 
a Bonferroni correction was applied to control for 
false-positive associations that arose due to multiple 
testing. A SNP was declared significant if its P-value 
was less than 0.05/M, where M is the number of SNP 
(= 15,419,550). The resulting threshold was –log10(P) 
> 8.49. For each chromosome, SNP were considered 
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to be in the same QTL region if the distance between 
2 adjacent significant SNP was less than 1 Mb. For 
each QTL region, the SNP with the lowest P-value was 
designated as the lead SNP.

To check whether the detected lead SNP were re-
cessive lethal mutations, we examined the existence of 
homozygote animals for the alternative (i.e., nonrefer-
ence) allele for the lead SNP among the 1,577 sequenced 
animals, including 450 Holsteins in run5 of the 1,000 
Bull Genomes Project (Daetwyler et al., 2014). 

Two haplotype-based association analyses were car-
ried out to identify bulls carrying haplotypes with 
harmful effects on YSS. Haplotype-based association 
can fully exploit linkage equilibrium information from 
multiple markers (Boleckova et al., 2012). In a fixed 
haplotype model, effect estimates for the low-frequency 
haplotype could have low estimation accuracy (Becker 
and Herold, 2009). Therefore, we initially used a ran-
dom haplotype model (RHM), in accordance with 

Boleckova et al. (2012), followed by the fixed haplotype 
dosage model (FHM) to estimate the effect for a specific 
haplotype. Imputed high-density 777k genotypes (Wu 
et al., 2016) for 4,610 animals were used to construct 
haplotypes by using sliding windows of 15 neighboring 
SNP covering the associated significant genomic region, 
as demarcated in the single-marker analysis.

RHM.  Each animal carries 2 haplotypes, 1 paternal 
and 1 maternal in origin. The RHM model of Boleckova 
et al. (2012) was used:

	 y h h u ei i i i i= + + + +µ 1 2 ,	

where yi was the phenotype of bull i; µ was the overall 
mean; hi1 and hi2 were random effects of the 2 haplo-
types of animal i, assumed to be normally distributed 
as N h( , ),0 Iσ2  where I was an identity matrix and σh

2 was 
haplotype variance; ui was the random individual poly-
genic effect, the vector of ui, which followed a multi-

Figure 1. Manhattan plot for association of SNP with young stock survival index for Nordic Holstein cattle, obtained by efficient mixed-
model association analysis. Black dashed line indicates genome-wide significance level [−log10(P) = 8.49].
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variate normal distribution u 0 A~ ( , ),N uσ
2  where A was 

the pedigree-based additive relationship matrix and σu
2 

was polygenic variance; ei was the random residual ef-
fect, the vector of ei, which followed a multivariate 
normal distribution, e 0 D~ ( , ),N eσ

2  where D was a di-
agonal matrix with elements d r rii DRP DRP= −( ) /1 2 2  to 
account for heterogeneous residual variances due to the 
different reliabilities of DRP, where dii is the ith diago-
nal element of the matrix D and rDRP is the accuracy 
for DRP; and σe

2 was the residual variance. The signifi-
cance of the haplotype substitution effect was assessed 
with a likelihood ratio test comparing the RHM with a 
null model containing the mean, polygenic effect, and 
random error terms but no haplotype effects (i.e., 
σh
2 0= ). Similarly to the single-marker analysis, haplo-

types with a P-value less than 3.24 × 10−9 were consid-
ered significant. The model predicted the effect of each 
haplotype, and the haplotype with the smallest P-value 
was termed the lead haplotype.

FHM.  We carried out FHM for the lead haplo-
type in RHM analysis for each QTL region. Haplotype 
dosage was modeled as a fixed effect. The FHM was 
described by

	 y q u ei h i ii
= + + +µ ,	

where yi, µ, ui, and ei were defined above; and qhi  was 
the fixed additive genetic effect of the analyzed haplo-
type, taking values 0, 1, and 2 for animals carrying 0, 
1, and 2 copies of the lead haplotype, respectively. The 
RHM and FHM analyses were performed in the DMU 
package (Madsen et al., 2014). When haplotypes were 
tied for largest effect in RHM, these haplotypes were 
combined in the FHM.

Analysis for Stillbirth. The DRP were derived 
and an association analysis was conducted for stillbirth 
by using the same method as for the YSS index, except 
that for the association analysis only SNP associated 
with the YSS index from single-marker analysis (EM-

Figure 2. Manhattan plot for association of SNP with young stock survival of bull calves in period 1 for Nordic Holstein cattle, obtained by 
efficient mixed-model association analysis. Black dashed line indicates genome-wide significance level [−log10(P) = 8.49].
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MAX) were used. Lead SNP for the YSS index and 
stillbirth were analyzed in a bivariate model (Kadri et 
al., 2015), with pedigree-based polygenic and residual 
effects as random. The SNP effects for the YSS index 
and stillbirth were compared between estimates from 
univariate and bivariate models.

RESULTS

Mixed-Model Analysis for the YSS Index

In the EMMAX analysis, 504 SNP were genome-wide 
significantly associated with the YSS index in NH (Fig-
ure 1). These SNP were located on 2 chromosomes: 
BTA5 (356 SNP at 88–101 Mb) and BTA18 (148 SNP 
at 56–58 Mb). Of the 504 SNP that were significant for 
the YSS index in the EMMAX model, 498 SNP exhib-
ited significant associations in the LMM. The lead SNP 
on BTA5 (94,721,790; rs440345507) explained 1.74% 
and on BTA18 (57,577,417; rs477989930) explained 

2.95% of the variance of DRP for the YSS index. Aver-
age correlation of SNP allele dosage among significant 
SNP was 0.61 on BTA5 and 0.93 on BTA18. The bull 
carrying the mutant allele on BTA5 shows lower av-
erage DRP for YSS index (Supplemental Figure S2A; 
https://doi.org/10.3168/jds.2017-12688), and no indi-
vidual in our analysis show homozygous status for the 
mutant allele on BTA18 (Supplemental Figure S2B; 
https://doi.org/10.3168/jds.2017-12688). The top 10 
significantly associated SNP on each chromosome are 
presented in Table 1.

EMMAX Analysis for Component Traits

Component traits of the YSS index were analyzed in-
dividually. The following genome-wide-associated SNP 
were detected: 391 SNP with BP1, 167 SNP with BP2, 
337 SNP with HP1, and 57 SNP with HP2. Figures 2–5 
are Manhattan plots for association of SNP with BP1, 
BP2, HP1, and HP2, respectively. The SNP associated 

Figure 3. Manhattan plot for association of SNP with young stock survival of bull calves in period 2 for Nordic Holstein cattle, obtained by 
efficient mixed-model association analysis. Black dashed line indicates genome-wide significance level [−log10(P) = 8.49].

https://doi.org/10.3168/jds.2017-12688
https://doi.org/10.3168/jds.2017-12688
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with BP1 were located on BTA5 (391 SNP at 88–100 
Mb). The SNP associated with BP2 were located on 
BTA13 (1 SNP at 60 Mb), BTA15 (3 SNP at 67–68 
Mb), BTA18 (148 SNP at 57–58 Mb), and BTA24 (15 
SNP at 23 Mb). The SNP associated with HP1 were 
located on BTA5 (337 SNP at 88–100 Mb). The SNP 
associated with HP2 were located on BTA18 (57 SNP 
around 57 Mb).

Of the 498 significant SNP for the YSS index by 
LMM analysis, 257 SNP were also associated with BP1, 
140 SNP with BP2, 250 SNP with HP1, and 57 SNP 
with HP2 (Figure 6). Additionally, 303 SNP on BTA5 
were associated with both BP1 and HP1, and 57 SNP 
on BTA18 were associated with both BP2 and HP2 
(Figure 7). The lead SNP was located at 94,721,790 bp 
on BTA5 (rs440345507) and 57,577,417 bp on BTA18 
(rs477989930). Overlap of associated SNP was observed 
neither between BP1 and BP2, nor between HP1 and 
HP2 (Figure 8).

Haplotype Model Analysis for YSS Index

Based on the position of significant SNP in the single-
variant analysis, the targeted region for the YSS index 
included 3,932 SNP on BTA5 (at 88,409,199–101,803,926 
bp) and 338 SNP on BTA18 (at 56,855,383–58,141,989 
bp) of the imputed high-density 777k chips. Haplotypes 
were constructed for markers from these 2 regions, and 
haplotype effects were predicted by using RHM for 
the YSS index (Figure 9). For the targeted region on 
BTA5, 411 haplotypes were significant by the likelihood 
ratio test (Figure 9A). The lead haplotype (HAP1) was 
located at 94,691,973 to 94,755,948 bp (P = 1.80 × 
10−13). The lead SNP from single-variant analysis (P = 
4.56 × 10−19) was also located within this haplotype. 
The frequency of HAP1 was 5.20%. The haplotype ef-
fect relative to the population mean was predicted as 
−0.34 (±1.03) in the DRP scale. For the targeted re-
gion on BTA18, 206 haplotypes were significant by the 

Figure 4. Manhattan plot for association of SNP with young stock survival of heifer calves in period 1 for Nordic Holstein cattle, obtained 
by efficient mixed-model association analysis. Black dashed line indicates genome-wide significance level [−log10(P) = 8.49].
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Figure 5. Manhattan plot for association of SNP with young stock survival of heifer calves in period 2 for Nordic Holstein cattle, obtained 
by the efficient mixed-model association analysis. Black dashed line indicates genome-wide significance level [−log10(P) = 8.49].

Table 1. Top 10 SNP detected on chromosome (BTA) 5 and 18 for association with the young stock survival index in Nordic Holstein cattle1

BTA   Position (bp)   Reference ID
EMMAX 
(P-value)

LMM 
(P-value)   Annotation   Nearest gene   Distance (bp)

5 94,721,790 rs440345507 1.45E-15 4.65E-19 Stop_gained EPS8 Within
5 94,852,500 rs460885789 3.76E-15 1.05E-18 Intron PTPRO Within
5 95,208,776 rs461078254 7.52E-15 8.09E-18 Intron RERG Within
5 95,330,449 rs440042852 3.67E-14 4.03E-17 Intergenic PDE6H 22,678
5 95,341,145 rs465130049 1.84E-14 2.88E-17 Intergenic PDE6H 11,982
5 95,351,189 rs477551269 1.82E-14 2.88E-17 Downstream PDE6H 1,938
5 95,354,456 rs464693471 1.80E-14 2.87E-17 Intron PDE6H Within
5 95,355,619 rs798756973 5.42E-15 8.64E-18 Intron PDE6H Within
5 95,356,973 rs447311406 1.79E-14 2.63E-17 Intron PDE6H Within
5 96,736,654 — 1.39E-15 4.19E-18 Intron GRIN2B Within
18 57,573,606 rs433342862 5.77E-12 3.04E-16 Upstream LOC100138951 511
18 57,575,616 rs381326326 6.10E-12 3.29E-16 Intron LOC100138951 Within
18 57,576,030 rs378782360 6.07E-12 3.25E-16 Intron LOC100138951 Within
18 57,577,417 rs477989930 4.31E-13 5.45E-17 Intron LOC100138951 Within
18 57,577,596 rs382881665 4.72E-13 7.21E-17 Intron LOC100138951 Within
18 57,577,749 rs380944308 6.27E-12 3.41E-16 Intron LOC100138951 Within
18 57,580,298 rs380618304 6.36E-12 3.51E-16 Intron LOC100138951 Within
18 58,015,050 rs445560689 1.52E-10 1.02E-16 Upstream bta-mir-125a 485
18 58,118,935 rs521076153 4.97E-10 2.14E-16 Upstream LOC100138951 535,298
18 58,141,989 rs381577268 3.97E-10 1.69E-16 Downstream ZNF613 112
1EMMAX = efficient mixed-model association expedited; LMM = linear mixed model.
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likelihood ratio test (Figure 9B). The top 2 haplotypes 
were located at 57,442,103 to 57,511,637 bp (HAP2a; 
P = 2.51 × 10−14) and 57,446,310 to 57,516,245 bp 
(HAP2b; P = 1.89 × 10−14). The HAP2a and HAP2b 
overlapped and had a frequency of 6.54%. Effects of 
HAP2a and HAP2b relative to the population mean 

were estimated as −0.31 (±1.00). The bull carrying 
lead haplotype, HAP1 and HAP2, shows lower average 
DRP (Supplemental Figures S2C and S2D; https://doi.
org/10.3168/jds.2017-12688).

When the FHM was used, haplotype HAP1 explained 
1.16% of the variance, with an estimated effect size of 

Figure 6. Overlap of associated SNP at 88,000,000 to 102,000,000 bp on BTA5 and 56,000,000 to 59,000,000 bp on BTA18 between young 
stock survival index (YSS) and its 4 component traits [i.e., YSS in period 1 for bulls (BP1) and heifers (HP1) and YSS in period 2 for bulls 
(BP2) and heifers (HP2)]. Trait 1 on x-axis, trait 2 on y-axis. The SNP significant for both traits are black, otherwise gray.

https://doi.org/10.3168/jds.2017-12688
https://doi.org/10.3168/jds.2017-12688
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−0.38 (±0.82). When HAP2a and HAP2b were fixed 
separately, they had the same estimated effect size 
[−0.33 (±0.73)] and explained the same percentage of 
the variance (1.20%). When these 2 haplotypes were 
fixed together in the FHM, the estimated effect size 

was −0.33 (±0.73) for HAP2a and 0 for HAP2b. There-
fore, we combined HAP2a and HAP2b as a single QTL 
region at 57,442,103 to 57,516,245 bp (HAP2).

The lead SNP on BTA5 and 18 are were not present 
on the BovineSNP50 BeadChip (54k), which is rou-

Figure 7. Overlap of associated SNP among 4 component traits of young stock survival (YSS) index. Top: overlapping SNP at 88,000,000 to 
102,000,000 bp on BTA5 between YSS index in period 1 for bulls (BP1) and heifers (HP1). Bottom: overlapping SNP at 56,000,000 to 59,000,000 
bp on BTA18 between YSS index in period 2 for bulls (BP2) and heifers (HP2). –log10(P) for trait 1 on x-axis, –log10(P) for trait 2 on y-axis. 
The SNP significant for both traits are black, otherwise gray.
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tinely used for genomic prediction in cattle. Therefore, 
we also carried out association analyses using the same 
RHM constructing haplotypes with the SNP present 
on the 54k chip for these 2 regions, Chr5:88409199–
101803926 and Chr18:56855383–58141989. The lead 

association haplotypes for these 2 regions were located 
at Chr5:98693360–99476251 (P = 8.12 × 10−6) and 
Chr18:57174711–58067310 (P = 9.70 × 10−9; Supple-
mental Figure S3; https://doi.org/10.3168/jds.2017-
12688).

Figure 8. Overlap of associated SNP among 4 component traits of young stock survival (YSS) index on BTA5 (88,000,000–102,000,000 bp) 
and BTA18 (56,000,000–59,000,000 bp). Top: SNP for YSS of bulls in period 1 (BP1) versus period 2 (BP2). Bottom: SNP for YSS of heifers 
in period 1 (HP1) versus period 2 (HP2). –log10(P) for trait 1 on x-axis, –log10(P) for trait 2 on y-axis. The SNP significant for both traits are 
black, otherwise gray.

https://doi.org/10.3168/jds.2017-12688
https://doi.org/10.3168/jds.2017-12688
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Detection of Lead SNP Homozygous Status in 1,000 
Bull Genomes Project Sequence Data

Genotype counts for the putative causative polymor-
phism in run5 were obtained from data of the 1,000 
Bull Genomes Project (Table 2). For the lead SNP on 
BTA5, with 19 missing genotypes, 1 homozygote for the 
alternative allele and 32 heterozygotes were observed in 
NH. The alternative allele was observed only once (in 
an Aberdeen Angus individual) among animals from 
all other breeds. For the lead SNP on BTA18, with 163 
missing genotypes, 6 homozygotes for the alternative 
allele and 130 heterozygotes were observed for Holstein 
cattle. Three homozygotes and 91 heterozygotes were 
observed among animals from all other breeds in the 
1,000 Bull Genome project.

Association of YSS Index-Related Genomic  
Regions with Stillbirth

Among the 504 SNP associated with the YSS index 
in NH, 145 SNP on BTA18 (56,855,383–58,141,989 bp) 
and 2 SNP on BTA5 (98,559,948 bp and 100,253,082 
bp) also had an effect on stillbirth (Figure 10). Only 2 
SNP on BTA5 were shared; thus, subsequent analyses 
for stillbirth were limited to BTA18. On BTA18, the 
correlation between the lead SNP allele dosage for the 
YSS index (at 57,577,417, rs477989930) and stillbirth 
(at 57,020,965, rs476543969) was 0.56. The 2 SNP re-
mained significantly associated with both traits, and 
the change of the estimated effect size was negligible 
from the EMMAX to the bivariate model. The SNP 
rs477989930 explained a greater proportion of the vari-
ance for the YSS index, whereas rs476543969 explained 
a greater proportion of the variance for stillbirth (Table 
3).

DISCUSSION

Candidate Genes Underlying the QTL

We performed a genome-wide association study of 
an NH population and detected 2 QTL regions with 
large effects on the YSS index on BTA5 and BTA18. 
The lead SNP rs440345507 on BTA5 (at 94,721,790 
bp) was a stop-gained mutation within the EPS8 gene. 
In run5 of the 1,000 Bull Genomes Project sequence 
data, we found only 1 homozygote in Holstein for the 
alternative allele and 1 heterozygote in Aberdeen An-
gus. We detected a haplotype from the 777k genotype 
data in the targeted region for which no homozygotes 
existed, indicating recessive lethal gene action. There-
fore, the lead SNP constitutes a promising candidate 
as a recessive semilethal mutation. Haplotype HAP1 

(94,691,973–94,755,948 bp) had the strongest associa-
tion signal in RHM analysis and overlapped with the 
EPS8 gene. EPS8 is critical for activation of the eps8-
Abi1-p85-Sos-1 complex, which displays Rac-guanine 
nucleotide exchange factor activity. The EPS8-related 
proteins link growth factor stimulation to actin organi-
zation, generating functional redundancy in pathways 
that regulate actin cytoskeletal remodeling (Offen-
häuser et al., 2004).

Lead SNP rs477989930 on BTA18 (at 57,577,417 
bp) was an intronic variant. The 1,000 Bull Genomes 
Project sequence data contained 6 Holstein cattle and 
3 cattle from other breeds that were homozygous for 
the alternative allele in run5. Therefore, this SNP is 
not a candidate for recessive lethal mutation. This SNP 
was located within the LOC100138951 gene. In addi-
tion to the lead SNP, 13 other significantly associated 
SNP were located within this gene. LOC100138951 is 
a CD33 antigen-like gene. CD33 participates in the 
immune system and immune-regulatory interactions 
between lymphoid and nonlymphoid cells (http://www.
reactome.org/content/detail/R-HSA-197719). CD33-
related siglecs are a major subfamily of proteins that 
bind sialylated glycans and transmit signals to immune 
cells (Cao and Crocker, 2011). The most promising hap-
lotype, HAP2, was detected on BTA18 at 57,442,103 to 
57,516,245 bp. This region includes a few KLK family 
genes, KLK9–KLK14, the expressions of which are used 
as biomarkers for the detection of different human can-
cers (https://www.ncbi.nlm.nih.gov/gene/).

Previously, a missense mutation in the TUBD1 gene 
was found to have a strong association with high peri-
natal and juvenile mortality in Braunvieh and Fleckvieh 
cattle (Schwarzenbacher et al., 2016). The TUBD1 is 
located on BTA19. We analyzed 6,245 SNP on BTA19 
at 10.40 to 11.90 Mb, but did not find any association 
with the YSS index in NH. Schütz et al. (2016) report-
ed that a 1.3-kb insertion of an endogenous retrovirus 
into exon 5 of the APOB gene at BTA11 (77,959 kb) 
in German Holstein dairy cattle resulted in cholesterol 
deficiency. Young calves with this genetic defect only 
lived for a few months. There are 15,828 SNP located 
at 74.00 to 77.00 Mb on BTA11 that did not show any 
association with the YSS index in NH cattle.

Overlap Among Regions Significantly Associated 
with YSS Traits and Stillbirth

The YSS index is a weighted average of breeding 
values from 4 component traits. The index shares the 
QTL region on BTA5 with BP1 and HP1, and the QTL 
region on BTA18 with BP2 and HP2 (Figure 6). As-
sociated SNP were similar for survival traits for the 
same period for bull and heifer calves (Figure 7). Thus, 

http://www.reactome.org/content/detail/R-HSA-197719
http://www.reactome.org/content/detail/R-HSA-197719
https://www.ncbi.nlm.nih.gov/gene/
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Figure 9. Association signal [−log10(P)] estimated by the random haplotype model for the young stock survival index in Nordic Holstein 
cattle, plotted against haplotype position on BTA5 (A) and BTA18 (B). Grey line indicates genome-wide significance level [−log10(P) = 8.49].

Table 2. Genotype counts for lead associated SNP, rs440345507 and rs477989930, in the run5 of the 1,000 Bull Genomes Project whole-genome 
sequence data

SNP   Breed Homozygote for the reference allele Heterozygote Homozygote for the alternative allele

rs440345507 Holstein 386 30 1
Red Holstein 24 2 0
Other 1,114 1 0

rs477989930 Holstein 254 124 4
Red Holstein 17 6 2
Other 913 91 3
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Table 3. The effect estimates for lead SNP for stillbirth and young stock survival (YSS) located in the associated region of chromosome 18 
(Chr18) in the Nordic Holstein cattle

SNP   Position   Annotation   Gene

Effect ± SE (2-trait animal model)

 

Explained variance (%)

YSS index Stillbirth YSS index Stillbirth

rs477989930 Chr18: 57,577,417 Intronic CD33 6.52 ± 0.75 5.26 ± 0.36 3.58 2.71
rs476543969 Chr18: 57,020,965 Intronic POLD1 5.29 ± 0.71 5.67 ± 0.34 1.48 1.99

Figure 10. Overlap of associated SNP at 88,000,000 to 102,000,000 bp on BTA5 and 56,000,000 to 59,000,000 bp on BTA18 between young 
stock survival index (YSS) and stillbirth. Trait 1 on x-axis, trait 2 on y-axis. The SNP significant for both traits are black, otherwise gray.
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YSS in males and females seems to share at least some 
of its genetic basis. In contrast, QTL for early and late 
YSS did not overlap (Figure 8). This result is consis-
tent with the finding that genetic correlation estimates 
are high within a period between sexes, but moderate 
between periods even within a sex (Pedersen et al., 
2014). Furthermore, the result supports the notion that 
different genes control the YSS index over the growing 
period, but the same genes affect survival in bull and 
heifer calves for the same development stages. However, 
a difference could be present in male and female YSS 
for the genetic factors located on the X-chromosome 
that was not studied.

A previous study showed that the QTL region on 
BTA18 exhibits effects on stillbirth, calving ease, and 
calf size (Mao et al., 2016). The QTL regions on BTA18 
for the YSS index and stillbirth overlapped (Figure 10). 
However, this YSS QTL affected HP2 and BP2 (i.e., 
calf mortality 30 d after birth). We propose that it is 
most likely that 2 separate factors are responsible for 
YSS (after 30 d of birth) and stillbirth (death within 
24 h of birth). The top significant associated SNP for 
stillbirth were not the top associated SNP for YSS.

CONCLUSIONS

Using imputed WGS data, we identified 2 QTL re-
gions, located on BTA5 and BTA18, that were associ-
ated with YSS in NH. The SNP rs440345507 (Chr5: 
94,721,790) was identified as a putative causal muta-
tion for QTL for the YSS index in NH. The EPS8, 
LOC100138951, and KLK gene family overlapped with 
the position of the top SNP or detected haplotypes and, 
therefore, may be considered as candidate genes for the 
YSS index in NH. The QTL region on BTA5 was as-
sociated with BP1 and HP1, and the QTL region on 
BTA18 was associated with BP2 and HP2. Thus, the 
association study for component traits indicated that 
different genes affected the YSS index over the grow-
ing period and that the effects were not sex specific. 
For future study, the lead SNP has been included in a 
custom-made low-density SNP chip that is currently 
used for routine genotyping in 3 Nordic countries.
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