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Abstract
Lactation persistency (LP), defined as the ability of a cow to maintain milk production at a high level after milk peak, is an 
important phenotype for the dairy industry. In this study, we used a targeted genotyping approach to scan for potentially 
functional single nucleotide polymorphisms (SNPs) within 57 potential candidate genes derived from our previous genome 
wide association study on LP and from the literature. A total of 175,490 SNPs were annotated within 10-kb flanking regions 
of the selected candidate genes. After applying several filtering steps, a total of 105 SNPs were retained for genotyping using 
target genotyping arrays. SNP association analyses were performed in 1,231 Holstein cows with 69 polymorphic SNPs using 
the univariate liner mixed model with polygenic effects using DMU package. Six SNPs including rs43770847, rs208794152, 
and rs208332214 in ADRM1; rs209443540 in C5orf34; rs378943586 in DDX11; and rs385640152 in GHR were suggestively 
significantly associated with LP based on additive effects and associations with 4 of them (rs43770847, rs208794152, 
rs208332214, and rs209443540) were based on dominance effects at  P < 0.05. However, none of the associations remained 
significant at false discovery rate adjusted P (FDR) < 0.05. The additive variances explained by each suggestively significantly 
associated SNP ranged from 0.15% (rs43770847 in ADRM1) to 5.69% (rs209443540 in C5orf34), suggesting that these SNPs 
might be used in genetic selection for enhanced LP. The percentage of phenotypic variance explained by dominance effect 
ranged from 0.24% to 1.35% which suggests that genetic selection for enhanced LP might be more efficient by inclusion of 
dominance effects. Overall, this study identified several potentially functional variants that might be useful for selection 
programs for higher LP. Finally, a combination of identification of potentially functional variants followed by targeted 
genotyping and association analysis is a cost-effective approach for increasing the power of genetic association studies.
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Introduction
Lactation persistency (LP) refers to the ability of cows to maintain 
milk production at a high level after milk peak (Swalve, 1995; 
Dekkers et  al., 1998). The lactation curve has a direct impact 
on the total milk yield of a cow and LP is thus an important 
economic trait for the dairy industry. Lactation persistency is 
influenced by many factors including management practice, 
disease, lactation number, physiological status, and genetics 
(Dekkers et  al., 1998; Stefanon et  al., 2002; Muir et  al., 2004). 
Genetic factors contribute substantially to the variation in LP 
and reported heritability estimates for LP range from 0.10 to 0.34 
(Swalve, 1995; Jakobsen et al., 2002; Muir et al., 2004; Cole and 
VanRaden, 2006). Although a number of studies have detected 
quantitative trait loci (QTL) and candidate genes related to LP 
(Harder et al., 2006; Sharma et al., 2006; Kolbehdari et al., 2009; 
Verbyla and Verbyla, 2009; Pryce et  al., 2010; Do et  al., 2017; 
Nayeri et al., 2017; Bissonnette, 2018), the biology of LP is still 
poorly understood. Using a candidate gene approach, single 
nucleotide polymorphisms (SNPs) in the TLR4, IL10, and SPP1 
genes were found to be associated with LP in Canadian Holstein 
cattle (Sharma et  al., 2006; Verschoor et  al., 2011; Bissonnette, 
2018). Kolbehdari et  al. (2009) performed a genome-wide scan 
on a small set of samples (462 bulls and 1,536 SNP markers) and 
identified only one genome-wide significant SNP (rs41634436) 
on Bovine chromosome (BTA) 15 for LP and suggested CD44 
(harbors the associated SNP) as a positional candidate gene for 
LP. Using a larger population and high density SNP chip (3,729 
cows and 602,095 SNPs), Nayeri et  al. (2017) identified several 
genomic regions with highly significant SNPs for LP on BTA6, 
13, 20, and 27 and suggested MYT1, SLC2A4RG, and SLC17A9 
(genes on BTA13) and THRB (gene on BTA27) as potential novel 
candidate genes for LP. Recently, we performed a genome-wide 
association study (GWAS) on 3,796 cows using BovineSNP50 
Genotyping BeadChip and identified 2 important regions 
containing multiple significantly associated SNPs for LP on BTA5 
(106 to 108 Mb) and BTA20 (29.3 to 31.3 Mb) (Do et al., 2017).

Several studies have identified the targeted genotyping 
approach as a powerful and cost-effective approach to enhance 
the identification of variants for complex traits (Li et al., 2016b; 
Cirera et al., 2018). For the present study, we adapted a targeted 
array genotyping approach to identify new functional SNPs for 
LP in potential candidate genes identified in our GWAS (Do et al., 
2017) and from the literature (Sharma et  al., 2006; Kolbehdari 
et al., 2009; Verschoor et al., 2011; Nayeri et al., 2017).

Materials and Methods

Animal Resource, DNA Sampling, and Isolation

A total of 1,500 Holstein cows including 340 cows from our 
previous study (Do et al., 2017) were used. Cows were from 27 
herds in Quebec. Official estimated breeding values (EBVs) for LP 
were provided by Canadian Dairy Network (Guelph, ON, Canada, 
www.cdn.ca). Deregressed EBVs (deEBVs) of LP for cows were 
calculated according to the deregression procedure of Garrick 
et  al. (2009). In brief, deEBV adjusts for ancestral information; 
therefore, only own and descendant’s information was retained 
for each animal. Moreover, the deregression procedure also 
removes shrinkage associated with EBV, thereby avoiding the 
double counting problem encountered when EBV is used as a 
response variable in association studies (Garrick et al., 2009). The 
weight factors for dEBV of the ith animal were estimated as

wi = (1 - h2)/[

Ç
c+

(1 - ri2)
ri2

å
h2 ],

where c is the part of the genetic variance that is assumed not to 
be explained by markers (c = 0.1), h2 is the heritability of the trait, 
and ri

2 is the reliability of the deEBV of the ith animal.
The population mean of deEBVs of LP was 99.10 and standard 

deviation was 9.92. Moreover, the pedigree of cows was traced 
back to 5 generations which included 5,421 animals.

Milk sampling (50  mL from each cow) was coordinated by 
Valacta laboratories (Sainte-Anne-de-Bellevue, QC, Canada, 
www.valacta.com). Samples were centrifuged at 4,500  × g for 
20  min at 4  °C. After centrifugation, the topmost layer (fat) 
and whey (middle layer) were discarded and the cells at the 
bottom were resuspended in 1  × PBS (phosphate buffered 
saline) and homogenized by vortexing for about 30 s followed 
by centrifugation at 4,500 × g for 20 min at 4 °C. The supernatant 
was discarded and milk cells transferred into 2 mL Eppendorf 
tube and stored at −20 °C. The DNA was isolated from milk cells 
using Nucleospin Blood kit (Macherey-Nagel GmbH & Co., KG 
Düren, Germany) adapted for milk cells (Ibeagha-Awemu et al., 
2014). For each sample, 30 µL of DNA (5 ng/µL) was used for SNP 
genotyping.

In silico SNP Selection for Genotyping

To select potential candidate SNPs for genotyping, we integrated 
SNPs for LP in potential candidate genes identified in our GWAS 
(Do et al., 2017) and published data on candidate genes for LP 
(Figure 1). Based on the GWAS and due to linkage disequilibrium 
of SNPs in the population, 28 positional candidate genes within 
0.5  Mb flanking regions of SNPs significantly associated with 
LP, 4 genes most enriched (P  <  0.05) in biological processes 
gene ontology terms for LP, 5 hub genes in molecular networks 
enriched for LP, and 5 most enriched relevant upstream 
regulators of LP were selected (Supplementary Table S1a). 
Moreover, 15 genes (ADRM1, AGPAT6, CD44, DGAT1, IL10, IRF2, 
ITGB5, LAMA5, MYT1, OSBPL2, PAPPA, SLC17A9, SLC2A4RG, THRB, 
and TLR4) were identified from the literature for their potential 
roles in LP (Supplementary Table S1a). In total, 57 genes were 
selected for querying SNPs from Ensembl Biomart database 
(Ensembl 83, Bos taurus UMD3.1, http://useast.ensembl.org/
Bos_taurus/Info/Index, accessed in September, 2017). A total of 
175,490 SNPs were identified within selected genes and their 
10-Kb flanking upstream regions (Supplementary Table S1b). 
The upstream 10-Kb flanking region was selected to capture 
SNPs in the promoter region of genes. Predicted consequence 
of selected SNPs were obtained via Variant Effect Predictor 
(http://useast.ensembl.org/info/docs/tools/vep/index.html). 
Moreover, the potential effects of SNPs on protein function were 
determined with SIFT (Sorting Intolerant From Tolerant) score 
(Ng and Henikoff, 2003) via manual query of Ensembl database 
using the Cow Short Variants (ARS-UCD1.2) option (http://useast.
ensembl.org/biomart/martview/ accessed in September, 2017). 
SIFT-predicted substitution scores less than 0.05 are considered 
deleterious and scores from 0.05 to 1 are considered tolerated 
(Ng and Henikoff, 2003).

To ensure that selected SNPs are present in Canadian 
Holstein populations, the 175,490 SNPs (data set 1) were queried 
against SNPs obtained from Canadian Holstein cows by the 
method of genotyping-by-sequencing (GBS) (763,691 SNPs) (data 
set 2)  (Ibeagha-Awemu et  al., 2016) and by RNA-sequencing 
(3,115,472 SNPs) (data set 3) (Bissonnette et al., 2018) (Figure 1). 

http://www.cdn.ca
http://www.valacta.com
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skz279#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skz279#supplementary-data
http://useast.ensembl.org/Bos_taurus/Info/Index
http://useast.ensembl.org/Bos_taurus/Info/Index
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skz279#supplementary-data
http://useast.ensembl.org/info/docs/tools/vep/index.html
http://useast.ensembl.org/biomart/martview/
http://useast.ensembl.org/biomart/martview/
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The GBS data were generated from 1,246 Canadian Holstein 
cows and detailed information on data processing is reported in 
Ibeagha-Awemu et al. (2016). A  total of 7,028 SNPs common to 
the three data sets were retained for further analysis (Figure 1).  
To avoid genotyping a SNP twice, we removed SNPs that are 
present in the BovineSNP50 v3 BeadChip used in our previous 
GWAS (Do et al. 2017). A total of 6,992 SNPs were retained and 
further filtered based on their potential functional activity or 
variant consequence (Supplementary Table S1c). Finally, a total 
of 105 SNPs that are missense variants or located in regions with 
potential effects on post-transcriptional regulation (up- and 
down-stream untranslated region variants) as well as frameshift, 
splice donor, and stop gained mutations were prioritized for 
genotyping (Table 1, Figure 1). In silico prediction indicated that 
among the genotyped SNPs, 82 are missense variants including 
15 SNPs with potential deleterious effects on protein variants 
(SFIT score < 0.05) while 67 might cause tolerated changes in 
protein variants (SFIT score ≥ 0.05) (Table 1).

SNP Genotyping and Filtering

Array genotyping was performed using PlexSeq Genotyping 
method (Agriplex Genomics, Cleveland, OH). Primers were 
designed to amplify regions surrounding each SNP using 
a multiplexed approach. Each primer design included an 
additional sequence at the 5′ end that was then used to 
anneal universal barcoded Illumina primers in a secondary 
amplification reaction. All samples (including negative and 
positive controls) were uniquely barcoded and sequenced 
simultaneously using Illumina NextSeq system (Illumina, San 
Diego, CA). Fastq files were analyzed using PlexCall software 
(Agriplex Genomics) which provides genotype calls for all SNPs 
in each sample. Arrays for 96 of 105 SNPs were successfully 

designed and genotyped. Moreover, 27 of 96 SNPs were removed 
before association test due to their lower marker call rates 
(<90%) or monomorphism. A  total of 1,231 cows having both 
genotypic (SNPs) and phenotypic (dEBVs for LP) records were 
used in the association analysis.

Statistical Analyses

Principal component analysis (PCA) was performed with 
prcomp() function in R to examine potential population structure 
in the data (Supplementary Figure S1). The association analyses, 
using additive and dominance effects model, were performed 
using a univariate linear mixed model in which each SNP was 
analyzed individually as follows:

y = 1 µ +mβ1 + gβ2 + Za+ e,

where μ is the overall mean, y is the vector of deregressed EBVs 
(deEBVs) for LP, Z is an incidence matrix relating phenotypes to 
the corresponding random polygenic effect, a is a vector of the 
random polygenic effect ~ N

(
0, Aσ2

u

)
 (where A is the additive 

relationship matrix and σ2
u is the polygenic variance, m is a vector 

with coded genotypes (2, 1, or 0 for genotypes AA, AB, and BB) for 
each animal, β 1 is the additive effect of the SNP, g is a vector with 
coded genotype (2, 1, or 0 for genotypes AA, AB, and BB) for each 
animal, β 2 is the dominance effect of the SNP, and e is a vector 
of random environmental deviates ~ N(0,W-1σe

2) (where σ2
e  is the 

general error variance and W is the diagonal matrix containing 
weights of the deEBVs). All association analyses were fitted by 
restricted maximum likelihood (REML) using the DMU software 
(Madsen and Jensen, 2013; http://dmu.agrsci.dk). A Wald test was 
used to test the null hypothesis H0: β 1 = 0 or β 2 = 0 that was used 
to determine the significantly associated SNPs for additive and 
dominance effects, respectively. Significance was established at 
false discovery rate adjusted P (FDR) < 0.05 and the suggestive 
threshold was considered at uncorrected P < 0.05. The proportion 
of total phenotypic variance explained by the additive genetic 
variance of a SNP was calculated as 2p(1−p)α 2/σ 2p, where p is 
the allele frequency of one of the alleles of the SNP, α is the 
estimated allele substitution effect as α  =  β 1 + β 2[(1  − p) − p],  
and σ 2p is the phenotypic variance. The proportion of total 
phenotypic variance of the trait explained by a dominance 
genetic variance of the SNP was calculated as (2p(1 − p)β 2)

2/σ 2p, 
where β 2 is the estimated dominance effect, and σ 2p is the 
total phenotypic variance. Finally, linkage disequilibrum (LD) 
block analysis was performed for the chromosomal region(s) 
containing SNPs significantly or suggestively associated with LP. 
The LD block was defined according to Gabriel et al. (2002) as a 
region with over 95% of informative SNP pairs showing strong LD 
(strong LD is when the one-sided upper 95% confidence bound 
on D′ is >0.98 and the lower bound is >0.7) and was detected and 
visualized with Haploview software (Barrett et al., 2004).

Results and Discussion
The PCA results showed no genetic cluster or population structure 
in the current data (Supplementary Figure S1). The maximum 
proportion of variance explained by a principal component was 
6.1% (Supplementary Figure S1). The association analyses of 69 
polymorphic SNPs indicated that SNPs rs43770847, rs208794152, 
and rs208332214 in ADRM1; rs209443540 in C5orf34; rs378943586 
in DDX11; and rs385640152 in GHR were suggestively associated 
(P < 0.05) with LP (Table 2). The most significant association was 
reported for SNP rs43770847 in ADRM1 (P = 0.008, FDR = 0.25). 

Figure 1. Schematic illustration of the procedure for SNP selection.

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skz279#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skz279#supplementary-data
http://dmu.agrsci.dk
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skz279#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skz279#supplementary-data
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Among the significantly associated SNPs, the highest value in 
additive effects was reported for rs209443540 in C5orf34 (11.75 kg). 
The additive variance of significantly associated SNPs explained 
from 0.15% (rs43770847 in ADRM1) to 5.69% (rs209443540 
in C5orf34) of total phenotypic variance of LP (Table 2).  
The LD analysis for SNPs on chromosome 20 indicated that 
SNP rs385640152 in GHR is in a LD block with SNP rs110265189 
in GHR (Supplementary Figure S2). Four SNPs (rs43770847, 
rs208794152, and rs208332214 in ADRM1, and rs209443540 in 
C5orf34) also had suggestive dominance effects on LP (P < 0.05) 
and dominance variance of the SNPs accounted for 0.24% to 
1.35% of total phenotypic variance of LP (Table 3). Two SNPs in 
ADRM1 (rs209179785) and DDX11 (rs378943586) tended to have 
suggestive dominance effects on LP (P < 0.1) (Table 3) and these 
dominance effects, however, explained a very small proportion 
of phenotypic variance of LP (Table 3).

Targeted SNP genotyping provides a cost-effective approach 
for post-GWAS validation or for genotyping limited genomic 
regions of interest. Targeted genotyping could be performed 
by either using custom SNPs array or by targeted resequencing 
depending on the purpose of the study. The custom SNP array 
genotyping allows a focus on biologically meaningful variants 
via the genotyping of specific sets of targeted SNPs (Sõber et al., 
2009; Cirera et  al., 2018), while targeted sequencing supports 
SNP discovery, validation, and screening of genetic variants 
in genome or gene regions of interest (De Donato et al., 2013; 
Jiang et  al., 2014; Gorjanc et  al., 2015; Ibeagha-Awemu et  al., 
2016; Li et  al., 2016a; Brouard et  al., 2017). The approach of 
targeted arrays used in this study was to get deeper information 
about potential functional SNPs of LP which could influence 
the expression of proteins or downstream transcriptional 
regulation. This approach is potentially very powerful to obtain 
deeper information on informative SNPs within candidate 
genes (LaFramboise, 2009; Sõber et  al., 2009; Jiang et  al., 2014; 
Cirera et al., 2018).

Although many recent studies have shown that noncoding 
variants (synonymous variants and variants located in intergenic 
and intronic regions of genes) can significantly contribute to 
variance of complex human (Yang et  al., 2011) and livestock 
traits (Morota et al., 2014; Do et al., 2015), it is still important to 
study missense variants since they directly change the amino 
acids in proteins with potential effects on phenotypic variance 
(Hindorff et  al., 2009; Kindt et  al., 2013). Therefore, about 80% 
of SNPs selected for genotyping in this study were missense 
variants (Table 1).

In fact, none of  the studied SNPs was significantly associated 
with LP after multiple testing correction was applied and 
might be due to our limited sample size. Moreover, multiple 
testing procedure is based on the hypothesis that all test are 
independent which may not be true for association test with 
SNPs because of probable existence of linkage disequilibrium 
among markers. Notably, 3 SNPs in ADRM1 gene suggestively 
associated with LP by both additive and dominance effects 
(Tables 2 and 3). Previously, ADRM1 was identified as a potential 
candidate gene for LP through a GWAS on bulls (Nayeri et  al., 
2017). Since ADRM1 was not identified as a candidate gene in 
our previous study (Do et al., 2017), these 3 SNPs in ADRM1 are 
considered novel markers associated with LP. The protein coded 
by ADRM1 is a putative cell adhesion regulating protein that 
plays important roles in the maintenance of protein homeostasis 
(Jørgensen et al., 2006). The SNP rs43770847 in ADRM1 was the 
most associated SNP (P = 0.008) based on additive effects but it 
explained only a small proportion of LP variance (0.15%) (Table 2).  
SNP rs43770847 allele substitution influenced the protein G
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sequence by changing serine to glycine (Ser1322Gly). Substantial 
dominance variance has been reported for different production 
traits in dairy cows which might be useful in genomic selection 
(Ertl et al., 2014; Aliloo et al., 2016; Jiang et al., 2017; Varona et al., 
2018). For example, total phenotypic variance of milk, fat, and 
protein yield traits explained by dominance effects ranged from 
5% to 7% (Sun et  al., 2014). The dominance effect of ADRM1 
rs43770847 was suggestively significant (P < 0.05) and explained a 
small proportion of the phenotypic variance of the trait (0.028%). 
To the best of our knowledge, this is the first study to estimate 

dominance effects and phenotypic variance explained by SNPs 
for LP.

Percentage of phenotypic variance explained by dominance 
effect of rs43770847 (ADRM1) was approximately 5 times 
lower than by additive effect which follows the same trend 
reported in previous studies on milk traits in dairy cows (Ertl 
et al., 2014; Aliloo et al., 2016; Jiang et al., 2017; Varona et al., 
2018). Further notable significantly associated SNPs in ADRM1 
(rs208332214 and rs208794152) explained a considerable 
amount of the phenotypic variance of LP (4.27%); therefore, 

Table 2. Significantly associated SNPs with lactation persistency based on additive effects

Genes SNP Genotype
Genotype 

count 
Minor allele 
frequency P value FDR1 Additive effect (kg)

Phenotypic variance 
explained (%) by additive 

variance 

ADRM1 rs43770847 G/G 146 0.40 0.008 0.26 –1.07 0.15%
  A/G 671      
  A/A 399      
C5orf34 rs209443540 A/A 5 0.08 0.008 0.26 11.75 5.69%
  G/G 1031      
  G/A 194      
DDX11 rs378943586 G/G 926 0.13 0.016 0.41 6.10 2.23%
  A/A 12      
  G/A 285      
GHR rs385640152 A/T 328 0.16 0.029 0.49 2.68 0.52%
  T/T 30      
  A/A 862      
ADRM1 rs208332214 C/A 195 0.08 0.039 0.49 –10.15 4.27%
  C/C 1030      
  A/A 5      
ADRM1 rs208794152 T/T 5 0.08 0.039 0.49 –10.15 4.27%
  C/T 196      
  C/C 1011      
DDX11 rs109173661 C/T 536 0.25 0.099 0.76 −2.12 0.46%
  T/T 45      
  C/C 650      

1False discovery rate adjusted P-values.

Table 3. Significantly associated SNPs with lactation persistency based on dominance effect

Genes SNP Genotype Genotype count 
Minor allele 
frequency P value FDR1 Dominance Effect, kg

Phenotypic variance 
explained (%) by 

dominance variance

C5orf34 rs209443540 A/A 5 0.08 0.007 0.26 5.01 1.04%
  G/G 1031      
  G/A 194      
ADRM1 rs43770847 G/G 146 0.40 0.008 0.26 1.48 0.28%
  A/G 671      
  A/A 399      
ADRM1 rs208794152 T/T 5 0.08 0.033 0.49 −5.65 1.35%
  C/T 196      
  C/C 1011      
ADRM1 rs208332214 C/A 195 0.08 0.034 0.49 −5.58 1.29%
  C/C 1030      
  A/A 5      
ADRM1 rs209179785 G/C 624 0.33 0.071 0.76 1.42 0.24%
  C/C 92      
  G/G 514      
DDX11 rs378943586 G/G 926 0.13 0.073 0.76 3.03 0.55%
  A/A 12      
  G/A 285      

1False discovery rate adjusted P-values.
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these SNPs might be important for genetic selection for 
enhanced LP.

The second most associated SNP with LP was rs209443540 in 
C5orf34. This mutation is characterized by a substitution of G by 
A causing a change from glycine to serine in the protein sequence 
(Tables 1 and 2). This SNP is located at position 31,326,810  bp 
in chromosome 20 and 66,383 bp away from a significant SNP 
(rs109823394, position: 31,393,193 bp) reported in our previous 
study (Do et al., 2017). Moreover, this SNP was not present in a LD 
block in the current data set; therefore, it might be considered a 
novel marker for LP. Interestingly, both additive and dominance 
variances of this SNP explained a considerable amount of the 
variation in LP (5.69% and 1.04%, respectively). Recently, C5orf34 
was suggested to have roles in lung cancer development and 
progression by regulating MAPK signaling pathway (He et  al., 
2019). Its function in bovine is unknown.

SNP rs385640152 is a missense variant within exon 8 
(ENSBTAT00000001758.2:c.836T>A) of GHR gene predicted to 
cause a potentially deleterious amino acid substitution from 
phenylalanine to tyrosine (Phe279Tyr) in the GHR protein. GHR 
is considered a potential candidate gene for LP in our previous 
study (Do et al., 2017) since it was located close to 3 significantly 
associated SNPs with LP on BTA 20. Interestingly, Nayeri et al. 
(2017) also associated several SNPs (rs41639260, rs110482506, 
and rs41639261) located in intronic regions of the GHR gene with 
LP in bulls. Growth hormone is well known for its galactopoietic 
action in bovine (Burton et al., 1994). Some studies have associated 
polymorphisms in the GHR gene with milk yield and lactation 
(Moisio et al., 1998; Rahmatalla et al., 2011). In particularly, a T 
to A nucleotide substitution (SNP rs385640152) in exon 8 of the 
GHR gene resulting in a phenylalanine (GHR279Phe) to tyrosine 
(GHR279Tyr) change in the transmembrane domain of the GHR 
protein was associated with a major effect on milk yield (Blott 
et al., 2003). Furthermore, cows of the GHR279Phe protein variant 
produced about 200 kg more milk annually than cows carrying 
the GHR279Tyr variant (Blott et al., 2003). In the present study, 
the substitution of allele A by T of this mutation (rs385640152) 
only accounted for 0.52% of the phenotypic variation in LP (Table 
2). However, Fontanesi et al. (2007) indicated that the use of the 
GHR Phe279Tyr allele in marker-assisted selection may not 
have a significant impact on selection for milk yield and milk 
components due to the high frequency of the putative positive 
allele for milk protein percentage.

SNP rs378943586 in DDX11 was also suggestively associated 
with LP based on additive effects (Table 2). DDX11 is important 
in breast cancer regulation and mammary cell development 
(Callari et  al., 2011) but its functionality in cows is unknown. 
The additive and dominance variances of this SNP explained 
2.23% and 0.55% of the phenotypic variance in LP, respectively; 
therefore, this SNP might also be considered in selection for LP 
with the inclusion of both additive and dominance effects.

Since more than 100 QTLs for milk yield and milk component 
traits have been reported around the centromeric region of 
BTA14 where the DGAT1 gene is located (Hu et al., 2015), we also 
genotyped three functionally informative SNPs in the DGAT1 
gene (Table 1). However, none of the SNPs in the DGAT1 gene was 
significantly associated with LP in this study, suggesting that the 
DGAT1 gene might not be important for LP. Other GWAS studies 
did not also report associated SNPs for LP within the DGAT1 gene 
region (Kolbehdari et al., 2009; Pryce et al., 2010; Nayeri et al., 
2017). Finally, it is important to note that none of the SNPs in 
candidate genes derived by gene ontology, network, or pathways 
analyses (Do et al., 2017) were significantly associated with LP in 

this study, suggesting that the relationship of these genes with 
LP may be through indirect relationships with other genes.

Conclusions
We analyzed associations between 69 potential functional 
variants located in 30 candidate genes and dEBVs of LP in Canadian 
Holstein cows. SNPs rs43770847, rs208794152, and rs208332214 
in ADRM1, rs209443540 in C5orf34, rs378943586 in DDX11, and 
rs385640152 in GHR might be important for understanding the 
biology of LP as well as for selection of cows with higher LP. The 
amount of phenotypic variance explained by dominance effects 
for each associated SNPs was substantial; therefore, it might be 
important to include dominance effects in genetic selection for 
enhanced LP. Functional validation of the suggestively associated 
SNPs and SNPs on further genes like C5orf34, ADRM1, DDX11, and 
GHR might further understanding of additive and nonadditive 
effects on LP and for inclusion in a genomic selection for LP.
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