
ABSTRACT

Increasing the productivity of Canadian dairy 
goats is critical to the competitiveness of the sector; 
however, little is known about the underlying genetic 
architecture of economically important traits in these 
populations. Consequently, the objectives of this study 
were as follows: (1) to perform a single-step GWAS for 
milk production traits (milk, protein, and fat yields, 
and protein and fat percentages in first and later lacta-
tions) and conformation traits (body capacity, dairy 
character, feet and legs, fore udder, general appearance, 
rear udder, suspensory ligament, and teats) in the Ca-
nadian Alpine and Saanen breeds; and (2) to identify 
positional and functional candidate genes related to 
these traits. The data available for analysis included 
305-d milk production records for 6,409 Alpine and 
3,434 Saanen does in first lactation and 5,827 Alpine 
and 2,632 Saanen does in later lactations; as well as 
linear type conformation records for 5,158 Alpine and 
2,342 Saanen does. Genotypes were available for 833 
Alpine and 874 Saanen animals. Both single-breed and 
multiple-breed GWAS were performed using single-trait 
animal models. Positional and functional candidate 
genes were then identified in downstream analyses. 
The GWAS identified 189 unique SNP that were sig-
nificant at the chromosomal level, corresponding to 271 
unique positional candidate genes within 50 kb up- and 
downstream, across breeds and traits. This study pro-
vides evidence for the economic importance of several 
candidate genes (e.g., CSN1S1, CSN2, CSN1S2, CSN3, 
DGAT1, and ZNF16) in the Canadian Alpine and Saa-
nen populations that have been previously reported in 
other dairy goat populations. Moreover, several novel 
positional and functional candidate genes (e.g., RPL8, 

DCK, and MOB1B) were also identified. Overall, the 
results of this study have provided greater insight into 
the genetic architecture of milk production and con-
formation traits in the Canadian Alpine and Saanen 
populations. Greater understanding of these traits will 
help to improve dairy goat breeding programs.
Key words: genome-wide association study, candidate 
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INTRODUCTION

The Canadian dairy goat sector has rapidly expand-
ed in the last decade due to growing demand for goat 
cheese, milk powder, and other products. Canada pro-
duced an estimated 65,302 tonnes of goat milk in 2019 
on 329 registered operations (Canadian Dairy Informa-
tion Centre, 2021). Although this is a small amount 
of milk when compared with the global production of 
about 20 million tonnes, national production in Canada 
increased by 52% between 2009 and 2019, whereas 
global goat milk production increased by 15.2% in the 
same period (Food and Agriculture Organization of 
the United Nations, 2019; Canadian Dairy Information 
Centre, 2021). Nevertheless, increasing the productivity 
of Canadian dairy goats is critical to the profitability 
of individual operations and the continued growth of 
the sector.

Dairy goat producers are paid based on milk com-
ponents; thus, milk production and composition traits 
have a direct effect on producer revenue. Average 
yearly milk production has been estimated to be be-
tween 917 and 1,003 L per doe, or about 3.0 to 3.3 L 
per day, based on a standard 305-d lactation (Ontario 
Goat, 2017; M. Paibomesai, Ontario Ministry of Ag-
riculture Food and Rural Affairs, Elora, ON, Canada, 
personal communication). However, the average yearly 
production per doe across herds varies greatly (e.g., 600 
to 1,400 L across 20 herds; M. Paibomesai, personal 
communication), indicating substantial opportunity to 
improve dairy goat productivity. Although milk pro-
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duction traits have a direct effect on revenue, other 
functionally important traits such as conformation can 
also have a major influence on doe productive life and 
welfare, veterinary expenses, and replacement rearing 
costs, and thus contribute to the overall cost of produc-
tion.

Compared with Canadian dairy cattle, the cost of 
production per liter of milk is considerably higher for 
goats ($1.27 vs. $0.77 per liter in 2016; Canadian Dairy 
Commission, 2017; Ontario Goat, 2017). The weighted 
average producer revenue per liter of goat milk was 
reported to be approximately $1.00 in 2020 (M. Pai-
bomesai, personal communication); however, goat milk 
production is not supply managed, and prices continu-
ously fluctuate. In comparison, average producer rev-
enue from the sale of cow milk in Ontario is reported 
to be approximately $0.81, with approximately 9 to 10 
times the quantity produced (Canadian Dairy Com-
mission and Dairy Farmers of Ontario, 2021). Overall, 
these statistics highlight the need to increase produc-
tion efficiency on Canadian dairy goat operations.

Genetic selection is one proven method of cumula-
tively and permanently increasing the efficiency of live-
stock production. However, genetic selection has been 
underutilized in the Canadian dairy goat sector because 
low participation in phenotype recording and registra-
tion programs has hindered traditional selection based 
on EBV. However, recently, Massender et al. (2022a,b) 
demonstrated that substantial gains in selection accu-
racy can be expected from the implementation of ge-
nomic selection for milk production and conformation 
traits of Canadian dairy goats. The implementation of 
genomic selection would also enable herds that have 
not traditionally participated in phenotype or pedigree 
recording to use genomic evaluations as a selection tool. 
In addition to genomic selection, there is interest from 
the sector in the development of genetic tests for impor-
tant genes to use in marker-assisted selection schemes.

Although milk production and conformation traits 
are highly polygenic, several genes (e.g., CSN1S1, 
DGAT1) have been reported to have major influence on 
milk composition (Martin et al., 2017). Genetic testing 
for CSN1S1 has been used as a selection tool in dairy 
goat breeding programs in several countries, including 
Canada. Accounting for the effects of major genes has 
also been shown to increase the accuracy of genomic 
predictions (Carillier-Jacquin et al., 2016; Teissier et 
al., 2018, 2019). Thus, understanding the regions of the 
genome that influence milk production and conforma-
tion traits in the Canadian populations could improve 
genetic evaluations and may provide additional selec-
tion tools.

Genome-wide association studies are one method of 
exploring the genetic architecture of economically im-

portant traits. To date, GWAS have been performed for 
milk production traits conducted in the French (Martin 
et al., 2017, 2018; Talouarn et al., 2020), UK (Mucha 
et al., 2018), and New Zealand (Scholtens et al., 2020) 
dairy goat populations. A GWAS was also performed 
for the Canadian Alpine and Saanen breeds (Vermette 
et al., 2013); however, fewer genotypes were available 
for the analysis (n = 720) and a multiple-step approach 
was used for the GWAS, with EBV of genotyped ani-
mals being used as pseudo-phenotypes. Additionally, 
Vermette et al. (2013) did not identify candidate genes 
in genomic regions with significant SNP nor discuss 
their potential biological relevance. Single-step GWAS 
can be beneficial when only a fraction of animals are 
genotyped, because the genomic EBV are estimated us-
ing all phenotypic and genotypic information available, 
which are then used to more accurately estimate the 
marker effects (Wang et al., 2012; Aguilar et al., 2019).

Consequently, the objectives of this study were (1) 
to perform a single-step GWAS to identify SNP signifi-
cantly associated with milk production and conforma-
tion traits in the Canadian Alpine and Saanen breeds; 
and (2) to identify positional and functional candidate 
genes related to these traits to increase our understand-
ing of the genetic architecture of economically impor-
tant traits in Canadian dairy goat populations.

MATERIALS AND METHODS

Phenotypes and Pedigree

The data used in this research were obtained from 
industry organizations or samples collected by com-
mercial producers; thus, institutional animal care ap-
proval was not required. Phenotypic records used in 
this study were provided by the Canadian Centre for 
Swine Improvement (www .ccsi .ca) through the Cana-
dian Dairy Goat Genetic Improvement Program (www 
.goatgenetics .ca). The data consisted of 305-d lactation 
milk production records for 5 traits and linear confor-
mation scores for 8 traits. The 5 milk production traits 
were milk yield (MY, kg), protein yield (kg), fat yield 
(FY, kg), protein percentage (PP, %), and fat percent-
age (FP, %). The first and later lactation records were 
considered separate traits, as described in Massender et 
al. (2022a), and are noted throughout the text with the 
number 1 for first lactation records (i.e., MY1) and 2+ 
for later lactation records (i.e., MY2+). The 8 linear 
conformation traits were body capacity, dairy charac-
ter, feet and legs, fore udder, general appearance, rear 
udder, suspensory ligament, and teats.

The data editing procedures, descriptive analyses, 
and genetic parameter estimation were presented in 
Massender et al. (2022a) and Massender et al. (2022b) 
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for milk production and conformation traits, respec-
tively. The final milk production data sets included 
records for 6,409 Alpine and 3,434 Saanen does in first 
lactation, and 12,236 Alpine records (5,827 does) and 
5,008 Saanen records (2,632 does), recorded in lacta-
tions 2 to 11. The conformation trait data sets included 
linear type classification records for 5,158 Alpine and 
2,342 Saanen does. The phenotypes of Alpine and Saa-
nen were also combined for multiple-breed analyses.

Pedigree information for registered animals was 
obtained from the Canadian Livestock Records Cor-
poration (www .clrc .ca) and trimmed to include only 
ancestors of animals with phenotypes or genotypes. 
The final pedigrees for the milk production analyses of 
Alpine and Saanen had 13,437 and 7,379 animals, re-
spectively, and the multiple-breed pedigree had 20,239 
animals. For the conformation traits, 11,486 Alpine 
and 6,270 Saanen animals were included in the single-
breed pedigrees, and 17,362 animals were included in 
the multiple-breed pedigree. Animals with phenotypic 
or genotypic records had an average pedigree depth of 
15.8 to 20.3 generations, depending on breed and trait 
(Massender et al., 2022a,b).

Genotypes

A total of 1,707 genotypes were used in this study, 
of which 833 were from the Alpine breed (78 bucks, 
755 does) and 874 from the Saanen breed (97 bucks, 
777 does). All animals were genotyped with the first 
version of the GoatSNP50 Bead Chip (Tosser-Klopp 
et al., 2014) from Illumina Inc., which contains 53,347 
SNP. Genotypic quality control was performed within 
breed, as described in Massender et al. (2022a), retain-
ing 45,221 SNP (84.8%) for the multiple-breed analy-
ses, and 44,598 (83.6%) and 43,598 SNP (81.7%) for 
single-breed analyses of the Alpine and Saanen breeds, 
respectively.

GWAS

The single-step GWAS analyses were performed 
using the blupf90 family of programs (Aguilar et al., 
2014, 2019; Misztal et al., 2014; Lourenco et al., 2020) 
and the models described in Massender et al. (2022a,b), 
with the exception that default scaling parameters were 
used for the H matrix to reduce deflation of P-values. 
Single-trait animal models were used for all traits, 
with the effects in the models differing between trait 
groups and lactations. The models for milk produc-
tion traits included fixed effects of doe age (in months, 
8 to 108+), parity (2 to 7+) in the models for later 
lactation traits, and a linear covariate of DIM at the 
final milk test for the lactation. The random effects in-

cluded contemporary group (herd and year of test) and 
animal additive genetic effects, as well as permanent 
environmental effects in the models for later lactation 
traits. For the conformation traits only the doe’s first 
classification record was used, and the models included 
a fixed effect of parity (first or later), linear covariates 
of doe age (days) and DIM, and random contemporary 
group (herd-year-classifier) and animal additive genetic 
effects. For multiple-breed analyses, the phenotypes re-
corded on Alpine and Saanen were considered a single 
trait, and a fixed effect of breed (Alpine or Saanen) was 
included. More details on the models and genetic pa-
rameters used for each trait group are available in Mas-
sender et al. (2022a) for the milk production traits and 
Massender et al. (2022b) for the conformation traits.

Under the single-step GWAS framework, GEBV are 
back-solved to estimate marker effects (Wang et al., 
2012). The P-values for the marker effects were obtained 
following the methods of Lu et al. (2018) and Aguilar 
et al. (2019), as implemented in the postGSf90 program 
(Aguilar et al., 2014). In the preliminary analyses, nor-
mal quantile-quantile plots and genomic inflation factor 
values were found to vary considerably between traits 
and breeds (Supplemental Figures S1 to S9; https: / / 
doi .org/ 10 .7910/ DVN/ QJOS4D; Massender, 2022). 
Consequently, the P-values were adjusted using the 
method of genomic control to reduce the likelihood of 
false-positive or false-negative associations (Devlin and 
Roeder, 1999; Devlin et al., 2001). Specifically, genomic 
inflation factors were estimated as the observed median 
of chi-squared test statistics (i.e., square of the z-test 
statistic obtained from postGSf90 as in Aguilar et al., 
2019) for all SNP tested in an analysis divided by the 
expected median of the chi-squared distribution with 
one degree of freedom (Devlin and Roeder, 1999; Devlin 
et al., 2001). The chi-squared test statistics were then 
divided by λ, and P-values were calculated from the ad-
justed test statistics (Devlin and Roeder, 1999; Devlin 
et al., 2001). Thereafter, SNP were considered signifi-
cantly associated with the trait if the adjusted −log10 
P-value was greater than chromosomal- or genome-wise 
significance thresholds, after a Bonferroni correction for 
multiple comparisons at a 5% family-wise error rate 
[i.e., −log10 P > −log10(0.05/n), where n is the number 
of SNP tested either for an individual chromosome or 
across the genome for a given breed]. The genome-wise 
significance threshold was found to be 5.95, whereas 
chromosomal-wise significance thresholds ranged from 
4.18 to 4.77 (mean ± SD: 4.46 ± 0.16).

Functional Analyses

The GALLO package (Fonseca et al., 2020), avail-
able in R software version 4.0.4 (R Core Team, 2021), 
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was used to retrieve positional candidate genes located 
within 50 kb up- and downstream of the significant 
SNP using the gene annotation information for ARS1 
(Bickhart et al., 2017) available in NCBI data sets (Say-
ers et al., 2022) release 102 (www .ncbi .nlm .nih .gov/ 
assembly/ GCF _001704415 .1). Gene ontology (GO) 
was performed with PANTHER version 16.0 (www 
.pantherdb .org/ ) to determine biological processes, cel-
lular components, and molecular functions significantly 
(P-value <0.05) overrepresented among the positional 
candidate genes (Mi et al., 2019, 2021). Finally, the 
STRING database (www .string -db .org/ ) was used to 
construct gene networks based on predicted protein 
interactions between the annotated genes (Szklarczyk 
et al., 2021).

RESULTS

Significant SNP

The GWAS identified 189 unique SNP that were sig-
nificant at the chromosomal level (−log10 P > 4.18 to 
4.77), 73 of which were also significant at the genome-
wise level (−log10 P > 5.95). Figures 1–7 show the re-
sults of the GWAS by breed and trait. Table 1 shows 
the number of unique chromosome- and genome-wise 
significant SNP by breed and trait. Significant SNP 
were identified for all traits and were located across 
the genome on Capra hircus autosome (CHI) CHI1, 
CHI2, CHI3, CHI5, CHI6, CHI7, CHI9, CHI10, CHI11, 
CHI13, CHI14, CHI16, CHI17, CHI19, CHI20, CHI21, 
CHI23, CHI25, CHI26, CHI27, CHI28, and CHI29. 
Regions on CHI6 (86,050,088 and 86,858,026 bp) and 
CHI14 (80,143,561, 81,347,395, and 81,658,383 bp) were 
the most significant (−log10 P-values >10) for the milk 
composition traits, whereas the most significant region 
for the conformation traits was on CHI13 (64,643,472 
bp; −log10 P-value = 5.66) for general appearance.

Positional Candidate Genes

Genes were identified as positional candidates if they 
were located within 50 kb upstream or downstream of 
significant SNP (−log10 P > 4.18 to 4.77). The number 
of unique annotated genes by breed and trait (i.e., not 
double-counted if multiple SNP were annotated to the 
same gene) is summarized in Table 1. There were 271 
unique annotated positional candidate genes across all 
analyses, of which 82.0% were protein coding genes and 
18.0% were nonprotein coding genes (i.e., pseudogenes, 
long noncoding RNA, or tRNA).

Thirteen annotated genes were common across Al-
pine, Saanen, and the multiple-breed analyses, 105 
were shared between either Alpine or Saanen and the 

multiple-breed analyses, and 52, 73, and 26 were unique 
to Alpine, Saanen, and the multiple-breed analyses, 
respectively. Positional candidate genes by breed and 
trait are described in Tables 2 to 4.

Functional Analyses

The cellular components identified in the GO analy-
ses included cellular (82.0% of genes) and protein-con-
taining (18.0%). The molecular function terms identi-
fied were binding (40.5%), catalytic activity (21.6%), 
molecular transducer activity (10.3%), molecular func-
tion regulator (9.5%), transcription regulator activity 
(9.5%), and others (8.6% total for molecular adaptor 
activity, structural molecule activity, and transporter 
activity). The top biological processes included cellular 
process (28.2%), biological regulation (17.9%), meta-
bolic process (17.1%), response to stimulus (9.6%), sig-
naling (7.5%), and localization (6.1%). Other biological 
processes identified, each representing less than 6% of 
the genes, included reproduction, reproductive process, 
biological process involved in interspecies interaction, 
biological adhesion, developmental, multicellular or-
ganismal, locomotion, and immune system process. The 
significantly (P < 0.05) overrepresented GO cellular 
components, molecular functions, and biological pro-
cesses for the positional candidate genes are described 
in Table 5. The 5 most significant GO biological pro-
cesses included response to lipid (CSN1S1, CXCL8, 
CXCL9, CXCL10, CXCL11, LOC102181854, PPBP, 
SCD5), cellular response to stimulus (CXCL8, CXCL9, 
CXCL10, CXCL11, LOC102181854, PPBP), response 
to oxygen-containing compound (CSN1S1, CXCL8, 
CXCL9, CXCL10, CXCL11, LOC102181854, PPBP, 
SCD5), and cellular response to oxygen-containing 
compound (CXCL8, CXCL9, CXCL10, CXCL11, 
LOC102181854, PPBP). A gene interaction network 
was constructed using positional candidate genes across 
all breeds to visualize potential functional candidate 
genes. The gene network combining all traits is pre-
sented in Supplemental Figure S10 (https: / / doi .org/ 10 
.7910/ DVN/ 9J8CZJ; Massender, 2022). Gene interac-
tion networks for the yield traits (Figure 8), PP (Figure 
9), and FP (Figure 10) showed some similarities.

DISCUSSION

The GWAS described in this study was performed 
with a single-step approach, allowing phenotypic re-
cords measured on nongenotyped animals to contribute 
to the estimation of SNP effects (Wang et al., 2012). 
This approach was beneficial due to the limited number 
of genotypes available for analysis, which would have 
reduced the power to detect significant associations 
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under a multiple-step approach. Although the Bon-
ferroni correction used for multiple comparisons was 
stringent, and therefore only loci of major effect were 
expected to be identified, significant SNP were identi-
fied for all traits. The significant regions varied by trait 
and breed and were distributed across the genome. For 
some traits, the genomic inflation factor (Figure 4) 
varied considerably from one (Supplemental Figures S1 
to S9; https: / / doi .org/ 10 .7910/ DVN/ QJOS4D), which 
often indicates population stratification or “cryptic 
relatedness” among the genotypes (Devlin and Roeder, 
1999; Devlin et al., 2001). This was unexpected, given 
that the models used accounted for pedigree structure, 
breed, and herd, similarly to the models used in routine 
genetic evaluations, and may warrant further investi-
gation. The correction applied to the P-values aimed 
to reduce the likelihood of reporting false-positive or 
false-negative associations, but it should be acknowl-
edged that this correction affects the significant regions 
and potential positional and functional candidate genes 
reported. It is important to note that genomic regions 
of importance to a trait are expected to result in clus-
ters of significant SNP in linkage disequilibrium; thus, 
individual significant SNP may indicate spurious as-
sociations and should be validated in future research 
(Misztal et al., 2021).

To our best knowledge, this is the first study to iden-
tify potential positional candidate genes and perform 
functional analyses in Canadian dairy goat popula-
tions. Vermette et al. (2013) performed the first GWAS 
in this population using a subset of the genotyped ani-
mals in the present study (n = 720) and a multiple-step 
genomic BLUP approach. They identified significant 
SNP (false discovery rate <0.10) for MY (CHI17 and 
CHI24) and fore udder (CHI1 and CHI4) for Alpine, 
and significant SNP for fore udder (CHI1, CHI4, and 
CHI13) and teats (CHI4, CHI8, and CHI9) for Saanen. 
None of the significant regions identified by Vermette 
et al. (2013) were in common with those identified in 
the present study.

The most significant regions (−log10 P > 8) were 
identified for PP and FP, which are highly heritable 
and known to be influenced by several major genes 
in dairy goats (Martin et al., 2017; Scholtens et al., 
2020). In contrast, relatively few significant SNP were 
identified for the conformation traits. In general, the 
conformation traits were less heritable than the milk 
production traits and there were also fewer phenotypic 
records available for their analysis, both of which may 
have contributed to a lower power to detect significant 
associations. It is also worth noting that 63 unique sig-
nificant SNP were not within 50 kb of any annotated 
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genes (Supplemental Table S1; https: / / doi .org/ 10 
.7910/ DVN/ QIZ1F8; Massender, 2022). These regions 
should be studied further as the annotation of the goat 
genome improves. For the sake of brevity, this discus-
sion will first highlight some key differences between 
breeds and lactations and then discuss some of the 
most functionally relevant positional candidate genes.

Comparison of Trait Groups

The physical structure of dairy animals can affect 
production. For example, McLaren et al. (2016) re-
ported weak to moderate genetic correlations between 
several udder conformation traits and MY in UK dairy 
goats. Because milk production and conformation traits 
can be genetically correlated, there could be genomic 
regions and genes associated with both trait groups. 
However, no significant regions were found in common 
between the milk production and conformation traits in 
the present study. Similarly, Vermette et al. (2013) did 
not report any SNP associated with both trait groups 
in the population. In international research, a notable 
pleiotropic region on CHI19 has been found to be as-
sociated with milk production, udder conformation, 
and somatic cell score traits in French, UK, and New 

Zealand dairy goat populations (Martin et al., 2018; 
Mucha et al., 2018; Scholtens et al., 2020; Talouarn et 
al., 2020). The limited number of phenotypes available 
for the conformation traits is likely to have reduced the 
power to detect association, and these analyses should 
be repeated as more phenotypic and genotypic records 
become available.

Breed Differences

A total of 15 positional candidate genes were shared 
between the Alpine and Saanen breeds for milk produc-
tion traits (ADAMTS3, CLOCK, CSN1S1, CSN1S2, 
CSN2, CSN3, DCK, LOC102178810, LOC102179276, 
LOC106502214, MOB1B, SHROOM3, SLC4A4, 
TRNAC-ACA, and TRNAC-GCA). Additionally, 
many of the positional candidate genes identified for 
milk production traits in the multiple-breed analy-
ses were shared with at least one of the single-breed 
analyses. However, 26 genes were identified only in 
the multiple-breed analyses. Combining breeds can 
increase the power to detect significant associations 
in populations with a limited number of animals geno-
typed; however, this is only beneficial if the SNP are 
segregating and in the same gametic phase in both 
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Figure 3. Manhattan plots for fat yield for Canadian Alpine and Saanen goats in first and later lactations, by breed.

Figure 4. Manhattan plots for protein percentage for Canadian Alpine and Saanen goats in first and later lactations, by breed.
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breeds. Brito et al. (2015) reported that the consis-
tency of gametic phase (i.e., Pearson correlation of 
signed r values between breeds) for the Canadian Al-
pine and Saanen breeds was 0.93 and 0.69 at distances 
of less than 0.02 Mb and between 0.02 and 0.03 Mb, 
respectively. Although both breeds have a common 
origin, they are substantially different at the genetic 
level (Brito et al., 2015, 2017). However, the use of 
multiple-breed GWAS could provide insight into ge-
nomic regions shared between the breeds.

Perhaps the most interesting difference between the 
breeds was the peak on CHI14 for PP1, FP1, FY2+, 
and FP2+ that was observed for Saanen and in the 
multiple-breed analyses, but not for Alpine. This chro-
mosome contains DGAT1 and ZNF16, both of which 
have been previously identified as candidate genes in 
dairy goat populations (Martin et al., 2017; Scholtens 
et al., 2020). Martin et al. (2017) reported that the 
region containing DGAT1 was significantly associated 
with FP in both breeds. Additionally, the minor allele 
frequencies for the SNP in the region of DGAT1 were 
similar for both breeds (0.30 and 0.37 in Saanen vs. 
0.43 and 0.49 in Alpine, as reported in Supplemental 
Table S2; https: / / doi .org/ 10 .7910/ DVN/ MPHK5T; 

Massender, 2022) so the significant SNP in Saanen were 
also segregating in Alpine. These results could suggest 
differences in the genetic architecture for milk composi-
tion traits between breeds in the Canadian dairy goat 
populations. However, this finding should be validated 
as more animals are genotyped.

Comparison of Lactations

Overall, more significant SNP (−log10 P > 4.18 to 
4.77) were identified for later-lactation traits than for 
first-lactation traits (Tables 2 and 3). This might be 
because more phenotypic records existed for the later-
lactation traits, which could lead to greater power to 
detect significant associations. Many of the positional 
candidate genes identified in first-lactation traits were 
also identified in later lactations. However, we found 30 
and 75 unique positional candidate genes correspond-
ing to SNP that were only significant in first or later 
lactations, respectively. These results highlight that 
many significant regions are shared between first and 
later lactations, but also suggest the possibility of some 
genetic differences between them that should be vali-
dated in the future.
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Figure 5. Manhattan plots for fat percentage for Canadian Alpine and Saanen goats in first and later lactations, by breed.

https://doi.org/10.7910/DVN/MPHK5T
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Functional Candidate Genes

Genome-wide association studies identify regions of 
the genome associated with traits of interest in a spe-
cific population and can be a cost-effective method of 
exploring the genetic architecture underlying economi-
cally important traits. However, additional downstream 
analyses are needed to understand the functional rel-
evance of the regions identified. Functional analyses 
have been limited in dairy goat populations because 
the goat reference genomes are not as well annotated as 
other major livestock species. The present study is one 
of the first to perform GO and network analyses in dairy 
goat populations; however, the functional relevance of 
many of the genes described have been inferred based 
on research in cattle and sheep. The GO analyses iden-
tified biological processes of broad importance, whereas 
the network analyses demonstrated the complex rela-
tionships and polygenic nature of the milk production 
traits. In the future, the use of other “-omics” technolo-
gies (e.g., transcriptomics, proteomics, metabolomics) 
could further our understanding of the biology of these 
traits.

Casein Genes. It is well known that the casein gene 
cluster (CSN1S1, CSN2, CSN1S2, CSN3) on CHI6 has 

a major influence on goat milk composition (Selvaggi et 
al., 2014). The genes in the casein cluster each encode 
for 1 of the 4 casein proteins, which together account 
for an estimated 64.5% of the total protein in goat 
milk (Selvaggi et al., 2014). This study identified SNP 
associated with CSN1S1 for PP1 in both the Alpine 
and multiple-breed analyses and PP2+ in all analyses; 
CSN2 for PP1 and PP2+ for all analyses, FP1 in the 
Saanen and multiple-breed analyses, and FP2+ in the 
multiple-breed analyses; CSN1S2 for PP1 and FP1 in 
Saanen and the multiple-breed analyses, PP2+ in all 
analyses, and FP2+ in the multiple-breed analyses; and 
CSN3 for PP1 and FP1 in Saanen and the multiple-
breed analyses, and PP2+ for all analyses (Tables 2 
and 3). This region has been previously reported in 
GWAS in French dairy goat populations (Martin et al., 
2017).

The casein genes are conserved between many rumi-
nant species (Caroli et al., 2009; Selvaggi et al., 2014; 
Rehman et al., 2021), and many polymorphisms in 
CSN1S1 affecting the synthesis level of casein (Figure 
9) have been identified in goats (Selvaggi et al., 2014; 
Mangia et al., 2019). Consequently, genetic testing for 
CSN1S1 has been used as a selection tool in dairy goat 
breeding programs. Levels of casein (Figure 10) have 
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Figure 6. Manhattan plots for udder conformation traits for Canadian Alpine and Saanen goats, by breed.
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Figure 7. Manhattan plots for structural conformation traits for Canadian Alpine and Saanen goats, by breed.

Table 1. Number of chromosomally (genomically) significant SNP and unique annotated genes within 50 kb 
up- and downstream by breed and trait

Trait group  Trait1

Breed

Alpine

 

Saanen

 

Alpine and Saanen

SNP Genes SNP Genes SNP Genes

Milk production MY1 3 (0) 25 (0)  0 0  1 (0) 1 (0)
PY1 2 (0) 21 (0)  0 0  2 (0) 1 (0)
FY1 1 (0) 21 (0)  0 0  0 0
PP1 11 (4) 7 (3)  52 (24) 65 (22)  35 (19) 28 (17)
FP1 2 (0) 8 (0)  36 (16) 83 (42)  25 (9) 67 (23)
MY2+ 1 (0) 0  4 (0) 6 (0)  3 (0) 6 (0)
PY2+ 2 (0) 22 (0)  6 (1) 14 (1)  2 (0) 4 (0)
FY2+ 3 (0) 23 (0)  12 (0) 43 (0)  6 (1) 21 (6)
PP2+ 38 (19) 30 (14)  50 (26) 54 (28)  55 (35) 47 (29)
FP2+ 3 (0) 1 (0)  20 (8) 76 (39)  17 (9) 64 (33)

Conformation BC 0 0  2 (0) 2 (0)  3 (0) 4 (0)
DC 0 0  0 0  1 (0) 1 (0)
FL 2 (0) 1 (0)  0 0  1 (0) 1 (0)
FU 1 (0) 3 (0)  2 (0) 1 (0)  2 (0) 3 (0)
GA 1 (0) 3 (0)  0 0  1 (0) 3 (0)
RU 1 (0) 2 (0)  0 0  0 0
SL 1 (0) 1 (0)  1 (0) 1 (0)  1 (0) 11
TE 1 (0) 1 (0)  4 (0) 2 (0)  1 (0) 1 (0)

1Milk production traits: milk yield (MY), protein yield (PY), fat yield (FY), protein percentage (PP), and fat 
percentage (FP) in first (1) and later (2+) lactations. Conformation traits: body capacity (BC), dairy character 
(DC), feet and legs (FL), fore udder (FU), general appearance (GA), rear udder (RU), suspensory ligament 
(SL), teats (TE).
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Table 2. Chromosome- and genome-wise significant SNP and positional candidate genes within 50 kb up- and downstream by breed, for first-
lactation milk production traits

Trait1 Position2  Gene name

−Log10 P
3

Alpine Saanen
Alpine and 

Saanen

MY1 16:33,001,519 PLD5 — — 4.53
23:18,237,574 LOC102180549, LOC102181083, LOC102182181, LOC102181348, LOC102181640, 

LOC102181912, LOC102182458, LOC102183280, LOC102183743, LOC102184017, 
LOC102184572, LOC106501778, LOC106503498, LOC106503499, LOC106503503, 
LOC108633408, LOC108633412, LOC108633418, TRNAI-AAU, TRNAM-CAU, 
TRNAR-UCG

5.38 — —

29:35,603,716 APLP2, LOC108634186, ST14, ZBTB44 4.58 — —
PY1 5:75,018,364 SYT10 — — 4.66

5:75,031,696 SYT10 — — 4.66
23:18,237,574 LOC102180549, LOC102181083, LOC102182181, LOC102181348, LOC102181640, 

LOC102181912, LOC102182458, LOC102183280, LOC102183743, LOC102184017, 
LOC102184572, LOC106501778, LOC106503498, LOC106503499, LOC106503503, 
LOC108633408, LOC108633412, LOC108633418, TRNAI-AAU, TRNAM-CAU, 
TRNAR-UCG

4.58 — —

FY1 23:18,237,574 LOC102180549, LOC102181083, LOC102182181, LOC102181348, LOC102181640, 
LOC102181912, LOC102182458, LOC102183280, LOC102183743, LOC102184017, 
LOC102184572, LOC106501778, LOC106503498, LOC106503499, LOC106503503, 
LOC108633408, LOC108633412, LOC108633418, TRNAI-AAU, TRNAM-CAU, 
TRNAR-UCG

4.35 — —

PP1 6:68,221,956 CWH43, DCUN1D4, LOC1086362 — 4.61 —
6:71,325,905 SRD5A3 — — 6.43
6:71,495,823 CLOCK — — 4.84
6:72,867,612 LOC102180384, LOC102181107, LOC102183584 — 4.83 —
6:72,982,196 IGFBP7, LOC102188125, LOC106502184, NOA1, POLR2B — 5.82 —
6:73,013,014 IGFBP7, POLR2B — 5.86 6.06
6:74,080,024 LOC102184415, TRNAC-GCA — 6.31 8.11
6:77,246,676 ADGRL3, LOC108636227 — 8.65 —
6:77,652,792 ADGRL3 — 4.80 —
6:77,718,458 ADGRL3 — 4.83 —
6:77,987,260 ADGRL3 — 5.29 —
6:81,804,590 EPHA5 — 7.47 —
6:83,714,029 LOC108636267 — 5.31 —
6:84,718,290 LOC102186288, LOC108636252 — 5.69 5.73
6:85,979,655 CSN1S1, CSN2, TRNAC-ACA 8.03 — 9.89
6:85,996,534 CSN1S1, CSN2, TRNAC-ACA 5.27 — 5.86
6:86,050,088 CSN1S2, CSN2, LOC102178810, TRNAC-ACA — 10.69 13.30
6:86,081,075 CSN1S2, LOC102178810 — — 6.16
6:86,084,578 CSN1S2, LOC102178810 — — 9.55
6:86,155,374 CSN3, LOC102178810, LOC106502214, ODAM — 9.05 9.17
6:86,209,124 CSN3, LOC106502214 — 6.94 9.39
6:86,296,898 CABS1, LOC108636280 — — 8.03
6:86,490,735 AMBN, AMTN, ENAM — 6.78 4.75
6:86,822,367 DCK, MOB1B — 8.94 —
6:86,858,026 DCK, MOB1B 4.71 14.28 16.71
6:87,059,305 SLC4A4 — 6.26 5.70
6:88,163,548 ADAMTS3 — 5.13 —
6:89,131,847 LOC102177879, RASSF6 — 5.70 —
6:89,392,374 LOC102181582, LOC102181854, LOC108636281, PPBP — 5.54 —
6:89,709,498 LOC102179276 5.45 — —
6:89,760,275 EPGN, LOC102179276 — 5.20 —
6:90,814,104 RCHY1 — — 5.08
6:91,386,784 ART3, CXCL9, CXCL10, CXCL11, SDAD1 — 4.69 —
6:91,624,173 FAM47E, LOC102177148, SCARB2 — 4.87 —
6:91,824,662 CCDC158, SHROOM3 — — 5.03
6:92,010,571 LOC102189294, SHROOM3 — 4.67 —
6:92,299,873 LOC102177425, SEPT11 — 6.11 —
6:94,585,853 GK2 — 4.79 4.96
6:96,895,131 LOC102172613 — 5.27 —
6:98,122,265 SCD5, SEC31A — 5.17 —
6:100,674,611 ARHGAP24, LOC102189022 — 6.48 —

14:81,658,383 C14H8orf33, LOC106502817, RPL8, ZNF16, ZNF34, ZNF250 — 5.55 —
19:53,488,242 LOC106503288 4.52 — —

Continued
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been found to influence milk composition and cheese-
making properties of goat milk (Selvaggi et al., 2014). 
Genotypes for CSN1S1 have been reported to explain 
24 to 38% of phenotypic variation for PP and 9 to 18% 
of phenotypic variation for FP in French dairy goats 
(Carillier-Jacquin et al., 2016). In the present study, 
SNP significantly associated with the casein genes ex-
plained between 0.12 and 0.47% for PP and 0.06 and 
0.10% for FP. Because Canadian dairy goat producers 
are paid based on a milk component system, selection 
for goats with favorable CSN1S1 genotypes would be 
beneficial to the profitability of Canadian dairy goat 
operations. There has been selection for favorable 
CSN1S1 genotypes in the French dairy goat breeding 
programs, as evidenced by the increase in frequency 
of the favorable alleles over time (Carillier-Jacquin et 
al., 2016), but less intensive selection for favorable al-
leles in American dairy goat breeds (Maga et al., 2009). 

Given the large effect of the CSN1S1 genotypes on goat 
milk production identified in other countries (Martin 
et al., 2017), and the results of the present research 
identifying that this region is significantly associated 
with milk composition traits in Canadian dairy goats, 
the frequencies of the CSN1S1 genotypes should be 
investigated in the Canadian goat populations.

DGAT1. Significant SNP (−log10 P > 6) for FP1 and 
FP2+ were identified in the region of the DGAT1 gene 
on CHI14 for Saanen and the multiple-breed analyses, 
explaining 0.07% to 0.21% of additive genetic variation. 
The DGAT1 gene is conserved across ruminant species 
and has a major influence on milk composition (Khan 
et al., 2021). It encodes for diacylglycerol O-acyltrans-
ferase 1 enzymes, which are rate-limiting and catalyze 
the synthesis of triglycerides (Khan et al., 2021; Mu et 
al., 2021). In goats, the DGAT1 gene has been found 
to be significantly associated with FP in the French 
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Trait1 Position2  Gene name

−Log10 P
3

Alpine Saanen
Alpine and 

Saanen

FP1 6:74,080,024 LOC102184415, TRNAC-GCA — 5.50 —
6:81,804,590 EPHA5 — 6.92 —
6:86,050,088 CSN1S2, CSN2, LOC102178810, TRNAC-ACA — 6.56 7.87
6:86,155,374 CSN3, LOC102178810, LOC106502214, ODAM — 4.70 —
6:86,209,124 CSN3, LOC106502214 — 5.38 5.72
6:86,296,898 CABS1, LOC108636280 — — 6.00
6:86,490,735 AMBN, AMTN, ENAM — 6.83 5.69
6:86,822,367 DCK, MOB1B — 7.24 —
6:86,858,026 DCK, MOB1B — 11.44 12.43
6:87,277,318 SLC4A4 — — 5.01
6:89,760,275 EPGN, LOC102179276 — 6.48 —
6:91,386,784 ART3, CXCL9, CXCL10, CXCL11, SDAD1 — 5.45 5.18
6:92,056,757 LOC102189294, SHROOM3 — 4.99 —

14:78,879,621 LOC108637534, TRAPPC9 — 5.03 5.37
14:78,909,791 LOC108637534, TRAPPC9 — — 4.93
14:79,000,166 AGO2, CHRAC1 — 5.00 4.85
14:79,028,886 AGO2, CHRAC1 — 4.70 —
14:79,548,956 GPR20, MROH5, PTP4A3 — 5.57 —
14:80,143,561 ADGRB1, ARC — 9.55 9.89
14:80,450,652 GML, LOC102175041, LOC102188517, LOC108637536, LYNX1, LY6D, LY6K — 8.01 7.82
14:80,647,081 LOC102187146, LOC102187415, LY6E, LY6H — 6.40 —
14:80,928,058 EEF1D, GSDMD, LOC102183805, LOC106502822, MROH6, NAPRT, PYCRL, TIGD5, 

TSTA3, ZC3H3, ZNF623
— 4.64 —

14:80,964,881 CCDC166, EEF1D, LOC102183805, LOC106502822, MAPK15, MROH6, NAPRT, 
PYCRL, TIGD5, TSTA3, ZNF623

— 5.50 5.66

14:81,032,634 CCDC166, MAPK15, PLEC — 4.52 —
14:81,146,492 EXOSC4, GPAA1, GRINA, OPLAH, PARP10, PLEC, SMPD5, SPATC1 — 5.17 5.72
14:81,334,974 ADCK5, BOP1, DGAT1, FBXL6, HSF1, MROH1, SCRT1, SCX, SLC52A2, TMEM249 — 6.69 —
14:81,347,395 ADCK5, BOP1, CPSF1, DGAT1, FBXL6, HSF1, SCRT1, SCX, SLC52A2, TMEM249 — 8.69 5.92
14:81,658,383 C14H8orf33, LOC106502817, RPL8, ZNF16, ZNF34, ZNF250 — 8.11 11.64
19:11,583,751 BCAS3 — 4.59 —
19:55,070,078 GALK1, ITGB4, LOC102190909, SAP30BP, TRNAA-AGC, UNK 4.55 — —
20:1,852,262 DOCK2, FAM196B 4.63 — —

1Traits: milk yield (MY), protein yield (PY), fat yield (FY), protein percentage (PP), and fat percentage (FP) in first lactation (1).
2Position of significant SNP recorded as Capra hircus autosome: base pair.
3Dashes indicate the SNP was not significant for a given analysis.

Table 2 (Continued). Chromosome- and genome-wise significant SNP and positional candidate genes within 50 kb up- and downstream by 
breed, for first-lactation milk production traits
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Table 3. Chromosome- and genome-wise significant SNP and positional candidate genes within 50 kb up- and downstream by breed, for later-
lactation milk production traits

Trait1 Position2  Gene name

−Log10 P
3

Alpine Saanen Alpine and Saanen

MY2+ 3:118,577,886 LOC102189638, POU2F1 — — 4.64
17:64,101,956 LOC106503011, LRBA, RPS3A, SH3D19 — 4.52 4.64
17:67,558,481 DCHS2 — 4.83 —
21:5,891,890 ADAMTS17 — 4.89 —

PY2+ 5:98,241,509 CLEC7A, GABARAPL1, LOC108636059, OLR1, TMEM52B — 4.99 —
5:98,605,906 LOC102173537, LOC102189655, LOC102189932 — 5.05 —
9:35,451,371 GRIK2 4.71 — —

17:62,267,075 TRNAC-GCA — 4.49 —
17:64,101,956 LOC106503011, LRBA, RPS3A, SH3D19 — 5.28 4.95
21:5,891,890 ADAMTS17 — 6.47 —
23:18,237,574 LOC102180549, LOC102181083, LOC102181348, LOC102181640, 

LOC102181912, LOC102182181, LOC102182458, LOC102183280, 
LOC102183743, LOC102184017, LOC102184572, LOC106501778, 
LOC106503498, LOC106503499, LOC106503503, LOC108633408, 
LOC108633412, LOC108633418, TRNAI-AAU, TRNAM-CAU, TRNAR-UCG

4.92 — —

FY2+ 3:88,174,419 LRIF1 5.13 — —
3:105,040,206 ASH1L, DAP3, GON4L, LOC102184485, LOC102184680, MSTO1 — 5.15 —
5:98,241,509 CLEC7A, GABARAPL1, LOC108636059, OLR1, TMEM52B — 5.10 —
5:98,605,906 LOC102173537, LOC102189655, LOC102189932 — 5.02 —
5:104,236,440 KCNA6, LOC108636065 — 4.86 —
9:35,451,371 GRIK2 5.15 — —

14:80,143,561 ADGRB1, ARC — 5.78 —
14:80,450,652 GML, LOC102175041, LOC102188517, LOC108637536, LYNX1, LY6D, LY6K — 4.53 —
14:81,146,492 EXOSC4, GPAA1, GRINA, OPLAH, PARP10, PLEC, SMPD5, SPATC1 — — 4.61
14:81,658,383 C14H8orf33, LOC106502817, RPL8, ZNF16, ZNF34, ZNF250 — 5.90 6.87
17:64,101,956 LOC106503011, LRBA, RPS3A, SH3D19 — — 4.70
21:5,891,890 ADAMTS17 — 5.68 —
23:18,237,574 LOC102180549, LOC102181083, LOC102181348, LOC102181640, 

LOC102181912, LOC102182181, LOC102182458, LOC102183280, 
LOC102183743, LOC102184017, LOC102184572, LOC106501778, 
LOC106503498, LOC106503499, LOC106503503, LOC108633408, 
LOC108633412, LOC108633418, TRNAI-AAU, TRNAM-CAU, TRNAR-UCG

4.61 — —

29:23,303,959 NELL1 — 4.47 —
29:25,686,255 GTF2H1, LDH-A, LOC102189835 — 5.02 4.42
29:27,004,629 LOC102177502, LOC102177870, LOC102178146, LOC102178429, 

LOC102178703, LOC102178983, LOC102179269
— 4.61 —

PP2+ 6:65,175,732 GABRG1 — — 4.89
6:65,775,350 LOC102178058 — 4.98 —
6:68,221,956 CWH43, DCUN1D4, LOC108636223 — 5.77 —
6:69,241,269 SCFD2, TRNAC-GCA 5.57 — 6.01
6:70,496,152 LOC102174283 — 6.19 —
6:71,325,905 SRD5A3 — 5.00 7.36
6:71,495,823 CLOCK 5.40 — 7.43
6:71,543,533 CLOCK, PDCL2 — 5.41 4.84
6:71,625,861 NMU, PDCL2 — 6.16 —
6:72,152,335 KIAA1211 4.78 — —
6:72,598,955 HOPX, LOC102178436 5.09 — —
6:72,867,612 LOC102180384, LOC102181107, LOC102183584 — 7.83 —
6:72,982,196 IGFBP7, LOC102188125, LOC106502184, NOA1, POLR2B — 6.81 4.69
6:73,013,014 IGFBP7, POLR2B — 8.19 6.54
6:74,080,024 LOC102184415, TRNAC-GCA — — 5.66
6:77,246,676 ADGRL3, LOC108636227 — 7.37 —
6:77,718,458 ADGRL3 — 6.17 4.81
6:77,987,260 ADGRL3 — 5.36 4.93
6:80,562,522 TECRL 5.63 — 5.64
6:81,329,069 LOC108636229 5.55 — —
6:81,804,590 EPHA5 — 6.72 —
6:83,207,760 LOC106502193 — 5.09 —
6:84,718,290 LOC102186288, LOC108636252 — — 6.76
6:85,723,625 LOC102168522 5.36 — —
6:85,861,188 LAGE3, LOC102169846, LOC102178524, SULT1B1, TRNAH-GUG 6.44 — 6.90
6:85,979,655 CSN1S1, CSN2, TRNAC-ACA 10.31 5.47 15.76
6:85,996,534 CSN1S1, CSN2, TRNAC-ACA 7.76 — 10.17

Continued
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Alpine and Saanen populations (Martin et al., 2017). 
Mutations in the DGAT1 gene have been reported to 
explain between 6 and 46% of the phenotypic variation 

for FP (Martin et al., 2017). In dairy cattle, DGAT1 
also has an influence on MY and PP (Nayeri and Sto-
thard, 2016; Jiang et al., 2019) However, the results of 
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Trait1 Position2  Gene name

−Log10 P
3

Alpine Saanen Alpine and Saanen

6:86,050,088 CSN1S2, CSN2, LOC102178810, TRNAC-ACA — 12.80 14.18
6:86,081,075 CSN1S2, LOC102178810 — — 7.80
6:86,084,578 CSN1S2, LOC102178810 6.31 — 10.00
6:86,155,374 CSN3, LOC102178810, LOC106502214, ODAM — 8.42 6.99
6:86,209,124 CSN3, LOC106502214 5.46 5.97 9.45
6:86,296,898 CABS1, LOC108636280 — — 7.17
6:86,490,735 AMBN, AMTN, ENAM — 6.63 5.29
6:86,822,367 DCK, MOB1B — 5.68 —
6:86,858,026 DCK, MOB1B 7.28 13.77 19.16
6:87,026,431 SLC4A4 9.08 — —
6:87,059,305 SLC4A4 — 5.26 5.98
6:87,918,820 ADAMTS3, NPFFR2 4.85 — —
6:89,311,000 CXCL8, LOC108636232 — 4.75 —
6:89,392,374 LOC102181582, LOC102181854, LOC108636281, PPBP — 5.18 5.71
6:89,709,498 LOC102179276 7.05 — —
6:90,814,104 RCHY1 — 4.77 8.85
6:91,386,784 ART3, CXCL9, CXCL10, CXCL11, SDAD1 — 5.64 —
6:91,624,173 FAM47E, LOC102177148, SCARB2 — 4.66 —
6:91,824,662 CCDC158, SHROOM3 — — 6.57
6:91,904,965 SHROOM3 4.65 — —
6:92,095,609 LOC108636282, SHROOM3 4.88 — —
6:93,075,340 MRPL1 5.08 — —
6:94,585,853 GK2 — — 4.80
6:96,895,131 LOC102172613 — 5.45 —

25:19,270,749 LOC102180560 — 4.35 —
28:10,604,721 LOC102172969, ZCCHC24 — 6.05 5.66

FP2+ 6:72,982,196 IGFBP7, LOC102188125, LOC106502184, NOA1, POLR2B — 4.99 —
6:73,013,014 IGFBP7, POLR2B — 5.07 —
6:77,246,676 ADGRL3, LOC108636227 — 5.36 —
6:84,718,290 LOC102186288, LOC108636252 — 4.97 —
6:86,050,088 CSN1S2, CSN2, LOC102178810, TRNAC-ACA — — 6.42
6:86,858,026 DCK, MOB1B — 6.56 7.25
6:87,059,305 SLC4A4 — — 5.92
9:64,924,170 TRNAC-GCA — 4.94 —

14:78,879,621 LOC108637534, TRAPPC9 — — 4.92
14:79,000,166 AGO2, CHRAC1 — 5.24 6.46
14:80,143,561 ADGRB1, ARC — 15.74 13.48
14:80,450,652 GML, LOC102175041, LOC102188517, LOC108637536, LYNX1, LY6D, LY6K — 8.98 6.93
14:80,647,081 LOC102187146, LOC102187415, LY6E, LY6H — 4.87 —
14:80,768,691 GLI4, RHPN1, TOP1MT — 4.68 —
14:80,865,199 GSDMD, MAFA, MROH6, ZC3H3 — 5.40 —
14:80,928,058 EEF1D, GSDMD, LOC102183805, LOC106502822, MROH6, NAPRT, 

PYCRL, TIGD5, TSTA3, ZC3H3, ZNF623
— — 4.67

14:80,964,881 CCDC166, EEF1D, LOC102183805, LOC106502822, MAPK15, MROH6, 
NAPRT, PYCRL, TIGD5, TSTA3, ZNF623

— 5.52 5.88

14:81,146,492 EXOSC4, GPAA1, GRINA, OPLAH, PARP10, PLEC, SMPD5, SPATC1 — 5.36 4.63
14:81,199,911 EXOSC4, GPAA1, HGH1, LOC102169976, LOC102179397, MAF1, MROH1, 

OPLAH, SHARPIN, SMPD5, SPATC1, WDR97
— 6.94 5.46

14:81,334,974 ADCK5, BOP1, DGAT1, FBXL6, HSF1, MROH1, SCRT1, SCX, SLC52A2, 
TMEM249

— 6.75 —

14:81,347,395 ADCK5, BOP1, CPSF1, DGAT1, FBXL6, HSF1, SCRT1, SCX, SLC52A2, 
TMEM249

— 11.55 6.94

14:81,658,383 C14H8orf33, LOC106502817, RPL8, ZNF16, ZNF34, ZNF250 — 9.60 12.47
29:1,009,212 DEUP1 4.41 — —

1Traits: milk yield (MY), protein yield (PY), fat yield (FY), protein percentage (PP), and fat percentage (FP) in later lactations (2+).
2Position of significant SNP recorded as Capra hircus autosome: base pair.
3Dashes indicate the SNP was not significant for a given analysis.

Table 3 (Continued). Chromosome- and genome-wise significant SNP and positional candidate genes within 50 kb up- and downstream by 
breed, for later-lactation milk production traits
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the present study are in line with the findings of Martin 
et al. (2017), that is, that the region containing DGAT1 
only influenced FP.

Several other genes in the same region as DGAT1 on 
CHI14 are also potential functional candidate genes for 
FP. The genes in this region include BOP1 (block of 
proliferation 1), CPSF1 (cleavage and polyadenylation 
specific factor 1), ADCK5 (aarF domain-containing 
protein kinase 5), FBXL6 (F-box and leucine rich re-
peat protein 6), HSF1 (heat shock transcription factor 
1), SCRT1 (scratch family transcriptional repressor 1), 
SCX (scleraxis bHLH transcription factor), SLC52A2 
(solute carrier family 52 member 2), and TMEM249 
(transmembrane protein 249). Many of these genes 
have been significantly associated with milk produc-
tion traits in dairy cattle (Nayeri and Stothard, 2016; 
Nayeri et al., 2017; Oliveira et al., 2019; Pedrosa et al., 
2021) and displayed complex interactions in the gene 
network (Figure 10). However, given their proximity to 
DGAT1, further research is needed to determine their 
potential functional relevance in goats.

RPL8, ZNF16, ZNF34, and ZNF250. An ad-
ditional SNP downstream of DGAT1 on CHI14 also 
displayed a significant association (−log10 P > 4.5) 
with several milk composition traits (PP1, FP1, FY2+, 
FP2+). Candidate genes in this region included RPL8, 
which encodes for 60S ribosomal protein L8; sev-

eral zinc finger protein coding genes (ZNF16, ZNF34, 
ZNF250); C14H8orf33, the chromosome 14 open read-
ing frame 33 ortholog gene, and an uncharacterized lo-
cus (LOC106502817). It has been proposed that RPL8 
may play an important role in bovine milk fat synthesis 
(Mu et al., 2021). Studies in Chinese Holstein cattle 
have identified a SNP in the promoter region of RPL8 
that is associated with FP, independent of the effects of 
DGAT1 (Zheng et al., 2019; Mu et al., 2021). Further-
more, the functional importance of this gene to FP was 
confirmed, as silencing RPL8 resulted in significantly 
reduced expression of several enzymes known to be 
important to milk fat synthesis (Zheng et al., 2019). 
To the best of our knowledge, this gene has not been 
reported as a functional candidate gene in dairy goat 
populations. However, Scholtens et al. (2020) identi-
fied ZNF16 as the closest gene to a SNP significantly 
associated with FY in a multiple-breed New Zealand 
dairy goat population. The significant SNP identified 
by Scholtens et al. (2020) was 60 bp away from the 
identified SNP in the present study, supporting ZNF16 
as a potential candidate gene. The ZNF16 gene is 
thought to have several biological functions, including 
cell proliferation (Li et al., 2011).

DCK and MOB1B. The DCK and MOB1B genes 
on CHI6 were identified as positional candidate genes 
for both Alpine (PP1 and PP2+) and Saanen (PP1, 
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Table 4. Chromosome- and genome-wise significant SNP and positional candidate genes within 50 kb up- and 
downstream by breed, for conformation traits

Trait1 Position2  Gene name

−Log10 P
3

Alpine Saanen Alpine and Saanen

BC 5:42,405,631 PTPRB, PTPRR — 4.85 —
6:116,540,942 FAM193A, TNIP2 — 4.78 5.38

DC 27:14,128,707 LOC102184589 — — 4.46
FL 3:84,509,120 NTNG1 4.91 — —

17:14,997,178 SRRM4 — — 4.52
FU 2:50,051,267 ANKRD44, LOC102182547, SF3B1 4.88 — —

17:31,204,229 RAPGEF2 — 4.68 —
20:2,342,729 KCNMB1, LOC106503306 — — 4.83
20:3,050,082 RANBP17 — — 4.43

GA 13:64,643,472 CNBD2, PHF20, SCAND1 5.28 — 5.66
RU 10:38,273,854 BLOC1S6, SQRDL 5.41 — —
SL 3:19,231,931 RNF220 — 4.75 —

10:86,019,188 ITGA11 4.82 — —
25:27,058,427 BCKDK, KAT8, LOC108633897, PRSS8, 

PRSS36, PRSS53, STX1B, STX4, 
VKORC1, ZNF646, ZNF668

— — 4.43

TE 3:92,124,311 SYCP1 — 4.77 —
14:66,568,661 MTSS1 4.56 — —
14:66,601,404 MTSS1 — — 5.35
26:16,064,782 ATRNL1 — 5.55 —
26:16,279,796 ATRNL1 — 4.28 —

1Traits: body capacity (BC), dairy character (DC), feet and legs (FL), fore udder (FU), general appearance 
(GA), rear udder (RU), suspensory ligament (SL), and teats (TE).
2Position of significant SNP recorded as Capra hircus autosome: base pair.
3Dashes indicate the SNP was not significant for a given analysis.
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FP1, PP2+, FP2+). The DCK gene encodes deoxycyti-
dine kinases, which are enzymes involved in the nucleo-
tide salvage pathway (Slot Christiansen et al., 2015). In 
humans, DCK is also a medically important gene, as it 
is associated with drug resistance and sensitivity (Slot 
Christiansen et al., 2015). The MOB1B gene encodes 

MOB kinase activator 1B and, in human cells, has been 
reported to be involved in cell proliferation and apopto-
sis (Chow et al., 2010). The DCK gene has been previ-
ously identified as a positional candidate gene for MY 
(Pedrosa et al., 2021) and subclinical ketosis (Nayeri et 
al., 2019), and both genes have been associated with 
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Table 5. Significantly (P < 0.05) overrepresented gene ontology terms for positional candidate genes

Component  Description  Genes P-value

Cellular  
 component

PcG protein complex GLI4, SEC31A 0.01
Extracellular region APLP2, CSN1S1, CSN1S2, CSN2, CSN3, CXCL8, CXCL9, CXCL10, 

CXCL11, IGFBP7, LOC102181854, PPBP, PRSS53, ST14
0.04

SNARE complex STX1B, STX4 0.05
Molecular  
 function

G protein-coupled receptor binding CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP <0.01
Cytokine receptor binding CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP <0.01
Signaling receptor regulator activity CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, LY6H, PPBP 0.01
SNAP receptor activity STX1B, STX4 0.03
Neurotransmitter receptor activity GABRG1, GRIK2, LY6H 0.04
Signaling receptor activator activity CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP 0.04
Neurotransmitter binding GABRG1, GRIK2, LY6H 0.04

Biological  
 process

Response to lipid CSN1S1, CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, 
PPBP, SCD5

<0.001

Cellular response to biotic stimulus CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP <0.001
Cellular response to lipid CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP <0.001
Response to oxygen-containing compound CSN1S1, CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, 

PPBP, SCD5
<0.001

Cellular response to oxygen-containing 
compound

CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP <0.001

Humoral immune response CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP <0.001
Response to bacterium CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP <0.001
Inflammatory response CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP <0.001
Taxis CXCL8, CXCL9, CXCL10, CXCL11, ITGB4, LOC102181854, PPBP <0.001
Response to external stimulus BCAS3, CSN3, CXCL8, CXCL9, CXCL10, CXCL11, GABARAPL1, 

ITGB4, LOC102181854, OLR1, PPBP
<0.001

Biological process involved in interspecies 
interaction between organisms

CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, OLR1, PPBP <0.01

Response to biotic stimulus CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, OLR1, PPBP <0.01
Response to cytokine CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP <0.01
Lipid biosynthetic process CWH43, DGAT1, GPAA1, SCD5, SRD5A3, TECRL <0.01
Defense response CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, OLR1, PPBP <0.01
Chromatin assembly or disassembly LOC102181083, LOC102181348, LOC106503503 0.01
Cellular carbohydrate metabolic process BCKDK, GK2, LOC102189022 0.02
Glycolipid biosynthetic process CWH43, GPAA1 0.02
Glycerolipid metabolic process CWH43, DGAT1, GK2, GPAA1 0.02
Locomotion CWH43, DGAT1, GK2, GPAA1, SCD5, SRD5A3, TECRL 0.02
Lipid metabolic process CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, OLR1, PPBP 0.03
Localization of cell CXCL8, CXCL9, CXCL10, CXCL11, LOC102181854, PPBP 0.03
Glycerolipid biosynthetic process CWH43, DGAT1, GPAA1 0.03
Peptidyl-tyrosine dephosphorylation PTPRR 0.03
Vitamin K metabolic process VKORC1 0.03
Monocarboxylic acid biosynthetic process SCD5, TECRL 0.04
Glucose metabolic process BCKDK, LOC102189022 0.04
Response to starvation BCAS3, GABARAPL1 0.04
Protein-DNA complex subunit 
organization

LOC102181083, LOC102181348, LOC106503503 0.04

Liposaccharide metabolic process CWH43, GPAA1 0.04
DNA conformation change LOC102181083, LOC102181348, LOC106503503 0.04
Neutral lipid metabolic process DGAT1, GK2 0.04
Chromatin remodeling LOC102181083, LOC102181348, LOC106503503 0.04
Regulation of primary metabolic process APLP2, ASH1L, BCKDK, CHRAC1, CLOCK, DCUN1D4, 

EPGN, GLI4, GON4L, GTF2H1, HOPX, HSF1, LOC102189022, 
LOC102181348, MAFA, MAF1, MOB1B, PHF20, POU2F1, SCAND1, 
SCX, SHARPIN, ZBTB44, ZNF250, ZNF623, ZNF646

0.04

Response to estradiol CSN1S1 0.05
Unsaturated fatty acid biosynthetic process SCD5 0.05
Protein targeting to lysosome SCARB2 0.05
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udder health traits (Abdel-Shafy et al., 2014; Wu et al., 
2015; Moretti et al., 2021) in various dairy cattle popu-
lations, but are novel candidate genes for milk produc-
tion traits in goats. Given the association of DCK and 
MOB1B with traits related to udder health in cattle, it 
would be interesting to assess whether these genes are 
also significantly associated with somatic cell count, as 
an indicator of mastitis. Unfortunately, this trait is not 
routinely recorded in the populations analyzed in this 
study. It has been previously suggested that mastitis 
may phenotypically influence milk composition traits 
(Paixão et al., 2017); thus, it is worth exploring poten-
tial pleiotropic effects for both milk composition and 
udder health traits of these genes in the population.

Future Research

This study confirmed that several regions associated 
with milk composition traits (e.g., CSN1S1, CSN2, 
CSN1S2, CSN3, DGAT1, and ZNF16) previously iden-
tified in other dairy goat populations (Martin et al., 
2017; Scholtens et al., 2020) are also important in the 

Canadian Alpine and Saanen breeds. Additionally, we 
have proposed several novel candidate genes, based on 
their functional roles and importance in other dairy 
species (e.g., DCK, MOB1B, RPL8).

These analyses should be repeated as more animals 
are genotyped in the population. In particular, the 
breed-specific effect of regions on CHI14 for FP in Saa-
nen and the relevance of DCK and MOB1B to udder 
health traits are 2 possible areas that would be interest-
ing to further explore. It may be worthwhile to explore 
other approaches for GWAS in the future, such as the 
weighted single-step approach (Wang et al., 2012), 
which may have more power to detect significant as-
sociations, although it is still constrained because of its 
reliance on linkage disequilibrium. Performing GWAS 
based on whole-genome sequence data could also help 
identify potential causal mutations and additional ge-
nomic regions associated with the traits of interest.

Overall, the results of this study provide further 
evidence that the implementation of genomic selection 
will be beneficial to improving milk production traits 
in the Canadian dairy goat populations, as these traits 
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Figure 8. Gene interaction network for the central genes associated with milk production traits for both Canadian Alpine and Saanen goats 
in first and later lactations.
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are highly polygenic with only a few loci of major effect 
(Cole et al., 2009). The few major genes identified as 
positional and functional candidates could also be use-
ful in marker-assisted selection programs or accounted 
for to improve the accuracy of genomic evaluations 
(Carillier-Jacquin et al., 2016; Teissier et al., 2018, 
2019). Genetic testing for CSN1S1 is currently used as 
a selection tool by some Canadian dairy goat breeders, 
but the results of this research suggest that genetic 
testing for mutations in DGAT1 (Martin et al., 2017) 
could be another useful tool, at least for FP in Saanen 
goats. If available, genetic tests could be a useful tool, 
given the limited participation in industry genetic im-
provement programs by Canadian dairy goat breeders.

CONCLUSIONS

This study identified positional and functional can-
didate genes for milk production and conformation 

traits in the Canadian Alpine and Saanen dairy goat 
populations. The GWAS identified 189 unique SNP 
that were significant at the chromosomal level, cor-
responding to 271 unique positional candidate genes 
within 50 kb up- and downstream. We found some 
differences in the regions associated with the traits 
identified between breeds; for example, a peak on 
CHI14 for milk composition traits was identified only 
for the Saanen breed. Additionally, no overlapping 
regions were identified between the milk production 
and conformation traits. This study provides evidence 
that several candidate genes (e.g., CSN1S1, CSN2, 
CSN1S2, CSN3, DGAT1, ZNF16) are related to milk 
composition traits in these populations. In addition, 
several novel candidate genes (e.g., DCK, MOB1B, 
and RPL8) were proposed. Overall, this study pro-
vides insights into the genetic architecture underpin-
ning economically important traits in Canadian dairy 
goat populations.
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Figure 9. Gene interaction network for the central genes associated with protein percentage for both Canadian Alpine and Saanen goats in 
first and later lactations.
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first and later lactations.
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