
ABSTRACT

The aim of this study was to estimate genetic pa-
rameters and identify genomic regions associated with 
selected individual and groups of milk fatty acids (FA) 
predicted by milk mid-infrared spectrometry in Dual-
Purpose Belgian Blue cows. The used data were 69,349 
test-day records of milk yield, fat percentage, and 
protein percentage along with selected individual and 
groups FA of milk (g/dL milk) collected from 2007 to 
2020 on 7,392 first-parity (40,903 test-day records), and 
5,185 second-parity (28,446 test-day records) cows dis-
tributed in 104 herds in the Walloon Region of Belgium. 
Data of 28,466 SNPs, located on 29 Bos taurus auto-
somes (BTA), of 1,699 animals (639 males and 1,060 
females) were used. Random regression test-day models 
were used to estimate genetic parameters through the 
Bayesian Gibbs sampling method. The SNP solutions 
were estimated using a single-step genomic best lin-
ear unbiased prediction approach. The proportion of 
genetic variance explained by each 25-SNP sliding win-
dow (with an average size of ~2 Mb) was calculated, 
and regions accounting for at least 1.0% of the total 
additive genetic variance were used to search for can-
didate genes. Average daily heritability estimated for 
the included milk FA traits ranged from 0.01 (C4:0) to 
0.48 (C12:0) and 0.01 (C4:0) to 0.42 (C12:0) in the first 
and second parities, respectively. Genetic correlations 
found between milk yield and the studied individual 
milk FA, except for C18:0, C18:1 trans, C18:1 cis-9, 
were positive. The results showed that fat percentage 
and protein percentage were positively genetically cor-
related with all studied individual milk FA. Genome-
wide association analyses identified 11 genomic regions 
distributed over 8 chromosomes [BTA1, BTA4, BTA10, 
BTA14 (4 regions), BTA19, BTA22, BTA24, and 
BTA26] associated with the studied FA traits, though 

those found on BTA14 partly overlapped. The genomic 
regions identified differed between parities and lactation 
stages. Although these differences in genomic regions 
detected may be due to the power of quantitative trait 
locus detection, it also suggests that candidate genes 
underlie the phenotypic expression of the studied traits 
may vary between parities and lactation stages. These 
findings increase our understanding about the genetic 
background of milk FA and can be used for the future 
implementation of genomic evaluation to improve milk 
FA profile in Dual-Purpose Belgian Blue cows.
Key words: genetic parameter, milk composition, 
milk fatty acid, dual-purpose cattle

INTRODUCTION

The fat content of milk is of economic importance due 
to its effect on milk price in most countries of the world. 
The raw material for the production of butter is milk; 
thus, the quality of produced butter is highly correlated 
with contents and composition of milk fat (Gonzalez et 
al., 2003; Chen et al., 2004; Staniewski et al., 2021). For 
example, Gonzalez et al. (2003) reported that degree of 
unsaturation in milk fat affected melting characteristics 
of butter. Bobe et al. (2003) suggested that selection of 
individual cows with a more UFA composition can be 
used to produce butter with a softer texture and better 
spreadability. Furthermore, in recent decades, human 
consumption patterns of dairy products have changed, 
and consumers pay more attention to the health as-
pects of the food (Thorning et al., 2016; Sajdakowska 
et al., 2021). Milk fat contains approximately 400 dif-
ferent fatty acids (FA) that, depending on the degree 
of saturation/unsaturation in the carbon chain, can be 
divided into SFA, containing no double bond; MUFA, 
containing one double bond; and PUFA, containing 2 or 
more double bonds. In addition to the positive effect of 
milk UFA on the human health (Langley et al., 2020), 
increasing the proportion of UFA in bovine milk fat has 
positive effects on the technological properties of butter 
(Couvreur et al., 2006; Bobe et al., 2007; Staniewski 
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et al., 2021). Interest in increasing the ratio of UFA to 
SFA in bovine milk is growing leading the researchers 
to evaluate the feasibility of changing milk FA profile 
in dairy cattle (Lock and Bauman, 2004; Couvreur et 
al., 2006; Lanier and Corl, 2015). The variation in the 
amount of FA and their composition in bovine milk fat 
is highly affected by environmental factors such as feed-
ing strategies (i.e., related to fiber and energy intake, 
dietary fats), management of the cow, udder health, 
season, and physiological stage (e.g., parity, lactation 
stage) of the animal (Vanhatalo et al., 2007; Soyeurt et 
al., 2008; Lanier and Corl, 2015; Toledo-Alvarado et al., 
2018). The FA profile of milk can be improved in sev-
eral ways, including dietary modification and genetic 
selection. Although diet-induced changes are observed 
earlier, the latter leads to permanent and cumulative 
changes at the population level (Shingfield et al., 2006; 
Vanhatalo et al., 2007; Shingfield et al., 2013; Narayana 
et al., 2017). Genetic analyses, using chromatographic 
data and milk mid-infrared (MIR) based predictions, 
have revealed genetic variations in the FA profile of 
bovine milk, suggesting that the genetic improvement 
of the quality of milk based on its FA profile may be 
possible (Soyeurt et al., 2008; Bastin et al., 2011; Pegolo 
et al., 2016; Knutsen et al., 2022). However, to apply 
selection programs based on the performance recording 
and prediction of breeding values, genetic parameters 
for milk FA profile have to be estimated. Genetic varia-
tion associated with bovine milk fat composition has 
been investigated in various breeds of dairy cattle, with 
estimated heritabilities for individual FA being low to 
moderate (Mele et al., 2009; Bastin et al., 2013; Hein et 
al., 2018; Freitas et al., 2020).

The Belgian Blue breed, originating in central and 
upper Belgium in the 19th century, is composed of 2 
strains including Beef Belgian Blue and Dual-Purpose 
Belgian Blue (DPBB) (Gengler et al., 2007; Mota et 
al., 2017; Wilmot et al., 2022). The DPBB is the second 
important cattle breed reared by dairy farmers in Wal-
loon Region of Belgium. This breed is also reared by a 
few farmers in the northeast of France and recognized 
as the “Bleue du Nord.” In 2007, the conservation sta-
tus of the Bleue du Nord was listed by the FAO as en-
dangered-maintained (Rischkowsky and Pilling, 2007). 
Atashi et al. (2022b) showed a continuous decrease in 
the effective population size of DPBB, indicating the 
need for effective conservation programs in this local 
breed. The improvement of economically important 
traits is a critical step to convince more farmers to 
use DPBB cows in their farms and, consequently, to 
preserve the breed. In this regard, making targeted 
modifications to the milk FA profile in DPBB cows 
may have the potential to contribute to the production 
of dairy products with higher added value. However, 

there is no information about the genetic parameters 
of milk FA profile in DPBB cattle. Furthermore, 
identification of genomic regions and individual genes 
responsible for genetic variation in milk fat composi-
tion improves our understanding of biological pathways 
involved in FA synthesis and can be used for changing 
milk fat composition via genetic selection. Although 
GWAS using typical models with milk production 
traits defined as 305 d need lower computational costs, 
this approach has a non-negligible limitation: there is 
substantial evidence that the genetic background of 
milk production traits changes during lactation and the 
genetic effects of QTL related to milk production traits 
are not constant during the lactation period (Lu and 
Bovenhuis, 2019; Atashi et al., 2020; Lu et al., 2020). 
Thus, many QTL whose genetic effects change during 
lactation might not be detected in this approach (Lund 
et al., 2008; Ning et al., 2018). In this regard, random 
regression (RR) models which directly model changes 
in random effects during lactation can be used to scan 
the whole genome for genomic regions whose effects on 
milk production traits change during lactation (Lu and 
Bovenhuis, 2019; Lu et al., 2020). Therefore, the aim of 
this study was to use RR test-day models (RR-TDM) 
to estimate genetic parameters and identify genomic 
regions associated with selected individual and groups 
of milk FA in DPBB cows.

MATERIALS AND METHODS

No human or animal subjects were used, so this 
analysis did not require approval by an Institutional 
Animal Care and Use Committee or Institutional Re-
view Board.

Phenotypic Data

The data used consisted of test-day records of milk 
yield (MY), fat percentage (FP), protein percentage 
(PP), and selected predicted individual and groups 
of milk FA (g/dL milk) on DPBB cows. Cows with 
missing birth date, calving date, or parity number were 
excluded. Only records from the first and second pari-
ties that had data for all traits on a given test-day were 
kept. Records from DIM lower than 5 d and greater 
than 365 d were eliminated. Age at the first calving was 
calculated as the difference between birth date and first 
calving date and restricted to the range of 640 to 1,500 
d. Daily MY, FP, and PP were restricted to range from 
1 to 70 kg, 1 to 9% and 1 to 7%, respectively. Test-day 
records of the studied milk FA were edited to remove 
records outside the range of mean ± 5 standard devia-
tions (SD). Within cow, if parity 2 was present, parity 
1 had to be present. Herds were required to have a 
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minimum of 10 cows in the data set to be included. The 
edited data consisted of 69,349 test-day records of MY, 
FP, PP along with predicted individual and groups of 
milk FA collected from 2007 to 2020 on 12,577 lacta-
tions of 7,392 animals distributed in 104 herds in the 
Walloon Region of Belgium. The number of test-day 
records on the first and second-parity cows were 40,903 
(on 7,392 cows) and 28,446 (on 5,185 cows), respec-
tively. On average across the data set, 5.51 test-day 
records were available per cow per lactation. Pedigree 
data were extracted from the database used for the of-
ficial Walloon genetic evaluation. Pedigree depth of the 
animals was traced back to 20 generations to include 
all ancestors from genotyped and phenotyped animals. 
Full pedigree records included 44,428 females and 7,076 
males.

Predicted Concentrations of FA in Milk

Milk samples were collected during the routine milk 
recording on the individual cows. The milk sample was 
composed of 50% of morning milk and 50% of evening 
milk. All milk samples were analyzed by MIR spec-
trometers (Foss MilkoScan FT6000; Foss), an instru-
ment that also provided the standard milk recording 
analyses, to generate the milk MIR spectrum on which 
FA predicting equations were applied. The methodol-
ogy used to predict the milk FA contents was fully 
described by Soyeurt et al. (2011). Soyeurt et al. (2011) 
used 6 methods to develop the most accurate prediction 
equations for predicting individual and groups of milk 
FA (g/dL milk) and suggested the method developed 
based on partial least squares regression (PLS) + the 
first-derivative pretreatment on the spectral data as 
the best predictor for most individual and groups of 
milk FA (g/dL milk). Therefore, this method was used 
to predict individual and groups of milk FA included 
in this study. Only equations predicting FA with a 
reasonably reliability [i.e., with cross-validation coef-
ficients of determination (R2cv) above or equal to 0.80 
in the study of Soyeurt et al. (2011)] were considered 
in this study (Supplemental Table S1, https: / / github 
.com/ hadiatashi/ Supporting -information -to -SS -GWAS 
-for -selected -milk -FA -in -DPBB -cows). Soyeurt et al. 
(2011) used multiple breeds, countries, and production 
approaches to develop the calibration equations allowed 
to cover the natural variability of milk FA. A part of 
the data used for developing the equations for predict-
ing included FA data belonged to DPBB; therefore, it 
can be expected that the variation found in the cur-
rent data set (DPBB cows) is included in the variation 
found in the data set used by Soyeurt et al. (2011) with 
6 cattle breeds.

The following individual and groups of milk FA were 
included in this study as described by Bastin et al. 
(2013): Individual FA are C4:0, C6:0, C8:0, C10:0, 
C12:0, C14:0, C16:0, C18:0, and C18:1 cis-9. The 
FA groups are SFA, MUFA, PUFA, short-chain fatty 
acids (SCFA), medium-chain fatty acids (MCFA), 
and long-chain fatty acids (LCFA). The group of 
SFA includes C4:0, C6:0, C8:0, C10:0, C12:0, C12:0 
iso, C12:0 anteiso, C13:0 iso, C14:0, C14:0 iso, C14:0 
anteiso, C15:0, C15:0 iso, C16:0, C16:0 iso, C16:0 an-
teiso, C17:0, C17:0 iso, C17:0 anteiso, C18:0, C19:0, 
C20:0 and C22:0. The group of MUFA includes C10:1, 
C12:1 cis, C14:1 cis, C16:1 cis, C16:1 trans, C18:1 cis-
9, C18:1 cis-11, C18:1 cis-12, C18:1 trans-6–11, C18:1 
trans-12–14, C18:1 cis-13 + cis-14 + trans-16, C20:1 
cis-9 and C20:1 cis-11. The group of PUFA includes 
C18:2 cis-9 trans-13, C18:2 trans-8 cis-12, C18:2 cis-9 
trans-12, C18:2 trans-8 cis-13, C18:2 trans-11 cis-15, 
C18:2 trans-9 cis-12, C18:2 cis-9 cis-12, C18:2 cis-9 
trans-11 (CLA), C18:3 cis-9 cis-12 cis-15, C20:3 (n-6), 
C20:4 (n-6), C20:5 EPA (n-3), and C22:5 DPA. The 
group of SCFA includes FA with 4 to 10 carbons, the 
group of MCFA includes FA with 12 to 16 carbons and 
LCFA includes FA with 17 to 22 carbons. The infrared 
predictions of C6:0, C8:0, C10:0, C12:0, C14:0, C16:0, 
C18:1 cis-9, SFA, MUFA, SCFA, MCFA, and LCFA 
are more accurate than the predictions of C4:0, C18:0, 
C18:1 trans, and PUFA (0.90 < R2cv > 1.00 vs. 0.80 < 
R2cv > 0.90).

Genotypic Data

Genotypic data were available for 1,699 animals (639 
males and 1,060 females). The animals were genotyped 
using the BovineSNP50 Beadchip v1 to v3 and EuroG 
MD (SI) v9 (Illumina). The SNPs in common among 
the 4 chips were kept. Nonmapped SNPs, SNPs located 
on sexual chromosomes, and triallelic SNPs were ex-
cluded. A minimum GenCall Score of 0.15 and mini-
mum GenTrain Score of 0.55 were used to keep SNP. 
Minor allele frequencies (MAF) less than 5% were ex-
cluded. The difference between observed and expected 
heterozygosity was estimated, and if the difference was 
greater than 0.15, the SNP was excluded (Wiggans et 
al., 2009). In total, 28,466 SNP located on 29 BTA were 
used in the genomic analysis.

Variance Component Estimation

The (co)variance components and genomic breeding 
value for selected milk FA were estimated based on 
the integration of the RR-TDM into single-step ge-
nomic BLUP procedure (SS RR-TDM) using a model 
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adapted for DPBB data structure (Atashi et al., 2021). 
The following SS RR-TDM through multiple-trait (4 
traits), multiple-lactation (first 2 lactations) was used:
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where yijklmn is the test-day record (MY, FP, PP, and 
the included individual and groups of milk FA) belong-
ing to the DIM n of cow m in parity l, belonging to ith 
class of HTDp, jth class of AS, and kth class of herd-
year of calving (HY); HTDp is the fixed effect of herd-
test day-parity; AS is the fixed effect of age-season of 
calving defined as follows: age at calving class (6 and 4 
classes of age at calving were created for the first and 
second parity, respectively) × season of calving (4 sea-
sons: winter from January to March, spring from April 
to June, summer from July to September, and autumn 

from October to December); 
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dom regression coefficients of herd-year of calving 
(HY), permanent environmental (pe), and additive ef-
fects (a) modeled using Legendre polynomials of order 
2; and eijklmn is the residual effect. The herd-year of 
calving, permanent environment, additive genetic, and 
residual variances were obtained as follows:
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where HY is the 24 × 24 covariance matrix of the 
herd-year of calving regression coefficients; I is an iden-
tity matrix, ⊗ represents the Kronecker product func-
tion, P is the 24 × 24 covariance matrix of the perma-
nent environmental regression coefficients; Ga is the 24 
× 24 covariance matrix of the additive genetic regres-

sion coefficients; and blocks within R Rp=
+

∑  contain 

diagonal matrices (4 × 4) of residual covariances be-
tween traits with elements that depend on parity (p). 
Residual covariances between traits on the same test 

day were therefore allowed to be different from zero, 
and residual covariances were the same within each 
parity. The H is a matrix that combines pedigree and 
genomic relationships, whose inverse consists of the in-
tegration of additive and genomic relationship matrices, 
A and G, respectively (Aguilar et al., 2010):
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where A is the numerator relationship matrix based 
on pedigree for all animals; A22 is the numerator re-
lationship matrix for genotyped animals; and G is the 
weighted genomic relationship matrix obtained using 
the following function:

G G A= × + ×* 0 95 0 0522. . .

The G* is the genomic relationship matrix obtained 
using the following function described by VanRaden 
(2008):

G
ZDZ* '

( )
,=

−
=∑ p p
i

M
i i1

2 1

where Z is a matrix of gene content adjusted for allele 
frequencies (0, 1, or 2 for aa, Aa, and AA, respectively), 
D is a diagonal matrix of weights for SNP variances (D 
= I), M is the number of SNPs, and pi is the MAF of 
the ith SNP. The H matrix was built scaling G based 
on A22 considering that the average of the diagonal of 
G is equal to the average of the diagonal of A22 and the 
average of the off-diagonal G is equal to the average of 
the off-diagonal A22.

The (co)variance components were estimated by 
Bayesian inference using the GIBBS3F90 software 
(Aguilar et al., 2018). Gibbs sampling was used to 
obtain marginal posterior distributions for the various 
parameters using a single chain of 200,000 iterates. The 
first 50,000 iterates of the chain were regarded as a 
burn-in period to allow sampling from the proper mar-
ginal distributions. Genetic (co)variances on each test 
day were calculated using the equation described by 
Jamrozik and Schaeffer (1997). Daily heritability was 
defined as the ratio of genetic variance to the sum of 
the additive genetic, permanent environmental, herd-
year calving, and residual variances at a given DIM.

The vector of genomic EBV (GEBV) of the included 
individual and groups of milk FA for each animal i, 
which included daily GEBV from all DIM (5–365) in 
each parity, was estimated by multiplying the vector of 
additive genetic predicted regression coefficients by the 
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matrix of Legendre orthogonal polynomial covariates; 
that is, GEBV Tgi i= ˆ , where ĝi is the vector of additive 
genetic predicted regression coefficients for animal i, 
and T is a matrix of orthogonal covariates associated 
with the Legendre orthogonal polynomial functions.

Genome-Wide Association Study

The GWAS analyses were performed for all included 
traits in the first and second lactations considering fol-
lowing 3 lactation stages in each parity: (1) from 5 to 
60 DIM, representing the ascending production stage 
and lactation peak; (2) from 61 to 200 DIM, represent-
ing the middle lactation stage; and (3) from 201 to 365 
DIM, representing the production decline up to the end 
of the lactation (Oliveira et al., 2019). Therefore, the 
GEBV for each lactation stage of each animal i (for 
each trait in each parity) were obtained by summing 
the daily GEBV solutions of the specific DIM; that is,

GEBV GEBV GEBV GEBVi i i i
ˆ ˆ ˆ ˆ ,1 5 6 60= + +…+

GEBV GEBV GEBV GEBV  i i i i
ˆ ˆ ˆ ˆ ,2 61 62 200= + +…+  and

GEBV GEBV GEBV GEBVi i i i
ˆ ˆ ˆ ˆ ,3 201 202 365= + +…+

where GEBV i
ˆ ,1  GEBV i

ˆ ,2  and GEBV i
ˆ 3  are the GEBV for 

the first, second, and third lactation stages of animal i 
obtained by summing the GEBV from 5 to 60, 61 to 
200, and 201 to 365 DIM, respectively. The SNP effects 
for each lactation stage were estimated individually for 
each trait in each parity using the postGSf90 software 
(Aguilar et al., 2014). The animal effects were decom-
posed into those for genotyped (ag) and ungenotyped 
animals (an). The animal effects of genotyped animals 
are a function of the SNP effects, ag = Zu, where Z is 
a matrix relating genotypes of each locus and u is a 
vector of the SNP marker effect. The variance of animal 
effects was assumed as

Var Var   u aa Zu ZDZ Gg( ) = ( ) = =' ,σ σ2 2

where D is a diagonal matrix of weights for variances of 
markers (D = I), and σu

2 is the genetic additive genetic 
variance captured by each SNP marker when the 
weighted relationship matrix (G) was built with no 
weight. The SNP effects were obtained using the follow-
ing equation:

ˆ ˆ ˆ ,u ’ a ’ Z ’ ag g= = [ ]− −λDZ G DZ DZ1 1

where λ was defined by VanRaden (2008) as a normal-
izing constant, as described below:
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The percentage of genetic variance explained by the ith 
genomic region was estimated as follows:
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25

2
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where ai is the genetic value of the ith region that con-
sists of 25 adjacent SNPs, σa

2 is the total additive ge-
netic variance, Zj is the vector of the SNP content of 
the jth SNP for all individuals, and û j is the marker 
effect of the jth SNP within the ith region. The additive 
genetic variance explained by 25-SNP moving windows, 
with an average size of ~2 Mb, was calculated across 
the whole genome and those windows that explained at 
least 1% of the total additive genetic variance were 
considered promising regions and used to identify po-
tential candidate genes. The concept of grouping SNPs 
into windows was adopted as a way to better capture 
the effect of a QTL instead of a single SNP (Habier et 
al., 2011).

Identification of Candidate Genes for the Studied 
Milk FA Profile

The animals included in this study were genotyped us-
ing the BovineSNP50 Beadchip v1 to v3 and EuroG MD 
(SI) v9 (Illumina), which are based on the bovine refer-
ence genomes assembly UMD3.1. However, new bovine 
reference genome assembly ARS-UCD1.2, assembled 
using long sequencing reads, filled gaps and resolved re-
petitive regions of the UMD3.1 assembly, and has more 
credible annotation information. The Lift Genome 
Annotations tool, available through a simple web in-
terface (https: / / genome .ucsc .edu/ cgi -bin/ hgLiftOver), 
was used to convert coordinate ranges of the identified 
genomic regions from the UMD3.1 to the ARS-UCD1.2 
assembly. Then, to identify possible candidate genes 
associated with the considered milk FA traits, genes 
located within the identified genomic regions (i.e., be-
tween the start and end of genomic coordinates of the 
identified regions based on the ARS-UCD1.2 assembly) 
were further investigated. We identified genes using the 
National Center for Biotechnology Information Map 
Viewer tool for the ARS-UCD1.2 assembly (https: / / 
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www .ncbi .nlm .nih .gov/ genome/ annotation _euk/ Bos 
_taurus/ 106/ ) as the reference map.

RESULTS

Descriptive Statistics

The descriptive statistics for MY, FP, PP, and indi-
vidual and groups of milk FA in the first and second 
lactations are presented in Table 1. The mean (SD) of 
daily MY was 12.56 (4.08) kg with 3.63% (0.59) of fat 
and 3.34% (0.37) of protein in the first parity, whereas 
the mean (SD) of MY was 14.69 (5.49) kg with 3.66% 
(0.63) of fat and 3.34% (0.38) of protein in the sec-
ond parity. The highest coefficient of variation (CV) 
was found for C18:1 trans, whereas the lowest CV was 
found for SFA. The mean (SD) relative proportion of 
SFA (SFA to total fat) was 66.06% (7.42) and 66.29% 
(7.91) in the first and second lactations, respectively. 
The mean (SD) relative proportion of MUFA (MUFA 
to total fat) was 31.28% (5.47), and 30.21% (5.47) in 
the first and second lactations, respectively. The mean 
(SD) relative proportion of PUFA (PUFA to total fat) 
was 4.47% (1.05) and 4.45% (1.02) in the first and 
second lactations, respectively. In regard to saturation 
of fat, SFA was the most abundant group of FA in 
milk, followed by MUFA and PUFA. In regard to chain 

length, MCFA was the most abundant group of FA, 
followed by LCFA and SCFA. Concerning individual 
FA, C16:0 was the most abundant FA in milk, followed 
by C18:1 cis-9, and then C14: 0 .

Heritabilities and Genetic Correlations

The estimated genetic parameters for the included 
traits in the first and second lactations are presented 
in Tables 2 and 3, respectively. The mean daily h2 
estimates (SD of daily h2 estimates across lactation) 
for MY, FP, and PP was 0.35 (0.04), 0.30 (0.05), and 
0.37 (0.09) in the first lactation, respectively. The cor-
responding estimated values for the second lactation 
were 0.27 (0.02), 0.28 (0.04), and 0.37 (0.04), respec-
tively. Average h2 estimated for the studied individual 
and groups of milk FA ranged from 0.01 (C4:0) to 0.48 
(C12:0) and 0.01 (C4:0) to 0.42 (C12:0) in the first and 
second lactations, respectively. Among the even-chain 
SFA (C4.0 to C18.0), C4:0 had the lowest and C12:0 
had the highest h2 in both lactations. In regard to chain 
length, SCFA, and MCFA showed moderate to high 
h2 and LCFA showed low to moderate h2. In regard 
to saturation of fat, the mean h2 estimated for milk 
SFA was higher than that found for UFA and mean h2 
found for milk MUFA was lower than that estimated 
for PUFA.
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Table 1. Descriptive statistics for milk yield, fat percentage, protein percentage, and selected milk fatty acid 
contents in Dual-Purpose Belgian Blue1

Trait

First lactation

 

Second lactation

Mean SD CV (%) Mean SD CV (%)

Milk yield (kg) 12.56 4.08 32.52 14.69 5.49 37.39
Fat percentage (%) 3.63 0.59 15.99 3.66 0.63 17.07
Protein percentage (%) 3.34 0.37 10.95 3.34 0.38 11.31
C4:0 (g/dL) 0.095 0.019 19.63 0.096 0.020 20.75
C6:0 (g/dL) 0.062 0.013 21.57 0.064 0.014 22.64
C8:0 (g/dL) 0.038 0.010 24.82 0.040 0.010 25.16
C10:0 (g/dL) 0.089 0.027 30.41 0.094 0.028 29.68
C12:0 (g/dL) 0.108 0.035 32.18 0.115 0.035 30.82
C14:0 (g/dL) 0.401 0.083 20.63 0.412 0.086 20.91
C16:0 (g/dL) 1.046 0.280 26.73 1.061 0.289 27.22
C18:0 (g/dL) 0.383 0.105 27.37 0.362 0.102 28.20
C18:1 trans (g/dL) 0.129 0.065 49.88 0.123 0.062 50.39
C18:1 cis-9 (g/dL) 0.816 0.200 24.47 0.788 0.199 25.28
SFA (g/dL) 2.400 0.455 18.96 2.420 0.483 19.96
MUFA (g/dL) 1.137 0.272 23.97 1.102 0.271 24.58
PUFA (g/dL) 0.162 0.044 27.07 0.162 0.043 26.52
SCFA2 (g/dL) 0.299 0.063 21.06 0.310 0.067 21.80
MCFA3 (g/dL) 1.837 0.411 22.38 1.871 0.427 22.83
LCFA4 (g/dL) 1.577 0.394 24.96 1.522 0.386 25.35
1The numbers of test-day records in first- and second-parity cows were 40,903 (on 7,392 lactations) and 28,446 
(on 5,185 lactations), respectively.
2Short-chain fatty acids = C4 to C10.
3Medium-chain fatty acids = C12 to C16.
4Long-chain fatty acids = C17 to C22.

https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Bos_taurus/106/
https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Bos_taurus/106/
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Table 2. Genetic parameter estimates (mean and range across the lactation) for milk fatty acids and their genetic correlations with milk yield, 
fat percentage, and protein percentage in first-parity Dual-Purpose Belgian Blue cows1

Trait

First lactation

h2

 

Milk yield

 

Fat percentage

 

Protein percentage

Mean Range Mean Range Mean Range Mean Range

Milk yield (kg) 0.35 0.24 to 0.40   −0.15 −0.24 to 0.25 −0.48 −0.61 to −0.35
Fat percentage (%) 0.30 0.17 to 0.34     0.55 0.28 to 0.61
Protein percentage (%) 0.37 0.24 to 0.50       
C4:0 (g/dL) 0.01 0.00 to 0.01 0.17 0.08 to 0.38 0.70 0.65 to 0.73 0.21 0.17 to 0.26
C6:0 (g/dL) 0.14 0.08 to 0.26 0.03 −0.01 to 0.10 0.07 0.00 to 0.12 0.04 0.00 to 0.06
C8:0 (g/dL) 0.25 0.20 to 0.35 0.04 −0.02 to 0.16 0.05 −0.07 to 0.11 0.03 −0.06 to 0.12
C10:0 (g/dL) 0.46 0.35 to 0.53 0.16 −0.17 to 0.35 0.67 0.30 to 0.78 0.35 0.14 to 0.50
C12:0 (g/dL) 0.48 0.37 to 0.55 0.08 −0.22 to 0.26 0.71 0.36 to 0.82 0.43 0.19 to 0.54
C14:0 (g/dL) 0.45 0.30 to 0.52 0.05 −0.09 to 0.17 0.80 0.63 to 0.88 0.47 0.41 to 0.54
C16:0 (g/dL) 0.32 0.20 to 0.41 0.01 −0.29 to 0.12 0.85 0.73 to 0.90 0.41 0.34 to 0.53
C18:0 (g/dL) 0.23 0.18 to 0.26 −0.30 −0.40 to 0.08 0.72 0.66 to 0.83 0.31 0.20 to 0.42
C18:1 trans (g/dL) 0.20 0.13 to 0.27 −0.38 −0.47 to −0.06 0.61 0.35 to 0.77 0.44 0.31 to 0.50
C18:1 cis-9 (g/dL) 0.19 0.14 to 0.24 −0.38 0.65 to 0.38 0.59 0.51 to 0.82 0.43 0.01 to 0.57
SFA (g/dL) 0.35 0.22 to 0.45 0.02 −0.14 to 0.06 0.93 0.88 to 0.95 0.44 0.36 to 0.51
MUFA (g/dL) 0.19 0.14 to 0.22 −0.40 −0.66 to 0.36 0.69 0.64 to 0.84 0.55 0.16 to 0.65
PUFA (g/dL) 0.26 0.24 to 0.28 −0.38 −0.48 to −0.03 0.72 0.68 to 0.84 0.63 0.35 to 0.68
SCFA2 (g/dL) 0.43 0.27 to 0.52 0.18 −0.01 to 0.33 0.75 0.56 to 0.81 0.33 0.21 to 0.48
MCFA3 (g/dL) 0.35 0.21 to 0.45 0.02 −0.10 to 0.09 0.86 0.80 to 0.93 0.47 0.40 to 0.53
LCFA4 (g/dL) 0.20 0.15 to 0.22 −0.39 −0.61 to 0.26 0.73 0.69 to 0.87 0.50 0.18 to 0.58
1The number of test-day records in first-parity cows was 40,903 on 7,392 lactations.
2Short-chain fatty acids = C4 to C10.
3Medium-chain fatty acids = C12 to C16.
4Long-chain fatty acids = C17 to C22.

Table 3. Genetic parameter estimates (mean and range across the lactation) for milk fatty acids and their genetic correlations with milk yield, 
fat percentage, and protein percentage in second-parity Dual-Purpose Belgian Blue cows1

Trait

Second lactation

h2

 

Milk yield

 

Fat percentage

 

Protein percentage

Mean Range Mean Range Mean Range Mean Range

Milk yield (kg) 0.27 0.24 to 0.30   0.01 −0.07 to 0.08 −0.29 −0.35 to −0.24
Fat percentage (%) 0.27 0.19 to 0.33     0.60 0.42 – 0.65
Protein percentage (%) 0.37 0.29 to 0.41       
C4:0 (g/dL) 0.01 0.00 to 0.02 0.15 0.08 to 0.30 0.47 0.32 to 0.67 0.22 0.09 to 0.33
C6:0 (g/dL) 0.17 0.14 to 0.29 0.02 −0.01 to 0.07 0.06 0.03 to 0.11 0.11 0.07 to 0.14
C8:0 (g/dL) 0.27 0.22 to 0.35 0.00 −0.11 to 0.12 0.03 −0.08 to 0.11 0.13 0.06 to 0.17
C10:0 (g/dL) 0.22 0.17 to 0.27 0.25 −0.03 to 0.57 0.69 0.35 to 0.83 0.45 0.16 to 0.59
C12:0 (g/dL) 0.42 0.35 to 0.48 0.18 −0.02 to 0.44 0.68 0.29 to 0.82 0.47 0.13 to 0.59
C14:0 (g/dL) 0.39 0.30 to 0.45 0.20 0.07 to 0.43 0.83 0.67 to 0.90 0.51 0.39 to 0.58
C16:0 (g/dL) 0.32 0.23 to 0.40 0.13 −0.02 to 0.19 0.88 0.78 to 0.92 0.46 0.30 to 0.61
C18:0 (g/dL) 0.24 0.19 to 0.28 −0.10 −0.19 to 0.14 0.71 0.66 to 0.82 0.27 0.10 to 0.40
C18:1 trans (g/dL) 0.18 0.11 to 0.23 −0.06 −0.24 to 0.16 0.59 0.38 to 0.67 0.31 0.17 to 0.40
C18:1 cis-9 (g/dL) 0.20 0.13 to 0.23 −0.25 −0.44 to 0.23 0.58 0.43 to 0.83 0.44 0.03 to 0.67
SFA (g/dL) 0.32 0.23 to 0.41 0.14 0.08 to 0.22 0.93 0.88 to 0.96 0.51 0.39 to 0.60
MUFA (g/dL) 0.20 0.14 to 0.22 −0.24 −0.39 to 0.20 0.70 0.21 to 0.87 0.54 0.09 to 0.71
PUFA (g/dL) 0.21 0.19 to 0.24 −0.16 −0.31 to 0.10 0.74 0.70 to 0.78 0.59 0.36 to 0.66
SCFA2 (g/dL) 0.40 0.32 to 0.45 0.29 0.09 to 0.57 0.78 0.55 to 0.86 0.43 0.25 to 0.52
MCFA3 (g/dL) 0.34 0.22 to 0.42 0.19 0.10 to 0.29 0.90 0.83 to 0.94 0.55 0.39 to 0.64
LCFA4 (g/dL) 0.20 0.15 to 0.22 −0.23 −0.38 to 0.21 0.73 0.67 to 0.87 0.49 0.10 to 0.60
1The number of test-day records in second-parity cows was 28,446 on 5,185 lactations.
2Short-chain fatty acids = C4 to C10.
3Medium-chain fatty acids = C12 to C16.
4Long-chain fatty acids = C17 to C22.
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The results showed that FP and PP were positively 
genetically correlated with all studied individual and 
groups of milk FA. Genetic correlations found between 
MY and all studied individual and groups of milk FA, 
except for C18:0, C18:1 trans, C18:1 cis-9, LCFA, 
MUFA, and PUFA, were positive. Genetic correlations 
estimated between individual even-chain SFA (C4.0 
to C18.0) with MY, FP, and PP ranged from −0.30 
(C18:0) to 0.17 (C4:0), 0.05 (C8:0) to 0.85 (C16:0), 
and 0.03 (C8:0) to 0.47 (C14:0) in the first lactation. 
The corresponding values found in the second lacta-
tion ranged from −0.10 (C18:0) to 0.25 (C10:0), 0.03 
(C8:0) to 0.88 (C16:0), and 0.11 (C6:0) to 0.51 (C14:0), 
respectively. Mean daily genetic correlation estimated 
between MY and SFA, MUFA, and PUFA in the first 
lactation were, respectively, 0.02, −0.40, and −0.38. 
The corresponding values found in the second lactation 
were 0.14, −0.24, and −0.16. The estimated phenotypic 
and additive genetic variances for the studied traits and 
their phenotypic and genetic correlations in the first 
and second lactations are presented in Table 4. Genetic 
correlations among selected DIM for the studied traits 
are presented in Supplemental Figures S1–S32 (https: 
/ / github .com/ hadiatashi/ Supporting -information -to 
-SS -GWAS -for -selected -milk -FA -in -DPBB -cows). As 
expected, the magnitudes of genetic correlations among 
adjacent DIM were high and the correlations decayed 
as the interval between DIM increased.

Genome-Wide Association Study

General information about the results of single-step 
GWAS for the studied traits in 3 defined lactation 
stages of each parity is described in Supplemental Data 
S1–S96 (16 traits × 2 parities × 3 lactation stages per 
each parity; https: / / github .com/ hadiatashi/ milk -fatty 
-acids -DBBB). The windows associated with the stud-
ied traits along with corresponding genes are presented 
in Table 5. In total, 11 genomic regions [BTA1, BTA4, 
BTA10, BTA14 (4 regions), BTA19, BTA22, BTA24, 
and BTA26] were identified to be associated with the 
studied individual and groups of milk FA (Supplemen-
tal Figures S33–S48, https: / / github .com/ hadiatashi/ 
Supporting -information -to -SS -GWAS -for -selected -milk 
-FA -in -DPBB -cows).

BTA1. The genomic region located between 143.6 to 
145.2 Mb on BTA1 was associated with MUFA in the 
first and second lactations. This region was 1.6 Mb in 
size and harbors 19 genes including the phosphodiester-
ase 9A (PDE9A) and ATP binding cassette subfamily 
G member 1 (ABCG1). 

BTA4.  The genomic region located between 41.6 
to 44.2 Mb on BTA4 was associated with C18:0 in the 
second lactation. The size of this region was 2.6 Mb and 
contains 10 genes. 

BTA10.  A genomic region located between 44.4 to 
46.5 Mb on BTA10 was linked with C18:0, C18:1 trans, 
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Table 4. Phenotypic and genetic variances for milk fatty acids in Dual-Purpose Belgian Blue cows and their phenotypic and genetic correlations 
between the first and second parities1

Trait

Phenotypic variance

 

Genetic variance (SE)

 

Correlation

First parity Second parity First parity Second parity Phenotypic Genetic (SE)

Milk yield (kg) 9.51E1 15.97E1 3.29E1 (2.81E-1) 4.31E1 (5.07E-1) 0.48 0.88 (0.02)
Fat percentage (%) 3.01E-1 4.06E-1 8.88E-2 (6.63E-3) 1.08E-1 (9.89E-3) 0.33 0.83 (0.02)
Protein percentage (%) 1.05E-1 1.43E-1 3.84E-2 (3.17E-3) 5.33E-2 (4.73E-3) 0.45 0.86 (0.03)
C4:0 (g/dL) 5.47E-3 2.13E-2 7.96E-5 (6.15E-5) 3.04E-4 (1.30E-4) 0.29 0.53 (0.12)
C6:0 (g/dL) 8.12E-2 1.28E-1 1.24E-2 (2.38E-2) 2.41E-2 (4.86E-2) 0.14 0.34 (0.10)
C8:0 (g/dL) 1.78E-1 2.81E-1 4.41E-2 (6.74E-2) 7.59E-2 (9.23E-2) 0.21 0.38 (0.16)
C10:0 (g/dL) 4.13E-4 1.04E-3 1.88E-4 (1.26E-5) 2.32E-4 (1.61E-5) 0.37 0.89 (0.08)
C12:0 (g/dL) 6.27E-4 8.26E-4 3.01E-4 (1.61E-5) 3.51E-4 (2.37E-5) 0.49 0.89 (0.07)
C14:0 (g/dL) 4.00E-3 5.64E-3 1.78E-3 (9.79E-5) 2.18E-3 (1.43E-4) 0.47 0.79 (0.08)
C16:0 (g/dL) 4.00E-2 5.32E-2 1.28E-2 (9.44E-4) 1.69E-2 (1.38E-3) 0.39 0.84 (0.07)
C18:0 (g/dL) 7.45E-3 8.62E-3 1.74E-3 (1.78E-4) 2.03E-3 (2.21E-4) 0.26 0.79 (0.09)
C18:1 trans (g/dL) 1.44E-3 1.60E-3 2.90E-4 (3.07E-5) 2.80E-4 (3.96E-5) 0.21 0.77 (0.08)
C18:1 cis-9 (g/dL) 2.73E-2 3.38E-2 5.32E-3 (5.96E-4) 6.72E-3 (8.19E-4) 0.24 0.79 (0.08)
SFA (g/dL) 1.46E-1 2.02E-1 5.15E-2 (3.67E-3) 6.53E-2 (5.34E-3) 0.40 0.87 (0.06)
MUFA (g/dL) 4.71E-2 5.83E-2 9.11E-3 (9.43E-4) 1.16E-2 (1.41E-3) 0.24 0.78 (0.06)
PUFA (g/dL) 8.33E-4 9.80E-4 2.18E-4 (2.09E-5) 2.06E-4 (2.19E-5) 0.28 0.71 (0.07)
SCFA2 (g/dL) 2.76E-3 3.82E-3 1.19E-3 (7.52E-5) 1.53E-3 (1.04E-4) 0.47 0.89 (0.06)
MCFA3 (g/dL) 9.43E-2 1.30E-1 3.34E-2 (2.22E-3) 4.37E-2 (3.34E-3) 0.41 0.87 (0.07)
LCFA4 (g/dL) 9.41E-2 1.15E-1 1.88E-2 (2.07E-3) 2.25E-2 (2.94E-3) 0.23 0.77 (0.08)
1The numbers of test-day records in first- and second-parity cows were 40,903 (on 7,392 lactations) and 28,446 (on 5,185 lactations), respectively.
2Short-chain fatty acids = C4 to C10.
3Medium-chain fatty acids = C12 to C16.
4Long-chain fatty acids = C17 to C22.

https://github.com/hadiatashi/Supporting-information-to-SS-GWAS-for-selected-milk-FA-in-DPBB-cows
https://github.com/hadiatashi/Supporting-information-to-SS-GWAS-for-selected-milk-FA-in-DPBB-cows
https://github.com/hadiatashi/Supporting-information-to-SS-GWAS-for-selected-milk-FA-in-DPBB-cows
https://github.com/hadiatashi/milk-fatty-acids-DBBB
https://github.com/hadiatashi/milk-fatty-acids-DBBB
https://github.com/hadiatashi/Supporting-information-to-SS-GWAS-for-selected-milk-FA-in-DPBB-cows
https://github.com/hadiatashi/Supporting-information-to-SS-GWAS-for-selected-milk-FA-in-DPBB-cows
https://github.com/hadiatashi/Supporting-information-to-SS-GWAS-for-selected-milk-FA-in-DPBB-cows
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and PUFA in the first lactation. This region was 2.1 
Mb in size and harbors 21 genes. 

BTA14. A genomic region located between 22.4 to 
24.3 Mb on BTA14, which harbors 16 genes, was as-
sociated with C6:0 in the first lactation. The genomic 
region located between 23.9 to 25.9 Mb on BTA14 was 
associated with C16:0, MCFA, and SFA in the second 
lactation. The size of this region was 2.0 Mb and har-
bors 17 genes. The genomic region located between 24.5 
to 26.8 Mb on BTA14 was associated with C16:0 and 
MCFA in the first lactation. This size of this region 
was 2.3 Mb and contains 23 genes. The region located 
between 25.4 to 27.2 Mb on BTA14 was associated with 
C4:0 in the first and second lactations. This region was 
1.8 Mb in size and harbors 10 genes. 

BTA19.  The region located between 34.3 to 36.4 
Mb on BTA19 was associated with C16:0, MCFA, SFA, 
PUFA, and LCFA in the first lactation. This region 
was also associated with C16:0 and LCFA in the second 
lactation. This region was 2.1 Mb in size and contains 
49 genes including sterol regulatory element binding 
transcription factor 1 (SREBF1), retinoic acid induced 
1 (RAI1), and phosphatidylethanolamine N-methyl-
transferase (PEMT). 

BTA22. A genomic region located between 16.7 to 
18.4 Mb on BAT22 was associated with SFA, C10:0, 
and C12:0. This region was 1.7 Mb in size and contains 
32 genes. 

BTA24.  The genomic region located between 33.6 
to 35.7 Mb on BTA24 was associated with C18:0 in the 
second lactation. The size of this region was 2.1 Mb and 
contains 22 genes. 

BTA26.  A region located between 20.4 to 22.9 Mb 
on BTA26 was associated with traits including C18:1 
cis-9, C18:1 trans, LCFA, MUFA, and PUFA. This 
region was 2.5 Mb in size and harbors 54 genes includ-
ing stearoyl-CoA desaturase (SCD), polycystin 2 like 1, 
transient receptor potential cation channel (PKD2L1), 
and β-transducin repeat containing E3 ubiquitin pro-
tein ligase (BTRC).

DISCUSSION

Mean relative proportion of SFA in DPBB was lower 
than those reported for Holstein and Jersey (Soyeurt et 
al., 2006, 2008; Bastin et al., 2013). Bastin et al. (2020) 
reported that milk fat produced by DPBB cows has 
a higher ratio of UFA to SFA than that produced by 
dairy breeds such as Holstein, Jersey, or Brown Swiss.

The mean h2 estimates for the analyzed milk even-
chain SFA ranged from 0.01 (C4:0) to 0.48 (C12:0) 
and 0.01 (C4:0) to 0.42 (C12:0) in the first and second 
lactations, respectively. The additive genetic variances 
estimated for C4:0, C6:0, and C8:0 showed high stan-

dard error (SE); therefore, their h2 need to be inter-
preted with more caution. Moderate h2 were estimated 
for C18:1 trans and C18:1 cis-9. In this study, milk FA 
were measured in g/dL milk. However, milk FA can also 
be expressed in g/100 g fat (Soyeurt et al., 2008; Stoop 
et al., 2008; Mele et al., 2009) or in g/d (Bobe et al., 
2008). Milk FA expressed in g/dL milk and g/100 g fat 
are different traits, which should be taken into account 
when comparing different studies. Bobe et al. (2008) re-
ported that h2 estimated for individual even-chain SFA 
(C4.0 to C16.0; expressed in g/L milk) ranged from 
0.01 (C4:0) to 0.40 (C10:0) in US Holstein cows. Stoop 
et al. (2008) reported that h2 for individual even-chain 
SFA (C4.0 to C18.0; expressed in g/100 g fat) ranged 
from 0.19 (C18:0) to 0.54 (C10:0) in Dutch Holstein. 
Bastin et al. (2011) reported that h2 for even-chain SFA 
(C4.0 to C18.0; expressed in g/dL milk) ranged from 
0.23 (C18:0) to 0.44 (C8:0) in Walloon Holstein cows. In 
regard to chain length, our results showed moderate to 
high h2 for SCFA and MCFA, whereas low to moderate 
h2 was found for LCFA. Previous studied have already 
shown that SCFA and MCFA, which are synthesized de 
novo in the mammary gland, have moderate to high h2; 
while LCFA, derived from blood lipids that originate 
mainly from the diet and endogenous lipids, have low 
to moderate h2 (Bastin et al., 2011, 2013; Fleming et 
al., 2018). In regard to saturation of fat, h2 estimates 
for SFA were higher than those estimated for MUFA 
and PUFA, in a close agreement with previous studies 
that used the same measuring unit (g/dL milk; Bobe 
et al., 2008; Soyeurt et al., 2008; Bastin et al., 2013; 
Fleming et al., 2018).

The results showed a weak positive genetic correla-
tion between MY and SFA, and moderate negative 
genetic correlations between MY and UFA (MUFA and 
PUFA). Therefore, it can be concluded that genetic 
selection to increase MY in DPBB cows would result 
in a slight concomitant increase in the proportion of 
SFA and a more noticeable decrease in the proportion 
of UFA. Bastin et al. (2013) reported medium negative 
genetic correlation between MY and SFA, MUFA, and 
PUFA (expressed in g/dL milk) in Walloon Holstein 
cows. Petrini et al. (2016) reported moderate negative 
genetic correlations between MY and SFA and UFA 
(expressed in g/dL milk) in Holstein cows reared under 
tropical conditions. Moderate to high positive genetic 
correlations were found between FP and SFA, MUFA 
and PUFA, and low to moderate genetic correlations 
were found between PP and SFA, MUFA, and PUFA, 
which agree with previous studies (Bastin et al., 2013; 
Petrini et al., 2016; Fleming et al., 2018). Fleming et 
al. (2018) reported that SFA, UFA, SCFA, MCFA, and 
LCFA (expressed in g/dL milk) were positively geneti-
cally correlated with FP and negatively genetically cor-
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related with MY and PP in Canadian Holstein cows. 
The genetic correlations found between MY and the 
analyzed individual FA, except for C18:0, C18:1 trans, 
and C18:1 cis, were positive. However, all analyzed in-
dividual FA showed positive genetic correlations with 
FP and PP. The heritability estimated for C4:0 was 
close to zero; hence, the estimated correlation between 
C4:0 and milk traits (MY, FP, and PP) should be inter-
preted with more caution. Bastin et al. (2013) reported 
that milk FA including C4:0 to C18:0 as well as C18:1 
cis-9 were negatively genetically correlated with MY, 
while positive genetic correlations were found between 
these FA and FP and PP in Walloon Holstein cows. Pe-
trini et al. (2016) reported negative genetic correlations 
between FP and C16:0, C18:0, and C18:1 (expressed in 
g/dL milk) in Holstein cows.

Typically, GWAS methods are based on testing the 
significance of SNP effects on the traits of interest. 
However, SNPs within a genomic region can be highly 
correlated and jointly influence the phenotype. Fur-
thermore, the genetic information in neighboring SNPs, 
such as the extent of linkage disequilibrium, is not used 
in the GWAS depends on single SNP (Bao and Wang, 
2017). Therefore, window-based GWAS procedure have 
been proposed as an effective procedure to estimate 
the combined effect of several consecutive SNPs in a 
specific region and to identify genomic regions that ex-
plain a given amount of genetic variance (Aguilar et al., 
2019). However, the absence of a universal approach for 
hypothesis testing is an important challenge of window-
based GWAS, even though it is quite a common pro-
cedure in genetic studies. Window-based GWAS may 
use different window types (distinct or sliding windows) 
and variable window sizes (defined as the number of 
SNP or the number of base pairs). The common form 
for declaring significance is to use a threshold on the 
additive genetic variance explained by individual win-
dow (Aguilar et al., 2019). However, it is unclear what 
window size is optimal, and no standard presently ex-
ists to define the threshold on explained genetic vari-
ance. Therefore, determining the proper window size 
is usually subjective, and researchers often have not 
justified their choices or sometimes have acknowledged 
that their choices are arbitrary. For example, Han and 
Peñagaricano (2016) considered 1.5-Mb windows that 
explained more than 0.50% of the total genetic variance 
as the threshold to declare significance. Suwannasing 
et al. (2018) considered windows that explained more 
than 1% of the total genetic variance as the threshold 
to declare significance. Tiezzi et al. (2015) calculated 
the variance absorbed by 10-SNP moving windows and 
reported the 10 windows explaining the largest amount 
of genomic variance as most important windows. Frago-
meni et al. (2014), examining different SNP window 

sizes, reported large noise with small window sizes and 
absence of peaks with large window sizes, and recom-
mended windows of 20 SNPs as a reasonable size. In this 
study, a window-based GWAS through the single-step 
genomic BLUP was used. The results were presented 
by the proportion of total genetic variance explained 
by window of 25 adjacent SNPs with an average size 
of ~2 Mb and windows explaining for at least 1.0% of 
the total additive genetic variance were used to search 
for candidate genes. We used 1 SNP as the moving 
step of the window, which ensured that we do not miss 
genomic regions potentially associated with the traits 
due to the combination of SNPs.

In total, 11 genomic regions distributed over 8 chro-
mosomes [BTA1, BTA4, BTA10, BTA14 (4 regions), 
BTA19, BTA22, BTA24, and BTA26] were found to 
be linked with milk FA profile. The genomic regions 
identified differed between parities and lactation stag-
es. The number of records was not equal between the 
first and second parities, nor between different DIM for 
each parity. Therefore, the SE of the estimated variance 
components and the power to detect QTL is expected 
to differ between parities and between lactation stages 
which can explain a part of the variation found in the 
identified genomic associations. However, it is known 
that the genetic variances for several milk production 
traits change during lactation and genetic correlations 
between these traits at different lactation stages differ 
from unity. Therefore, significant genotype by lacta-
tion stage interaction effects could be expected (Lu and 
Bovenhuis, 2019; Lu et al., 2020). In addition, MY and 
milk composition (e.g., milk FA content) are influenced 
by management practices, environmental conditions, 
animal physiological stage (e.g., parity, stage of lac-
tation), and genetic merit of the animal, which may 
explain, at least in part, the variation found in the 
identified associations. For example, changes in genetic 
effects in early lactation might be related to negative 
energy balance (NEB) and those in late lactation might 
be caused by pregnancy (Lu and Bovenhuis, 2020).

The genomic region located between 143.6 to 145.2 
Mb on BTA1 was associated with MUFA. The associa-
tion between SNPs inside this region with traits includ-
ing MY (Iung et al., 2019; Silva et al., 2020), fat yield 
(FY), protein yield (PY; Yang et al., 2015), FP, PP 
(Pausch et al., 2017; Atashi et al., 2022c), and SFA, 
UFA, and PUFA (expressed in g/100 g fat; Olsen et 
al., 2017; Shi et al., 2021) has been previously reported 
in various breeds of cattle. Olsen et al. (2017) reported 
significant association between SNPs inside this region 
and C6:0 to C12:0, C15:0, C18:1 trans-11, and PUFA 
(expressed in g/100 g fat). Li et al. (2014) detected 
significant associations between SNPs inside this region 
and C18:0 (expressed in g/100 g fat) at 146 Mb in 
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Chinese Holstein. Atashi et al. (2022a) reported that 
this region is associated with cheese-making properties 
including titratable acidity, casein percentage, calcium 
content, curd firmness, and coagulation time in DPBB 
cows. Wang and Bovenhuis (2018) reported that the 
genomic region located between 145.4 to 147.3 Mb on 
BTA1 is linked with selected wavenumbers on milk MIR 
in Dutch Holstein. This region harbors genes including 
PDE9A, ABCG1, and SLC37A1. The PDE9A is highly 
expressed in mammary glands and is associated with 
milk production traits (Yang et al., 2015). The protein 
encoded by PDE9A catalyzes the hydrolysis of cAMP 
and cGMP to their corresponding monophosphates and 
plays a role in signal transduction by regulating the 
intracellular concentration of these cyclic nucleotides. 
The ABCG1 involves in macrophage cholesterol and 
phospholipid transport and may regulate cellular lipid 
homeostasis in other cell types (Klucken et al., 2000). 
This region also contains the SLC37A1 gene, which 
encodes a membrane bound protein involved in the 
translocation of glycerol-3-phosphate to the endoplas-
mic reticulum (Bartoloni et al., 2000). Buitenhuis et al. 
(2015) and Kemper et al. (2016) suggested SLC37A1 
as the most likely candidate gene for milk phosphorus 
concentration. The SLC37A1 has been reported to be 
associated with FP, PP, titratable acidity, casein per-
centage, calcium content, milk, curd firmness, and ca-
sein percentage in DPBB cows (Atashi et al., 2022a,c).

The genomic region located between 41.6 to 44.2 
Mb on BTA4 was associated with C18:0. da Cruz et 
al. (2021) reported that this region is associated with 
305-d MY in Girolando crossbreed cows. The gamma-
secretase activating protein (GSAP) gene, located in 
this region, has been reported to be associated with 
clinical mastitis and SCS in Holstein cows (Asselstine 
et al., 2019). The genomic region located between 44.4 
to 46.5 Mb on BTA10 was associated with C18:0, C18:1 
trans, and PUFA. Bastin et al. (2013) reported a high 
positive genetic correlation between PUFA and C18:0 
in Holstein cows. Previous studies showed that this re-
gion is associated with MY traits (Georges et al., 1995; 
Jiang et al., 2019; Pedrosa et al., 2021) and milk FA 
profile (Knutsen et al., 2018). Atashi et al. (2022c) re-
ported that this region is associated with MY, PY, and 
SCS in DPBB cows. Among functional genes identified 
inside this region, the death associated protein kinase 2 
(DAPK2) has been found to be linked with PP and FP 
in Holstein cows (Kolbehdari et al., 2009; Jiang et al., 
2019), and FP in Buffalo (Vohra et al., 2021).

Four genomic regions, with a total size of 4.8 Mb and 
more or less overlapping, on BTA14 were associated 
with milk FA profile. These regions are located between 
22.4 to 24.3 Mb, 23.9 to 25.9 Mb, 24.5 to 26.8 Mb, and 

25.4 to 27.2 Mb on BTA14. The overlaps found among 
the identified regions may be partly explained by the 
difference in power of QTL detection caused by unequal 
number of records in the first and second parities or 
in lactation stages of each parity. The genomic region 
located between 22.4 to 24.3 Mb on BTA14 was associ-
ated with C6:0 in the first lactation. This region has 
been previously reported to be associated with MY, 
PY, FP, and PP (Lund et al., 2008; Cole et al., 2011; 
Marques et al., 2011) in dairy cows. The ATPase H+ 
transporting V1 subunit H (ATP6V1H) is located in 
this region and has been reported to be linked with 
residual feed intake in Australian Angus cattle (de 
las Heras-Saldana et al., 2019). The additive genetic 
variance estimated for C6:0 showed high SE; therefore, 
the association found between this genomic region and 
C6:0 should be interpreted more conservatively. The 
genomic region located between 23.9 to 25.9 Mb on 
BTA14 was linked with C16:0, MCFA and SFA in the 
second lactation. The C16:0 is grouped into MCFA 
and SFA categories; therefore, these traits are corre-
lated and can be affected be the same genes. Bastin et 
al. (2013) reported high positive genetic correlations 
(0.97) among C16:0, SFA, and MCFA (expressed in g/
dL milk) in Walloon Holstein cows. This region has 
been previously reported to be associated with MY, 
FY, PY, FP, and PP in various cattle breeds (Marques 
et al., 2011; Fink et al., 2017); however, its association 
with milk FA profile has not been previously reported. 
Among functional genes identified inside this region, 
SDR16C5 has been reported to be associated with FP 
in Holstein dairy cows (Marques et al., 2011), and feed 
efficiency and growth traits in beef cattle (Seabury et 
al., 2017). The genomic region located between 24.5 
to 26.8 Mb on BTA14 was associated with C16:0 and 
MCFA. Previous studies showed that this region is as-
sociated with MY, FY, PY, FP, PP, C13:0, and CLA 
(expressed in g/100 g fat; Marques et al., 2011; Strillacci 
et al., 2014; Ibeagha-Awemu et al., 2016; Fink et al., 
2017). The region located between 25.4 to 27.2 Mb on 
BTA14 was associated with C4:0. This region has been 
previously found to be associated with traits including 
MY, FY, PY, PP, and CLA (expressed in g/100 g fat) 
(Boichard et al., 2003; Marques et al., 2011; Ibeagha-
Awemu et al., 2016; Jiang et al., 2019). The additive 
genetic variance estimated for C4:0 showed high SE 
and its estimated h2 was close to zero; therefore, the 
association found between this region and C4:0 should 
be interpreted with caution.

A base substitution in exon 8 (K232A) of the DGAT1 
gene has been proposed as an important gene affect-
ing milk production traits (Grisart et al., 2002). In 
the used SNP data, rs109421300 [located on position 
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1,801,116 bp of BTA14 (UMD3.1 assembly)] was the 
only SNP located in DGAT1. The SNP rs109421300 is 
1,153 bp upstream of the K232A causal mutation and 
has been reported to be associated with MY, fat yield, 
and protein yield in Holstein cows (Jiang et al., 2019). 
However, windows harboring rs109421300 did not ex-
plain a considerable part of the total additive genetic 
variance of the analyzed traits in our study. It can be 
concluded that the SNP rs109421300 is not in linkage 
disequilibrium with K232A in the DPBB population. 
Furthermore, the association between DGAT1 and milk 
production traits varied among breeds and popula-
tions. For example, Oliveira et al. (2019) reported that 
genomic regions associated with MY were located on 
BTA11, BTA16, and BTA28 for the Ayrshire; BTA6, 
BTA13, and BTA14 (multiple genes including DGAT1) 
for the Holstein; and BTA2, BTA5, BTA11, BTA20, 
BTA26, and BTA27 for the Jersey breed. Lu and 
Bovenhuis (2020) reported that the effect of pregnancy 
on milk production traits differed between cows with 
different DGAT1 genotypes.

The region located between 34.3 to 36.4 Mb on 
BTA19 was associated with C16:0, SFA, MCFA, LCFA, 
MUFA, and PUFA. Bastin et al. (2013) reported high 
positive genetic correlations among C16:0, SFA, MCFA, 
LCFA, MUFA, and PUFA in Walloon Holstein cows 
which may explain why these traits are affected by the 
same genomic region. This region has been previously 
found to be associated with FY, FP, and milk FA pro-
file (expressed in g/100 g fat) in dairy cows (Bouwman 
et al., 2011; Sasago et al., 2017; Pedrosa et al., 2021). 
The region located between 33 to 62 Mb on BTA19 has 
been reported to be linked with multiple milk FA, in 
particular, de novo synthesized FA C8:0, C10:0, C12:0 
and C14:0 (expressed in g/100 g fat; Bouwman et al., 
2012; Li et al., 2014; Gebreyesus et al., 2019). Among 
functional genes identified inside this region, SREBF1, 
RAI1, and PEMT have been reported to be associated 
with FP and milk FA profile (expressed in g/100 g fat; 
Conte et al., 2010; Nafikov et al., 2013; Strillacci et al., 
2014; Jiang et al., 2019). The gene SREBF1, known as 
a key player in FA synthesis (Bionaz and Loor, 2008), 
was shown to be associated with MIR milk spectral 
data in Danish Holstein and Danish Jersey (Zaalberg 
et al., 2020). Tiplady et al. (2021) identified a few QTL 
located between 42 to 57 Mb on BTA19 for milk MIR 
spectral in mixed-breed dairy cattle.

The genomic region located between 16.7 to 18.4 
Mb on BTA22 was associated with C10:0, C12:0, and 
SFA. Bastin et al. (2013) reported that SFA is highly 
genetically correlated with C10:0 and C12:0, and that 
genetic correlation between C10:0 and C12:0 is also 
positive and close to 1. This region has been reported 
to be associated with MY (Cochran et al., 2013), PY 

(Ashwell et al., 2004), C10:0, and C14:0 (expressed in 
g/100 g fat) in Holstein cows (Bouwman et al., 2011), 
FP in DPBB cows (Atashi et al., 2022c). The genomic 
region located between 33.6 to 35.7 Mb on BTA24 was 
associated with C18:0. This region has been showed to 
be associated with FY and PY in Holstein cows (Dae-
twyler et al., 2008; Oliveira et al., 2019), and meat FA 
contents in Jersey and Limousin back-cross (Morris et 
al., 2010).

The region located between 20.4 to 22.9 Mb on 
BTA26 was associated with C18:1 cis-9, C18:1 trans, 
LCFA, MUFA, and PUFA. Bastin et al. (2013) report-
ed that genetic correlations among C18:1 cis-9, LCFA, 
MUFA, and PUFA ranged from 0.91 to 0.97 in Holstein 
cows. Several studies have reported this region as an 
important region associated with milk production traits 
(Jiang et al., 2019) and individual and groups of milk 
FA (expressed in g/100 g fat) in dairy cattle (Bouwman 
et al., 2012; Li et al., 2014; Gebreyesus et al., 2019; Shi 
et al., 2019). Atashi et al. (2022c) reported that this 
region is associated with FP and PP in DPBB cows. 
Among functional genes located inside this region, SCD 
(also known as SCD1), HIF1AN, WNT8B, DNMBP, 
LOC511498, PKD2L1, LZTS2, NFKB2, PAX2, CHUK, 
SLC25A28, and BTRC have been reported to be as-
sociated milk FA (expressed in g/100 g fat) in Holstein 
cows (Li et al., 2014), and FP and PP in DPBB cows 
(Atashi et al., 2022c).

CONCLUSIONS

This is the first study to estimate genetic parameters 
and identify genomic regions associated with milk FA 
profile in the DPBB population. The genetic variability 
of milk FA in combination with their moderate to high 
heritabilities indicate that the milk FA profile could 
be changed by genetic selection; however, desirable 
direction of change in these traits needs to be defined. 
Several genomic regions were identified to be associ-
ated with milk FA profile in DPBB cows; however, 
the genomic regions identified differed between parities 
and lactation stages. It can be hypothesized that part 
of the changes in effects of genomic regions on milk FA 
traits during lactation may be the result of NEB in 
early lactation and pregnancy effects in late lactation, 
although exact mechanisms underlying the changing 
effects during lactation are still unknown. The number 
of records was not equal between the first and second 
parities, nor between different DIM for each parity, 
which may affect the power of QTL detection. Ad-
ditional research about the relationships between milk 
FA profile and other important traits such as longevity, 
cheese-making traits, metabolic diseases, and fertility 
are needed.
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