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ABSTRACT

The aim of this study was to characterize the profile 
of 47 fatty acids, including conjugated linoleic acid 
(CLA), 13 fatty acid groups, and 5 Δ9-desaturation 
indices in milk samples from Brown Swiss cows. The 
genetic variation was assessed and the statistical rel-
evance of the genetic background for each trait was 
evaluated using the Bayes factor test. The additive 
genetic, herd-date, and residual relationships were also 
estimated among all single fatty acids and groups of 
fatty acids. Individual milk samples were collected 
from 1,158 Italian Brown Swiss cows and a detailed 
analysis of fat percentages and milk fatty acid composi-
tions was performed by gas chromatography. Bayesian 
animal models were used for (co)variance components 
estimation. Exploitable genetic variation was observed 
for most of the de novo synthesized fatty acids and 
saturated fatty acids, except for C4:0 and C6:0, where-
as long-chain fatty acids and unsaturated fatty acids 
(including CLA) were mainly influenced by herd-date 
effects. Herd-date effect explained large portions of the 
total phenotypic variance for C18:2 cis-9,cis-12 (0.668), 
C18:3 cis-9,cis-12,cis-15 (0.631), and the biohydroge-
nation and elongation products of these fatty acids. 
The desaturation ratios showed higher heritability esti-
mates than the individual fatty acids, except for CLA 
desaturation index (0.098). Among the medium-chain 
fatty acids, C12:0 had greater heritability than C14:0 
(0.243 vs. 0.097, respectively). Both C14:0 and C16:0 
showed negative additive genetic correlations with the 
main monounsaturated and polyunsaturated fatty ac-
ids of milk fat, suggesting that their synthesis in the 
mammary gland may be influenced by the presence of 
unsaturated fatty acids. No correlation was observed 
between C4:0 and the other short-chain fatty acids 
(except for C6:0), confirming the independence of C4:0 
from de novo mammary fatty acid synthesis. Among 

the genetic correlations dealing with potentially ben-
eficial fatty acids, C18:0 was positively correlated with 
vaccenic and rumenic acids and negatively with linoleic 
acid. Finally, fatty acids C6:0 through C14:0 showed 
relevant correlations due to unknown environmental ef-
fects, suggesting the potential existence of genetic vari-
ances in micro-environmental sensitivity. This study 
allowed us to acquire new knowledge about the genetic 
and the environmental relationships among fatty acids. 
Likewise, the existence of genetic variation for most 
of de novo synthetized fatty acids and saturated fatty 
acids was also observed. Overall, these results provide 
useful information to combine feeding with genetic se-
lection strategies for obtaining a desirable milk fatty 
acids profile, depending on the origin of fatty acids in 
milk.
Key words: Brown Swiss, genetic parameters, Bayes 
factor, fatty acids, Δ9-desaturation index

INTRODUCTION

Milk and dairy products are sources of energy, high-
quality protein, fat, minerals, and vitamins (Demment 
and Allen, 2003; Rooke et al., 2010). Bovine milk con-
tains around 3 to 5% fat, represented 95 to 98% by 
triglycerides, which are in turn composed of glycerol 
and fatty acids. The fatty acid component is composed 
of 50 to 70% SFA, 20 to 40% of MUFA, and 1 to 5% 
PUFA (Jensen, 2002). The fatty acid composition of 
milk influences the milk’s nutritional value and tech-
nological properties and reflects the cow’s metabolic 
status (Fleischer et al., 2001; Mulligan et al., 2006). 
Recent data also suggest that it may reflect the cow’s 
CH4 production, as moderate relationships have been 
found between CH4 production and some fatty acids 
(Chilliard et al., 2009; Dijkstra et al., 2011; van Lin-
gen et al., 2014). Various feeding, management, and 
breeding strategies can be applied to manipulate the 
fatty acids profiles of milk (Lock and Bauman, 2004; 
Shingfield et al., 2013) and of processed milk products 
(Cattani et al., 2014).
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The possibility of modifying milk fat content and fatty 
acids profile through cow nutrition may enable produc-
ers to respond to human health recommendations in the 
context of a balanced diet (Woods and Fearon, 2009; 
Poulsen et al., 2012; Shingfield et al., 2013). For this 
purpose, particular attention has been paid to the pres-
ence in ruminant products of some PUFA, the n6-to-n3 
fatty acid ratio, and CLA. These latter are produced 
by rumen biohydrogenation of linoleic acid and by the 
metabolism of various tissues, including the mammary 
gland, adipose tissue, and muscle (Lock and Bauman, 
2004). Dietary CLA are reported to promote beneficial 
health-related effects on body composition and also 
show anticarcinogenic, antiatherogenic, antidiabeto-
genic, and immune-modulating properties (Rainer and 
Heiss, 2004). Likewise, feed ingredients rich in linolenic 
acid were found to be effective in reducing the n6-to-n3 
ratio toward values <5, which are considered to be safe 
for the consumer (Danneberger et al., 2013).

Genetic variability has been found to influence the 
presence of some fatty acids, mainly those originat-
ing from de novo mammary fatty acid synthesis (e.g., 
Stoop et al., 2008; Mele et al., 2009; Krag et al., 2013), 
and between-breed differences have been observed in 
milk fatty acid profiles (White et al., 2001; Kelsey et 
al., 2003; Maurice-Van Eijndhoven et al., 2011). Fur-
thermore, high-level genetic correlations have been 
observed among fatty acid that share similar metabolic 
production pathways (Soyeurt et al., 2007; Stoop et al., 
2008).

Due to the high cost of GC analysis, most previous 
studies have focused on a limited number of fatty acid 
in a small number of animals. More recently, research-
ers have investigated the use of Fourier-transform infra-
red (FTIR) spectrometry to inexpensively predict the 
fatty acid concentration of bovine milk (Soyeurt et al., 
2006; De Marchi et al., 2011; Bastin et al., 2013). The 
existing studies have considered various breeds, but 
examined relatively few (6–11) fatty acids. Gas chro-
matography has some major advantages over FTIR, 
including higher precision and accuracy in measuring 
a large number of fatty acids, even those present at 
low concentrations in milk fat (Rutten et al., 2010). 
Few studies have used GC to examine how genetic and 
herd factors affect the milk profile of 23 to 26 fatty 
acid traits: namely Stoop et al. (2008), Garnsworthy 
et al. (2010), and Heck et al. (2012). Only Bilal et al. 
(2014) reported data on 33 fatty acids and also evalu-
ated all the genetic parameters based on GC analysis 
for the Holstein Friesian breed. In Brown Swiss cows, 
the genetic parameters of only 4 fatty acid categories 
(i.e., SFA, unsaturated fatty acids, MUFA, and PUFA 
predicted by FTIR and expressed as the relative con-
tent in a kilogram of milk) were previously estimated 

(Tullo et al., 2014). Few studies are available to evalu-
ate the genetic, herd and residual correlations among 
different fatty acids (Duchemin et al., 2013). A deeper 
knowledge about the genetic or the environmental rela-
tionships among fatty acid provides useful information 
to identify the best strategies for manipulating the milk 
fatty acid profile.

The aims of this study were (1) to use a large GC-
based data set to characterize the profile of 47 individual 
fatty acids, 13 fatty acid groups, and 5 calculated de-
saturation indices in Brown Swiss cows; (2) to estimate 
the genetic variation and heritability of these traits and 
assess their statistical relevance using the Bayes factor 
(BF) test; (3) to quantify the between herd-date varia-
tion; and (4) to infer the additive genetic, herd-date, 
and residual relationships among all fatty acids and 
fatty acid categories.

MATERIALS AND METHODS

Animals and Milk Sampling

Milk samples were collected from 1,158 Brown Swiss 
cows from 85 herds (a maximum of 15 cows per herd) 
located in the Alpine province of Trento (Italy). Milk 
samples were collected once per cow during the eve-
ning milking. Each farm was sampled once. The milk 
samples (no preservative was added) were immediately 
refrigerated at 4°C and transferred to the Cheese-Mak-
ing Laboratory of the Department of Agronomy, Food, 
Natural Resources, Animals and Environment of the 
University of Padova (Legnaro, Padova, Italy). Data on 
the cows and herds were provided by the Superbrown 
Consortium of Bolzano and Trento (Italy), and pedigree 
information was supplied by the Italian Brown Swiss 
Cattle Breeders Association (ANARB, Verona, Italy). 
We included cows with phenotypic records available for 
the investigated traits and all known ancestors. Each 
sampled cow had known ancestors for at least 4 genera-
tions and the pedigree file included 8,845 animals.

GC Analysis

Fatty acid methyl esters were prepared by the di-
rect extraction and alkali catalyzed trans-methylation 
procedure previously described by Feng et al. (2004). 
Briefly, each milk sample was centrifuged at 5,000 × g 
for 30 min at 4°C to facilitate the separation of the fat 
at the surface. Thirty milligrams of fat was collected in 
a fresh amber vial, mixed with 3 mL of hexane and 0.3 
mL of 2 M methanolic solution of KOH, and the mix-
ture was incubated for 5 min at room temperature after 
the addition of 0.25 mg of NaHSO3 × H2O. The samples 
were then centrifuged at 3,000 × g for 3 min at 4°C and 
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the upper layer was collected for GC analysis. The fatty 
acid composition was determined using a ThermoQuest 
gas chromatograph (ThermoElectron Corp., Waltham, 
MA) equipped with a flame-ionization detector and a 
high polar fused-silica capillary column (Chrompack 
CP-Sil88 Varian, Middelburg, the Netherlands; 100 m, 
0.25 mm i.d.; film thickness 0.20 μm). Helium was used 
as the carrier gas at a flow rate of 1 mL/min. A split/
splitless injector was used with a split ratio of 1:80. An 
aliquot of the sample was injected under the following 
GC conditions: the initial oven temperature (60°C) was 
held for 1 min, increased to 173°C at a rate of 2°C/min, 
held at 173°C for 30 min, increased to 185°C at 1°C/
min, and held at 185°C for 5 min, increased to 220°C 
at a rate of 3°C/min, and finally held at 220°C for 19 
min. The injector temperature was set to 270°C and the 
detector temperature was set to 300°C.

Individual FAME were identified by comparison to 
a standard mixture (52 Component FAME Mix, GLC-
674; Nu-Chek Prep Inc., Elysian, MN). The isomers of 
C18:1 were identified with reference to commercial pure 
standards (47199, 46903, 46905; Supelco, Bellefonte 
PA) and published isomeric profiles (Kramer et al., 
2008). A reference standard butter (BCR 164; Commis-
sion of the European Communities, Community Bureau 
of Reference, Brussels, Belgium) was used to estimate 
correction factors for the short-chain fatty acids, as 
previously described by Mele et al. (2008). Inter- and 
intra-assay coefficients of variation were also calculated 
using the above reported reference standard butter and 
the detection limit of the analysis was 0.001% above 
that of the total fatty acid amount. The milk fatty acid 
composition was expressed as grams per 100 g of total 
fatty acids.

Statistical Analysis

Nongenetic Effects. Nongenetic effects, which 
were included in the mixed models used to estimate 
the genetic parameters for fatty acids, were identified 
through preliminary analysis based on the GLM proce-
dure (SAS Institute Inc., Cary, NC). For all traits, the 
model accounted for the effects of herd-date (85 levels), 
DIM (class 1 = <60 d; class 2 = 60–120 d; class 3 = 
121–180 d; class 4 = 181–240 d; class 5 = 241–300 d; 
and class 6 = >300 d), and parity (1 to 4 or more). 
All these effects were found to be important sources of 
variation (P < 0.05).

Univariate Models for Testing the Hypothesis 
of Additive Genetic Determination. The genetic 
parameters of fatty acids, fatty acid categories, and 
indices (y) were investigated by analyzing data under 
the following hierarchical model:

 y = Xb + Z1h + Z2a + e,  [1]

where y was the vector of phenotypic records with di-
mension n; X, Z1, and Z2 were appropriate incidence 
matrices for the systematic effects (b), herd-date ef-
fects (h), and polygenic additive genetic effects (a), 
respectively; and e was the vector of residual effects. 
More specifically, b included the nongenetic effects of 
DIM and parity.

All models were analyzed under a standard Bayesian 
approach. The joint distribution of the parameters in a 
given model was proportional to:
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where I was an identity matrix with dimensions equal 
to the number of elements in h. The priors for b and 
the variance components were assumed to be flat.

The univariate model was employed to test for the 
additive genetic determination of each trait. The BF 
(Kass and Raftery, 1995; García-Cortés et al., 2001; 
Casellas et al., 2010) was computed as a pair-wise com-
parison by calculating the ratio between the posterior 
probabilities of 2 competing models and taking any 
positive value between 0 and infinity. In this case, a 
linear mixed model with additive polygenic effects (the 
numerator model) was compared with a correspond-
ing model without the additive polygenic effects (the 
denominator model); BF >1 favored the numerator 
model, whereas BF <1 favored the denominator model. 
The BF results are discussed within the context of the 
discrete scale of evidences described by Jeffreys (1984), 
which objectively classifies the BF according to 6 differ-
ent levels of evidence for the numerator model, namely 
denominator model supported, not worth more than 
a bare mention, substantial evidence, strong evidence, 
very strong evidence, and decisive evidence. Henceforth, 
this terminology will be systematically used when refer-
ring to the BF.

Bivariate Models for Estimating Between-
Trait Correlations. To estimate genetic correlations 
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between fatty acid variables, we conducted a set of 
bivariate analyses that implemented model 1 in its 
multivariate version. In this case, the involved traits 
were assumed to jointly follow a multivariate normal 
distribution along with the additive genetic, herd-date, 
and residual effects. For these effects, the correspond-
ing prior distributions were:
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where G0, H0, and R0 were the corresponding variance-
covariance matrices between the involved traits, respec-
tively, and a, h, and e were vectors of dimension equal 
to the number of animals in the pedigree (n and m) 
times the number of traits considered.

Gibbs Sampler. Marginal posterior distributions 
of unknown parameters were estimated by performing 
numerical integration using the Gibbs sampler (Gel-
fand and Smith, 1990), which was employed to obtain 
auto-correlated samples from the joint posterior distri-
butions and, subsequently, from the marginal posterior 
distributions of all unknowns in the model. The lengths 
of the chain and the burn-in period were assessed by 
visual inspection of trace plots, and by the diagnostic 
tests described by Geweke (1992) and Gelman and 
Rubin (1992). After a preliminary run, we decided to 
construct a single chain consisting of 850,000 iterations 
and discard the first 50,000 iterations as a very con-
servative burn-in. We subsequently retained 1 of every 
200 successive samples to store draws that were more 
loosely correlated. Thus, 4,000 samples were used to 
determine the posterior distributions of the unknown 
parameters. The lower and upper bounds of the high-
est 95% probability density regions for the parameters 
of concern were obtained from the estimated marginal 
densities. The posterior median was used as the point 
estimate for all parameters. Auto-correlations between 
samples and estimates of the Monte Carlo standard er-
ror (Geyer, 1992) were also calculated. The analyses 
were implemented in a FORTRAN90 program.

Heritability was computed as
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where σa1,a2 was the additive genetic covariance between 
traits 1 and 2, and σa1 and σa2 were the additive genetic 
standard deviations for traits 1 and 2, respectively. The 
herd-date correlations (rh) were computed as
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where σh1,h2 was the herd-date covariance between traits 
1 and 2, and σh1 and σh2 were the herd-date standard 
deviations for traits 1 and 2, respectively. The residual 
correlations (re) were computed as
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where σe1 was the residual covariance between traits 
1 and 2, and σe1 and σe2 were the residual standard 
deviations for traits 1 and 2, respectively. For clustering 
purposes, the additive genetic, herd-date, and residual 
correlation matrices were subsequently fed to the R 
function, “hclust” (Maechler et al., 2012), which uses 
the complete linkage method for hierarchical clustering, 
as detailed in Maechler et al. (2012).

RESULTS

Descriptive Statistics for Milk Production Traits  
and Fatty Acid Composition

Milk yield averaged 24.4 kg/d and the milk fat con-
tent averaged 4.23% (Table 1). The phenotypic varia-
tion for milk yield was high (CV = 33%) and almost 
double that observed for the milk fat content (CV = 
17%). The GC analysis allowed us to identify and to 
determine 47 fatty acids: 22 SFA, 13 MUFA, and 12 
PUFA. Both C16:0 and C18:1 cis-9 were the major 
fatty acids found in milk, followed by C14:0 and C18:0. 
The least represented fatty acids were C18:1 trans-4, 
C22:4 cis-7,cis-10,cis-13,cis-16, C18:3 cis-9,trans-
11,cis-15, and C24:0. We observed large variabilities 
among the individual fatty acids, with coefficients of 
variation ranging from 13% (C14:0) to as high as 80% 
(C18:2 trans-11,cis-15).
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The major fatty acid categories were defined accord-
ing to the desaturation status for SFA and based on the 
carbon chain length for medium-chain (MCFA) and 
long-chain fatty acids (LCFA; Table 2). Descriptive 
statistics for the contents of the various fatty acids clas-
sified on the desaturation indices showed that the C18 
index had the highest mean content value (67.22%), 

followed by the CLA index (34.98%). The short-chain 
desaturation index (for C10) and the MCFA desatu-
ration indices (for C14 and C16) were small. For the 
selected fatty acid categories and the desaturation indi-
ces, the variabilities were smaller than those observed 
for individual fatty acids, and the coefficients of varia-
tion were 6 to 25%.

Table 1. Descriptive statistics for milk production traits and individual fatty acids (FA; n = 1,158)

Trait  Common name Mean CV (%) P51 P951

Milk yield, kg/d  24.43 33 12.11 37.90
Milk fat, %  4.23 17 3.15 5.45
Individual FA, g/100 g of total FA      
 SFA      
  C4:0 Butyric acid 3.46 26 2.09 4.99
  C6:0 Caproic acid 2.15 18 1.50 2.79
  C8:0 Caprylic acid 1.35 17 0.97 1.70
  C10:0 Capric acid 3.17 20 2.15 4.17
  C11:0 Undecylic acid 0.06 67 0.02 0.13
  C12:0 Lauric acid 3.72 20 2.47 4.86
  C13:0 Trydecilic acid 0.11 36 0.06 0.18
  C13:0 iso iso-Tridecanoic acid 0.06 67 0.02 0.14
  C14:0 Myristic acid 12.08 13 9.36 14.15
  C14:0 iso iso-Tetradecanoic acid 0.17 29 0.08 0.26
  C15:0 Pentadecanoic acid 1.19 20 0.82 1.59
  C15:0 iso iso-Pentadecanoic acid 0.28 29 0.17 0.42
  C15:0 ante ante-Pentadecanoic acid 0.53 23 0.35 0.73
  C16:0 Palmitic acid 30.54 12 24.67 36.67
  C16:0 iso iso-Palmitic acid 0.32 28 0.18 0.47
  C17:0 Margaric acid 0.54 22 0.39 0.75
  C17:0 iso iso-Heptadecanoic acid 0.32 25 0.18 0.45
  C17:0 ante ante-Heptadecanoic acid 0.42 21 0.29 0.56
  C18:0 Stearic acid 8.95 21 6.19 12.50
  C20:0 Arachidic acid 0.13 31 0.07 0.20
  C22:0 Behenic acid 0.06 50 0.02 0.12
  C24:0 Lignoceric acid 0.04 50 0.01 0.08
 MUFA      
  C10:1 cis-9 Caproleic acid 0.33 27 0.18 0.47
  C14:1 cis-9 Myristoleic acid 1.08 30 0.54 1.61
  C16:1 cis-9 Palmitoleic acid 1.21 26 0.78 1.80
  C16:1 trans-9 Palmitelaidic acid 0.06 50 0.02 0.12
  C17:1 cis-9 Margaroleic acid 0.20 40 0.11 0.34
  C18:1 trans-4 trans 4-Octadecenoic acid 0.03 67 0.01 0.08
  C18:1 trans-6,trans-8 trans 6–8-Octadecenoic acid 0.21 33 0.11 0.34
  C18:1 trans-9 Elaidic acid 0.18 33 0.11 0.27
  C18:1 trans-10 Isooleic acid 0.29 34 0.17 0.45
  C18:1 trans-11 Vaccenic acid 1.20 32 0.61 1.85
  C18:1 cis-9 Oleic acid 18.33 18 14.03 23.43
  C18:1 cis-12 cis 12-Octadecenoic acid 0.24 42 0.11 0.43
  C18:1 trans-16 trans 16-Octadecenoic acid 0.25 41 0.12 0.44
  C20:1 cis-9 Gadoleic acid 0.11 36 0.05 0.17
 PUFA      
  C18:2 cis-9,trans-11 Rumenic acid2 0.65 34 0.32 1.03
  C18:2 trans-11,cis-15 Vaccelenic acid 0.10 80 0.04 0.18
  C18:2 trans-9,trans-12 Linoelaidic acid 0.58 76 0.35 0.88
  C18:2 cis-9,cis-12 Linoleic acid 2.04 29 1.23 3.12
  C18:3 cis-9,cis-12,cis-15 α-Linolenic acid 0.56 30 0.30 0.86
  C18:3 cis-9,trans-11,cis-15 Rumelenic acid 0.04 75 0.02 0.10
  C20:3 cis-8,cis-11,cis-14 Eicosatrienoic acid 0.10 60 0.05 0.21
  C20:4 cis-5,cis-8,cis-11,cis-14 Arachidonic acid 0.13 38 0.07 0.22
  C20:5 cis-5,cis-8,cis-11,cis-14,cis-17 Eicosapentaenoic acid 0.05 40 0.02 0.10
  C22:4 cis-7,cis-10,cis-13,cis-16 Docosatetraenoic acid 0.03 67 0.01 0.08
  C22:5 cis-7,cis-10,cis-13,cis-16,cis-19 Docopentaenoic acid 0.08 38 0.04 0.14
1P5 = 5th percentile; P95 = 95th percentile.
2Tested CLA included C18:2 cis-9,trans-11 (rumenic acid; RA) and C18:2 trans-7,cis-9. The term RA is used herein to indicate the sum of the 
2 isomers.
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Genetic Determinism and BF

The milk yield and milk fat content had BF >10, 
supporting the existence of additive genetic variation 
(Table 3). Some individual fatty acids, including C14:1 
cis-9, C16:0, C12:0, C18:0, C16:1 cis-9, and C10:0, had 
high BF ranging from 8 to 71. These fatty acids also 
had moderate-to-high estimated heritabilities (on the 
order of 0.201 to 0.360). Small genetic effects (in terms 
of BF and heritability) were observed for the other 
fatty acids, such as C4:0, C6:0, vaccenic acid (VA), 
and rumenic acid (RA).

With respect to the fatty acid categories and desatu-
ration indices (Table 4), the greatest BF and heritability 
values were observed for the C14 index (BF = 76.06, h2 
= 0.438). The C18 index and the SFA, PUFA, MCFA, 
and trans fatty acids categories also had high BF (>10) 
and heritability values (>0.10). In contrast, no genetic 
effect was observed for RA-to-(RA+VA) ratio (BF = 
0.055, h2 = 0.098).

The Contribution of Herd-Date Effect  
on the Phenotypic Variation

The existence of relatively high herd-date contribu-
tion to the total phenotypic variance was observed for 
the milk yield and milk fat content (0.45 and 0.42, re-
spectively; Table 3). Among the individual fatty acids, 

a similar finding (with proportions varying from 0.41 to 
0.61) was obtained for VA, RA, C4:0, C6:0, C16:0, and 
all of the branched-chain fatty acids (BCFA). Over-
all, the PUFA, the trans fatty acids, and trans C18:1 
showed herd-date contributions ranging from 0.54 to 
0.61 (Table 4). In contrast, the desaturation indices 
yielded herd-date contributions that were much lower 
than the heritability estimates, with the exception of 
the RA-to-(RA+VA) ratio, for which the herd-date ef-
fect accounted for 24% of the total phenotypic variance.

Genetic Correlations Among Groups of Fatty Acids

The additive genetic correlations between the SFA 
and almost all of the other fatty acids groups were 
negative, with the exception of the MCFA (0.69) (Table 
5). Trans C18:1 showed correlations higher than 0.61 
with the MUFA, LCFA, BCFA, and trans fatty acids, 
and the correlation with the PUFA was 0.48. No rel-
evant additive genetic correlation was found between 
production traits (milk yield and milk fat content) and 
any individual fatty acid.

Genetic, Herd-Date, and Residual Correlations 
Among the Detailed Milk Fatty Acid Profiles

The additive genetic correlations among the individ-
ual fatty acids are presented in Figure 1a. The de novo 

Table 2. Descriptive statistics for groups of fatty acids and unsaturation indices (n = 1,158)

Trait Mean CV (%) P51 P951

Group of fatty acids, g/100 g of fatty acids2     
 SFA 69.63 6 61.98 75.50
 MUFA 24.24 14 19.52 29.88
 PUFA 3.78 21 2.66 5.13
 SCFA 10.52 16 7.68 13.25
 MCFA 52.81 10 43.11 60.79
 LCFA 34.38 15 26.94 43.45
 BCFA 2.08 20 1.47 2.78
 OCFA 1.89 17 1.44 2.44
 n-6 fatty acids 2.31 28 1.43 3.50
 n-3 fatty acids 0.69 29 0.40 1.04
 n-6/n-3 3.52 33 1.95 5.70
 trans fatty acids 2.22 24 1.42 3.07
 trans fatty acids C18:1 2.16 24 1.37 3.00
Unsaturation index, %     
 C10:1/(C10:0+C10:1) 9.54 21 0.06 0.13
 C14:1/(C14:0+C14:1) 8.16 25 0.05 0.12
 C16:1/(C16:0+C16:1) 3.83 23 0.03 0.05
 C18:1/(C18:0+C18:1) 67.22 6 0.60 0.73
 RA/(RA+VA)3 34.98 16 0.26 0.44
1P5 = 5th percentile; P95 = 95th percentile.
2SCFA = short-chain fatty acids; MCFA = medium-chain fatty acids; LCFA = long-chain fatty acids; BCFA 
= branched-chain fatty acids; OCFA = odd-chain fatty acids. SCFA included the C4:0, C6:0, C8:0, and C10:0 
fatty acids; MCFA included all linear fatty acids from C11:0 to C16:1; LCFA included all linear fatty acids 
from C17:0 to C24:0; trans fatty acids included all trans fatty acids; trans fatty acids C18:1 included all trans 
isomers of C18:1.
3RA = rumenic acid; VA = vaccenic acid.
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Table 3. Estimates of Bayes factor, genetic variance σa
2( ) , herd-date variance σh

2( ) , residual variance σe
2( ) , heritability (h2), and herd-date  

variance as proportion of total variance (hherd) for milk production traits and individual fatty acids (n = 1,158)

Trait BF1
a
2

h
2

e
2

h2

 

hherd

Mean2 PSD3 Mean2 PSD3

Milk yield, kg/d 41.22 4.224 22.334 22.739 0.086 0.02  0.453 0.02
Milk fat content, % 86.40 0.102 0.167 0.124 0.259 0.04  0.424 0.03
Individual fatty acids, g/100 g of fatty acids          
 SFA          
  C4:0 0.02 0.026 0.445 0.310 0.033 0.021  0.566 0.042
  C6:0 0.02 0.006 0.071 0.066 0.039 0.026  0.496 0.043
  C8:0 0.05 0.006 0.016 0.030 0.124 0.056  0.301 0.040
  C10:0 8.49 0.076 0.102 0.200 0.201 0.068  0.269 0.039
  C11:0 0.10 <0.001 0.001 0.001 0.134 0.059  0.379 0.043
  C12:0 35.13 0.128 0.131 0.266 0.243 0.073  0.249 0.038
  C13:0 0.03 <0.001 <0.001 0.001 0.078 0.038  0.291 0.040
  C13:0 iso 0.02 <0.001 0.001 0.001 0.034 0.026  0.517 0.044
  C14:0 0.04 0.213 0.664 1.322 0.097 0.057  0.300 0.040
  C14:0 iso 0.06 <0.001 0.001 0.001 0.125 0.044  0.486 0.044
  C15:0 0.05 0.006 0.024 0.027 0.102 0.044  0.418 0.044
  C15:0 iso 0.04 0.001 0.004 0.002 0.092 0.032  0.631 0.040
  C15:0 ante 0.05 0.002 0.007 0.005 0.115 0.043  0.541 0.044
  C16:0 51.19 3.344 5.464 4.327 0.255 0.063  0.413 0.044
  C16:0 iso 0.04 0.001 0.004 0.003 0.077 0.030  0.524 0.043
  C17:0 0.06 0.001 0.007 0.005 0.092 0.037  0.539 0.043
  C17:0 iso 0.03 <0.001 0.004 0.003 0.050 0.026  0.493 0.044
  C17:0 ante 0.06 0.001 0.004 0.003 0.102 0.041  0.481 0.044
  C18:0 33.38 0.690 0.659 1.809 0.218 0.066  0.207 0.035
  C20:0 0.08 <0.001 0.001 0.001 0.097 0.048  0.331 0.042
  C22:0 0.02 <0.001 <0.001 0.001 0.031 0.024  0.345 0.042
  C24:0 0.03 <0.001 <0.001 <0.001 0.031 0.028  0.389 0.043
 MUFA          
  C10:1 cis-9 0.051 0.001 0.002 0.004 0.124 0.051  0.330 0.041
  C14:1 cis-9 70.655 0.031 0.015 0.039 0.360 0.091  0.180 0.033
  C16:1 cis-9 32.989 0.024 0.019 0.056 0.243 0.077  0.193 0.034
  C16:1 trans-9 0.021 <0.001 <0.001 0.001 0.033 0.024  0.444 0.044
  C17:1 cis-9 0.035 0.024 0.002 0.004 0.070 0.040  0.286 0.039
  C18:1 trans-4 0.021 <0.001 <0.001 <0.001 0.023 0.019  0.473 0.045
  C18:1 trans-6,trans-8 0.042 <0.001 0.003 0.002 0.059 0.036  0.563 0.042
  C18:1 trans-9 0.039 <0.001 0.002 0.002 0.082 0.038  0.483 0.044
  C18:1 trans-10 0.032 0.001 0.005 0.005 0.056 0.034  0.497 0.044
  C18:1 trans-11 (vaccenic acid) 0.064 0.011 0.091 0.045 0.074 0.030  0.615 0.040
  C18:1 cis-9 0.057 0.803 1.813 6.409 0.089 0.048  0.200 0.034
  C18:1 cis-12 0.053 0.001 0.006 0.003 0.083 0.035  0.608 0.041
  C18:1 trans-16 0.035 <0.001 0.004 0.003 0.058 0.031  0.520 0.044
  C20:1 cis-9 0.033 <0.001 <0.001 0.001 0.064 0.039  0.299 0.040
 PUFA          
  C18:2 cis-9,trans-11 (rumenic acid) 0.063 0.003 0.028 0.015 0.072 0.031  0.607 0.041
  C18:2 trans-11,cis-15 0.019 <0.001 0.001 0.005 0.032 0.022  0.176 0.032
  C18:2 trans-9,trans-12 0.019 0.006 0.008 0.172 0.030 0.021  0.045 0.018
  C18:2 cis-9,cis-12 0.051 0.022 0.248 0.099 0.060 0.023  0.668 0.038
  C18:3 cis-9,cis-12,cis-15 4.749 0.003 0.020 0.009 0.093 0.033  0.631 0.040
  C18:3 cis-9,trans-11,cis-15 0.022 <0.001 <0.001 <0.001 0.031 0.023  0.466 0.044
  C20:3 cis-8,cis-11,cis-14 0.242 <0.001 0.001 0.001 0.109 0.054  0.436 0.044
  C20:4 cis-5,cis-8,cis-11,cis-14 0.093 <0.001 0.001 0.001 0.081 0.040  0.457 0.044
  C20:5 cis-5,cis-8,cis-11,cis-14,cis-17 0.026 <0.001 <0.001 <0.001 0.045 0.029  0.432 0.044
  C22:4 cis-7,cis-10,cis-13,cis-16 0.026 <0.001 <0.001 <0.001 0.048 0.027  0.483 0.044
  C22:5 cis-7,cis-10,cis-13,cis-16,cis-19 0.025 <0.001 <0.001 0.001 0.039 0.027  0.392 0.043
1BF = Bayes factor of the model with additive polygenic effects (numerator model) against the same model without additive polygenic effects 
(denominator model), where >1 BF favored the numerator model and <1 BF favored the denominator model; h ;2 2 2 2 2= + +σ σ σ σa a h e/  
 hherd = + +σ σ σ σh a h e

2 2 2 2/ .
2Mean of the marginal posterior density of the parameter.
3PSD = posterior standard deviation.
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synthesized fatty acids (e.g., C6:0, C8:0, C10:0, C12:0, 
and C14:0) showed high positive genetic correlations 
between each other. This was further confirmed by the 
general tight clustering observed between fatty acids 
with chains differing by only 2 carbons atoms (Figure 

2a), although C4:0, C15:0, C16:0, and C17:0 clustered 
separately. The C16:0 showed negative genetic correla-
tions with C6:0, C8:0, C10:0, C15 iso, C15:0 anteiso, 
and many fatty acids of the C18:1 series. However, it 
showed positive relationships with C18:3 and other 

Table 4. Estimates of Bayes factor, genetic variance σa
2( ) , herd-date variance σh

2( ) , residual variance σe
2( ) , heritability (h2), and herd-date  

variance as proportion of total variance (hherd) for groups of fatty acids and unsaturation index (n = 1,158)

Trait BF1
a
2

h
2

e
2

h2

 

hherd

Mean2 PSD3 Mean2 PSD3

Group of fatty acids,4 g/100 g of fatty acids          
 SFA 22.713 2.251 4.968 8.106 0.147 0.059  0.322 0.041
 MUFA 4.394 1.390 2.230 6.874 0.132 0.061  0.211 0.035
 PUFA 17.196 0.068 0.393 0.178 0.107 0.037  0.611 0.041
 SCFA 0.043 0.151 1.349 1.319 0.054 0.031  0.475 0.044
 MCFA 36.665 3.623 11.552 9.772 0.146 0.050  0.460 0.044
 LCFA 1.740 2.911 7.865 12.383 0.126 0.053  0.337 0.042
 BCFA 1.314 0.014 0.099 0.052 0.083 0.032  0.598 0.041
 OCFA 1.645 0.013 0.049 0.043 0.121 0.044  0.463 0.043
 n-6 fatty acid 0.054 0.029 0.298 0.112 0.066 0.025  0.676 0.036
 n-3 fatty acid 1.567 0.003 0.026 0.011 0.085 0.032  0.634 0.039
 n-6/n-3 0.025 0.051 1.135 0.294 0.034 0.016  0.763 0.029
 trans fatty acid 24.362 0.031 0.161 0.098 0.107 0.039  0.552 0.043
 trans fatty acid C18:1 22.123 0.030 0.151 0.094 0.111 0.040  0.543 0.043
Unsaturation index, %          
 C10:1/(C10:0+C10:1) 5.961 0.831 0.8848 1.9435 0.227 0.076  0.240 0.037
 C14:1/(C14:0+C14:1) 76.060 1.6002 0.4908 1.5477 0.438 0.099  0.134 0.028
 C16:1/(C16:0+C16:1) 1.654 0.201 0.0473 0.5265 0.258 0.082  0.061 0.020
 C18:1/(C18:0+C18:1) 11.375 3.7797 1.2779 12.2237 0.218 0.068  0.074 0.022
 RA/(RA+VA)5 0.055 2.6699 6.6052 18.0357 0.098 0.053  0.240 0.037
1BF = Bayes factor of the model with additive polygenic effects (numerator model) against the same model without additive polygenic effects 
(denominator model), where greater-than-1 BF favored the numerator model and less-than-1 BF favored the denominator model; 
h ; hherd

2 2 2 2 2 2 2 2 2= + + = + +σ σ σ σ σ σ σ σa a h e h a h e/ / . 
2Mean of the marginal posterior density of the parameter.
3PSD = posterior standard deviation.
4SCFA = short-chain fatty acids; MCFA = medium-chain fatty acids; LCFA = long-chain fatty acids; BCFA = branched-chain fatty acids; 
OCFA = odd-chain fatty acids; SCFA included the C4:0, C6:0, C8:0 and C10:0 fatty acids; MCFA included all linear fatty acids from C11:0 to 
C16:1; LCFA included all linear fatty acids from C17:0 to C24:0; trans fatty acids included all trans fatty acids; trans fatty acids C18:1 included 
all trans isomers of C18:1. 
5RA =rumenic acid; VA = vaccenic acid.

Table 5. Additive genetic correlations between groups of fatty acids (n = 1,158)1

Item2 SFA MUFA PUFA SCFA MCFA LCFA BCFA
trans fatty  

acids
trans fatty  
acids C18:1

SFA  −0.89 −0.72 0.17 0.69 −0.63 −0.22 −0.71 −0.71
MUFA   0.57 −0.17 −0.76 0.84 0.43 0.77 0.76
PUFA    −0.07 −0.38 0.38 0.22 0.50 0.48
SCFA     −0.31 0.23 0.12 −0.04 −0.05
MCFA      −0.91 −0.59 −0.78 −0.79
LCFA       0.70 0.85 0.85
BCFA        0.59 0.61
trans fatty acids         1.00
1Mean of the marginal posterior density of the additive genetic correlation; bold indicates additive genetic correlations with ≥90% of posterior 
probability accumulated above 0 (positive estimates) or below 0 (negative estimates).
2SCFA = short-chain fatty acids; MCFA = medium-chain fatty acids; LCFA = long-chain fatty acids; BCFA = branched-chain fatty acids; 
OCFA = odd-chain fatty acids. SCFA included the C4:0, C6:0, C8:0 and C10:0 fatty acids; MCFA included all linear fatty acids from C11:0 to 
C16:1; LCFA included all linear fatty acids from C17:0 to C24:0; trans fatty acids included all trans fatty acids; trans fatty acids C18:1 included 
all trans isomers of C18:1.
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PUFA with >18 carbon chains, and it clustered tightly 
with C11:0. A negative genetic correlation was observed 
between C16:0 and C18:0 (−0.54). Positive additive 
genetic correlations were observed between C18:0 and 
C16:0 iso, C20:0, C22:0, and C18:1 trans-11 (VA; 0.69). 
The C18:1 trans-11 showed positive genetic relation-
ships with many members of the C18:1 fatty acid group 
and with RA (0.65), even though the latter co-eluted 
with C18:2 trans-7,cis-9. The additive genetic corre-
lations among the fatty acids of the C18 group were 
generally positive, with some exceptions. For example, 
we observed negative correlations between C18:0 and 
C18:2 cis-9,cis-12 (linoleic acid; −0.47), C18:0 and 
C18:3 cis-9,trans-11,cis-15 (−0.37), C18:1 trans-11 
(VA) and C18:2 trans-9,trans-12 (−0.39), C18:1c9 and 
C18:3 cis-9,trans-11,cis-15 (−0.45), and C18:1 trans-6-8 
and C18:3 cis-9,trans-11,cis-15 (−0.35). A positive ad-

ditive genetic correlation was observed between C18:0 
and C20:0 (0.75), and this was further confirmed by 
their tight clustering.

The herd-date correlations observed among the fatty 
acids are depicted in Figure 1b. Within the group of 
de novo synthesized fatty acids, C4:0 and C6:0 (0.89) 
were positively correlated and they clustered together 
(Figure 2b). High herd-date correlations were also 
observed between C10:0 and C12:0 (0.89), C11:0 and 
C13:0 (0.94), and C12:0 and C14:0 (0.58). Consistent 
with our findings for the genetic component, however, 
the correlation between C16:0 and C18:0 was negative 
(−0.66). Within the C18 fatty acids group, VA and 
RA showed a strong positive correlation (0.91) and 
tight clustering. Unlike our findings for the genetic 
component, however, a weak herd-date correlation was 
observed between C18:0 and VA (0.25). Overall, the 

Figure 1. Correlation plot matrices for additive genetic [a] herd-date [b], and residual [c] correlations among single fatty acids. All estimates 
are expressed as a mean of the marginal posterior density of the parameter. Ellipses colors represent the strength and the direction of the cor-
relation, −1 to 0 to 1 (red to white to blue). c = cis; t = trans; VA = vaccenic acid; RA = rumenic acid. Color version available online.
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C18 fatty acids group showed negative herd-date cor-
relations, with SFA having chains containing 14 to 18 
carbon atoms.

The LCFA of the n-3 and n-6 series were positively 
correlated for herd-date effect (Figure 1b), and we 
observed tight clustering between C20:5 cis-5,cis-8,cis-
11,cis-14,cis-17 (eicosapentaenoic acid) and C22:5 
cis-7,cis-10,cis-13,cis-16,cis-19 (docosapentaenoic acid) 
and between C20:3 cis-8,cis-11,cis14 (eicosatrienoic 
acid) and C20:4 cis-5,cis-8,cis-11,cis-14 (arachidonic 
acid).

In general, the residual correlations among fatty acids 
due to unknown environmental effects were milder than 
those observed for the additive genetic and herd-date 
effects. The highest positive correlations were observed 
between C10:0 and C12:0 (0.94), C8:0 and C10:0 (0.88), 
C12:0 and C14:0 (0.87), and C6:0 and C8:0 (0.84), and 
tight clusterings were consistently observed among 

these fatty acid pairs (Figure 2c). In the C18 fatty acids 
group, we observed positive correlations of linoleic acid 
with linolenic acid (0.44) and VA with RA (0.45).

DISCUSSION

Milk Fatty Acid Profile of Brown Swiss Cows

Most of the previously published studies have been 
based on milk fatty acids content predicted from 
mid-infrared analysis and also when GC analysis was 
adopted, often only a few of the main fatty acids or 
fatty acid categories have been reported. The current 
work provides a comprehensive analysis of the fatty 
acid profile of milk from Brown Swiss cows, adopting a 
low detection limit (0.001) able to accurately measure 
fatty acids contained in minimal amounts in milk fat 
(between 0.04 and 0.1 g/100 g of fatty acids). A total of 

Figure 1 (Continued). Correlation plot matrices for additive genetic [a] herd-date [b], and residual [c] correlations among single fatty acids. 
All estimates are expressed as a mean of the marginal posterior density of the parameter. Ellipses colors represent the strength and the direction 
of the correlation, −1 to 0 to 1 (red to white to blue). c = cis; t = trans; VA = vaccenic acid; RA = rumenic acid. Color version available online.



Journal of Dairy Science Vol. 99 No. 2, 2016

GENETIC ANALYSIS OF MILK FATTY ACIDS 1325

47 individual fatty acids, 13 groups of fatty acids, and 
5 desaturation indices were evaluated. The phenotypic 
variations observed for the milk yield, milk fat content, 
and relative proportions of individual fatty acids (Table 
1) are in line with the results from previous studies in 
Holstein cows (Moate et al., 2007; Bobe et al. 2008; 
Heck et al., 2012) and other breeds, including Brown 
Swiss (Kelsey et al., 2003; Soyeurt et al., 2007; Vlae-
minck et al., 2006). Likewise, the relative proportions of 
the SFA, MUFA, PUFA, and stearoyl-CoA desaturase 
(SCD) indices (Table 2) were consistent with data pre-
viously reported by Soyeurt et al. (2006) and Garnswor-
thy et al. (2010). The present study allowed us also to 
quantify the proportion of phenotypic variance of fatty 
acids that can be explained by genetic and herd-date 
variation and to evaluate the genetic, herd-date, and 
residual relationships between individual fatty acids.

Heritability and Herd-Date Effect for Milk  
Fatty Acid Profile

The fatty acids in milk originate from both the 
mammary gland uptake of preformed fatty acids from 
circulating blood (around 60%) and de novo synthesis 
within the mammary gland (around 40%; Chilliard et 
al., 2000). The precursors for de novo fatty acids syn-
thesis are acetate and butyrate, which are produced 
during microbial fermentation in the rumen. Butyrate 
is converted to BHB in the rumen wall (Jensen, 2002). 
Almost all of the C4:0 to C14:0 odd-chain fatty acids 
and about a half of the C16:0 in milk fat originate from 
de novo synthesis in the mammary gland (Shingfield et 
al., 2013). The rest of the C16:0 and all of the LCFA are 
taken from the circulating blood lipids, which originate 
from intestinal absorption (digestion of dietary fat) and 

Figure 1 (Continued). Correlation plot matrices for additive genetic [a] herd-date [b], and residual [c] correlations among single fatty acids. 
All estimates are expressed as a mean of the marginal posterior density of the parameter. Ellipses colors represent the strength and the direction 
of the correlation, −1 to 0 to 1 (red to white to blue). c = cis; t = trans; VA = vaccenic acid; RA = rumenic acid. Color version available online.
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body fat mobilization (Bauman and Griinari, 2003; 
Shingfield et al., 2010). Nearly half of the C18:1 cis-9 
and 70% of the main CLA isomer (C18:2 cis-9,trans-11) 
in milk fat are formed via the activity of SCD in the 
mammary gland, using C18:0 and C18:1 trans-11, 
respectively, as precursors (Enjalbert et al., 1998; 
Shingfield et al., 2013). The odd-chain fatty acids and 
BCFA found in milk fat might be largely synthesized by 
rumen bacteria, but some linear odd-chain fatty acids 
(e.g., C15:0, C17:0) might also be synthesized de novo 
from propionate in the mammary gland (Vlaeminck et 
al., 2006).

In the current study, low heritability estimates were 
obtained for most of the single fatty acids, except for 
C10:0, C12:0, C16:0, C18:0, C14:1 cis-9, and C16:1 cis-
9 (Table 3). In previous studies where the individual 
fatty acids were quantified with GC, the results were 
commonly expressed as a ratio between the weight of a 
given fatty acids and the weight of the total fatty acids 
or milk fat. The heritability estimates reported in these 
GC-based studies (Bobe et al., 2008; Garnsworthy et 
al., 2010; Bilal et al., 2014) are comparable to those 
found in the current paper or somewhat higher (Stoop 
et al., 2008; Schennink et al., 2008). In contrast, the 
results from studies based on FTIR predictions (Soy-
eurt et al., 2007; Bastin et al., 2011, 2013) have com-
monly been expressed in terms of the weight of a single 
fatty acid or group of fatty acids per unit of milk (kg 
or L) due to the low accuracy of FTIR-based predic-
tions of milk fat content (Ferragina et al., 2015). Data 
expressed as weight of single or groups of fatty acids 
per unit of milk would produce heritability estimates 
for fatty acids similar to those of the milk fat content 
and often greater than those found for proportion of 
individual fatty acids on total fatty acid content, as in 
the current and other GC-based experiments. Actually, 
it has proven difficult to compare heritability estimates 
among the various studies because of differences in the 
analytical methods; the method of expressing fatty 
acid contents; the database structure (e.g., the number 
of samples, the utilized breed, the use of first parity 
or multiparous cows, the use or exclusion of repeated 
records, and the lactation stage); the utilized statistical 
model (sire or animal model); and the way in which the 
heritability is expressed (e.g., intraherd heritability or 
not).

The results of our analyses indicated that the de novo 
synthetized fatty acids and SFA were more heritable 
than the MUFA and PUFA, with a few exceptions. For 
instance, C4:0 and C6:0 showed very low heritability 
values (0.033 and 0.039, respectively). This was expect-
ed for C4:0, whose production is largely independent 
from the metabolic condensation of acetyl units and 
mostly depends on the uptake of rumen-originating 

BHB from the blood (Chilliard et al., 2007). Low 
heritability and a remarkable herd-date effect was also 
found for C6:0. This fatty acid is formed de novo in the 
mammary gland by fatty acid synthase; the activity 
of this enzyme is markedly influenced by dietary fac-
tors, and several studies reported that inhibition of de 
novo lipogenesis was more effective for C6:0 than for 
the other short-chain fatty acids (Chilliard et al., 2007; 
Shingfield et al., 2013). This latter finding is consistent 
with the notable herd-date effect found for this fatty 
acid in the current study. In addition, the contents of 
both C4:0 and C6:0 in the milk triglycerides are regu-
lated by the activity of diacylglycerol acyl-transferase, 
a key enzyme in triacylglycerol synthesis in the mam-
mary gland, which operates only at the n-3 position of 
the fatty acid carbon chain (Jensen, 2002). In Holstein, 
diacylglycerol acyl-transferase K232A polymorphism 
was shown to affect milk fatty acid composition (Schen-
nink et al., 2008; Nafikov et al., 2014). The low additive 
genetic variances found in the current work for C4:0 
and C6:0 also reflect the monomorphic nature of the 
gene encoding diacylglycerol acyl-transferase in Brown 
Swiss cattle (Conte et al., 2010). The C16:0 showed 
a moderate heritability and a notable herd-date effect 
(0.255 and 0.413, respectively), reflecting that this 
fatty acid originates partly from de novo synthesis and 
partly from bloodstream uptake (Garnsworthy et al., 
2006; Craninx et al., 2008). High herd-date effects and 
low heritability estimates were also found for odd-chain 
fatty acids and BCFA (Table 3), which is consistent 
with the existing literature (Vlaeminck et al., 2006; 
Patel et al., 2013). A previous study showed that the 
herd-date also strongly influenced LCFA, trans fatty 
acids, C18:1 trans-11 (VA), and C18:2 cis-9,trans-11 
(RA), likely reflecting the effect of dietary factors on 
the contents of these fatty acids in milk fat (Heck et al., 
2012). In Holstein cattle, high herd-date effects were 
reported for VA and RA (Stoop et al., 2008; Duchemin 
et al. 2013), and the heritability estimates for VA and 
RA ranged from null to bigger than 0.4 (Bobe et al., 
2008, Stoop et al., 2008; Mele et al., 2009).

Heritability and Herd-Date Effect  
for Desaturation Indices

The desaturation indices generally showed higher 
heritability estimates than the individual fatty acid, 
which is similar to the findings of Bilal et al. (2012) in 
a Canadian Holstein cattle population. The low herita-
bility estimate obtained for the RA-to-(RA+VA) ratio 
reflects the notable herd-date effects (likely reflecting 
dietary effects) observed for both the precursors and 
the products of this fatty acid pair. In Holstein cows, 
Garnsworthy et al. (2010) observed lower heritability 
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estimates for RA and VA and a similar heritability 
value for the RA-to-(RA+VA) ratio compared with 
those found in the current study. Some of the genetic 
variability of the milk RA content in Holstein cows 
reflects the presence of a functional SNP in exon 5 of 
the gene encoding SCD (Mele et al., 2007; Schennink et 
al., 2008). The allele frequencies of this SNP in Brown 
Swiss cattle differ from those of Holstein cattle, and the 
polymorphism was not found to influence the genetic 
variability of RA or the RA-to-(RA+VA) ratio of milk 
fat in this breed (Conte et al., 2010).

The C14 index showed the greatest heritability among 
the desaturation indices, which is consistent with previ-
ous results (Schennink et al., 2008; Mele et al., 2009; 
Garnsworthy et al., 2010). This index is considered to 
be a proxy for SCD activity (Lock and Garnsworthy, 
2003), because C14:0 is almost completely de novo 
synthetized and almost all C14:1 cis-9 originates from 
SCD activity (Bernard et al., 2006). The low heritabil-
ity found for C14:0 (0.097) in the present study con-
firms previous reports (Stoop et al., 2008; Mele et al., 
2009; Garnsworthy et al., 2010). Notably, C12:0, which 
is another MCFA sharing common origin with C14:0, 
showed lower additive genetic, herd-date, and residual 
variances. Both C14:0 and C16:0 were negatively cor-
related (Figure 1a) with the main MUFA and PUFA 
(e.g., C17:1 cis-9; C18:1 cis-9; C18:2 cis9,cis-12, and 
C18:3 cis-9,cis-12,cis-15), suggesting that the synthesis 
of C14:0 and C16:0 in the mammary gland is likely 
to be influenced by the presence of unsaturated fatty 
acids. This might be consistent with the theory that 
changes in some aspects of the milk fatty acid content 
are regulated through a mammary adaptation mecha-
nism to maintain the fluidity of the milk fat and keep its 
melting point below 39°C. In fact, unsaturated LCFA 
that originate from dietary lipids have a lower melting 
point compared with saturated fat. Thus, to maintain a 
constant value of milk fat fluidity, the mammary gland 
may counterbalance increasing fluxes of unsaturated 
dietary fatty acids by modulating de novo synthesis 
of SFA (including C14:0 and C16:0) and the C18:0 to 
C18:1 cis-9 conversion due to the Δ9-desaturase enzyme 
(Gama et al., 2008).

Genetic, Herd-Date, and Residual Correlations  
and Clustering of Fatty Acids

The matrix of the genetic correlations found in 
the current experiment generally agrees, in biological 
terms, with the known metabolic pathways of synthesis 
or transformation shared by individual fatty acids or 
groups of fatty acids (Figure 1a). The high correlation 
between short- and medium linear-chain SFA may 
reflect the activity of the fatty acid synthase mam-

mary enzyme. The correlations found between C18:2 
cis-9,cis-12 and C18:3 cis-9,cis-12,cis-15 with the long-
chain PUFA, n6 and n3, are likely to reflect the activity 
of the mammary elongase and desaturase enzymes, re-
spectively. Mammary elongase activity was also reflect-
ed by the correlations found between C18:0 and C18:1 
cis-9 with 20:0 and 20:1 cis-9, respectively (Shingfield 
et al., 2013). Interestingly, some genetic correlations ap-
peared to be influenced by metabolic processes occur-
ring in the rumen environment. For example, C18:0 was 
positively correlated with VA and RA, but negatively 
correlated with C18:2 cis-9,cis-12. All of these fatty 
acids are involved in the rumen-localized and rumen 
bacteria-mediated biohydrogenation of dietary C18:2 
cis-9,cis-12 (Buccioni et al., 2012). In addition, recent 
metagenomic studies suggested that some traits related 
to the activity of the rumen microbiome (e.g., methane 
emission) may exhibit genetic variability (Hayes et al., 
2013; Ross et al., 2012).

The herd-date variance may result from differences 
between herds in housing, management, or feeding. In 
the present study, herd-date variance explained the 
largest part of the total phenotypic variation, especially 
for the main dietary fatty acids, C18:2 cis-9,cis-12 and 
C18:3 cis-9,cis-12,cis-15, and their products of bio-
hydrogenation (the trans isomers of C18:1) and elon-
gation (the very long-chain PUFA, n6 and n3). The 
variabilities associated with the milk fat contents of the 
odd- and branched-chain fatty acid were also largely 
explained by the herd-date effect; this was especially 
true for the linear or branched fatty acids from C15:0 
to C17:0, which are considered to be influenced by the 
forage-to-concentrate ratio of the diet (Vlaeminck, et 
al., 2006). Similar considerations could be drawn for 
the long-chain PUFA.

Finally, some groups of fatty acids, particularly those 
from C6:0 to C14:0 that share a common pathway of 
de novo synthesis, showed correlations due to unknown 
environmental factors. In agreement with the work 
of Vandenplas et al. (2013), this would suggest the 
existence of genetic variance in micro-environmental 
sensitivity.

CONCLUSIONS

The present work provides a comprehensive GC anal-
ysis of the fatty acid profile in milk from Brown Swiss 
cows. Not only fatty acid groups or the most abundant 
fatty acids were included, but also those present in small 
amounts and showing benefic effects on human health. 
The existence and the relevance of genetic determin-
ism for most de novo synthetized fatty acids and SFA 
were observed, suggesting the possibility to tailor milk 
fatty acid profile and therefore improve milk fat quality 
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through genetic selection. Likewise, a large proportion 
of phenotypic variance due to herds was observed for 
most LCFA and unsaturated fatty acid, which was 
likely influenced by feeding and environmental effects 
due to the rearing system. The matrix of the genetic 
and environmental correlations found in the current 
study allowed us to define the genetic and herd-date 
relationships among fatty acids sharing common origins 
or metabolic pathways. Hence, these results allowed us 
to acquire useful information for the definition of feed-
ing or breeding strategies aimed at the improvement of 
the nutritional characteristics of milk fat.
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