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ABSTRACT

The effect of supplementation of increasing amounts
of extruded linseed in diets based on hay (H; experi-
ment 1) or corn silage (CS; experiment 2) was inves-
tigated in regard to dairy performance and the milk
fatty acid (FA) composition. In each experiment, 4
lactating multiparous Holstein cows were used in a 4
x 4 Latin square design (28-d periods). The cows were
fed a diet (50:50 and 40:60 concentrate:forage ratio for
experiments 1 and 2, respectively; dry matter basis)
without supplementation (HO or CSO0) or supplemented
with 5% (H5 or CS5), 10% (H10 or CS10), or 15% (H15
or CS15) of extruded linseed. Regardless of the forage
type, diet supplementation with increasing amounts
of extruded linseed had no effect on the dry matter
intake, milk yield, or protein content or yield. In con-
trast, the milk fat content decreased progressively from
HO to H10 diets, and then decreased strongly with the
H15 diet in response to increasing amounts of extruded
linseed. For CS diets, the milk fat content initially de-
creased from CSO to CS10, but then increased with
the CS15 diet. For the H diets, the milk saturated FA
decreased (—24.1 g/100 g of FA) linearly with increas-
ing amounts of extruded linseed, whereas the milk
monounsaturated FA (+19.0 g/100 g), polyunsaturated
FA (+4.9 g/100 g), and total trans FA (+14.7 g/100
g) increased linearly. For the CS diets, the extent of
the changes in the milk FA composition was generally
lower than for the H diets. Milk 12:0 to 16:0 decreased
in a similar manner in the 2 experiments with increas-
ing amounts of extruded linseed intake, whereas 18:0
and c¢is-9 18:1 increased. The response of total trans
18:1 was slightly higher for the CS than H diets. The
milk ¢rans-10 18:1 content increased more with the CS
than the H diets. The milk cis-9,trans-11 conjugated
linoleic acid response to increasing amounts of extruded
linseed intake was linear and curvilinear for the H diets,
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whereas it was only linear for the CS diets. The milk
18:3n-3 percentage increased in a similar logarithmic
manner in the 2 experiments. It was concluded that the
milk FA composition can be altered by extruded linseed
supplementation with increasing concentrations of po-
tentially health-beneficial FA (i.e., oleic acid, 18:3n-3,
cis-9,trans-11 conjugated linoleic acid, and odd- and
branched-chain FA) and decreasing concentrations of
saturated FA. Extruded linseed supplementation in-
creased the milk trans FA percentage.

Key words: milk n-3 fatty acid, dairy cow, extruded
linseed, hay or corn silage

INTRODUCTION

Bovine milk contains a variety of FA, some of which
may be of potential benefit to human health, including
PUFA in the n-3 FA group and the conjugated linoleic
acid (CLA) isomer cis-9,trans-11 CLA. The main n-3
FA in milk fat is linolenic acid (18:3n-3), and lower
amounts of docosahexaenoic acid (22:6n-3) and eicosa-
pentaenoic acid (20:5n-3) are also present. The 18:3n-3
FA lowers serum low-density lipoprotein cholesterol,
contributing to a decrease in the incidence of human
cardiovascular disease (CVD) risk (Shingfield et al.,
2008). The cis-9,trans-11 isomer of CLA inhibits the
growth of several human cancer cell lines, reduces the
rate of chemically induced tumor development, alters
lipoprotein metabolism, and modifies immune func-
tion in animal models (Shingfield et al., 2008). Thus,
cis-9,trans-11 CLA may have several potential benefits
in humans. Furthermore, milk is the major source of
odd- and branched-chain FA (OBCFA), which exhibit
anticarcinogenic properties (Shingfield et al., 2008).

In contrast, evidence exists that dietary SFA increase
the concentrations of low-density lipoprotein cholesterol
(Givens, 2010). Moreover, high intakes of trans FA have
been associated with a substantially increased risk of
CVD. Nevertheless, few studies have directly compared
the effects of the trans FA from milk and industrial
sources on CVD risk factors in healthy humans (review
by Givens, 2010). Chardigny et al. (2008) reported that
industrial trans FA lowered high-density lipoprotein
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(HDL) cholesterol compared with ruminant trans FA.
Moreover, Motard-Bélanger et al. (2008) noted that
moderate intake (1.5% of energy intake) of trans FA
from butter had neutral effects on plasma lipids com-
pared with a high intake (3.6% of energy intake) of
trans FA from butter. However, intake of butter rich
in trans-10 18:1 increased aortic fatty streak in rabbits
compared with butter rich in trans-11 18:1 (Roy et al.,
2007).

The dairy cow diet offers a way to rapidly modulate
the milk FA composition to enhance beneficial FA and
the highest variations can be obtained by adding oilseed
supplements to the diet (Chilliard et al., 2007; Glasser
et al., 2008). Linseed is the only common oilseed that
provides very high levels of 18:3n-3 (Petit, 2010) and
cow diets supplemented with linseed resulted in an in-
crease in the milk 18:3n-3 concentration (Chilliard et
al., 2007; Petit, 2010; Doreau et al., 2011). However,
no clear relationship can be established between cow
performance, milk FA composition, and the amounts
of linseed fed because only a few dose-response studies
have reported the effect of dietary linseed (Kennelly
and Khorasani, 1992; Deaville et al., 2004; Hurtaud et
al., 2010). These previous studies reported the effect
of increasing doses of processed linseed (from 7 to 21%
of DMI) with grass silage diets (Deaville et al., 2004),
whole linseed (from 5 to 15%) with grass silage diets
(Kennelly and Khorasani, 1992) or extruded linseed (2
and 4%) with corn silage (CS) diets (Hurtaud et al.,
2010). In these studies, the range of linseed increase
(from 2 to 4% seeds in DMI) was low, the experimental
design did not include a control diet, or the milk FA
composition was not sufficiently detailed to characterize
precisely the effects of linseed on the milk FA profile.
Moreover, although strong interactions have been noted
between the forage type and linseed oil feeding (Chill-
iard and Ferlay, 2004), to our knowledge, no research
has been published comparing the effects of extruded
linseed supplementation when added to different types
of forages. Thus, our aim was to analyze the effects of
increasing dietary concentrations of extruded linseed,
from 0 to 15% of DMI, added to either hay (H)- or
CS-based diets on dairy cow performance and the milk
FA composition performed on 2 successive experiments.

MATERIALS AND METHODS

Two experiments were performed during 2 succes-
sive years using a protocol approved by the Animal
Care Committee of Institut National de la Recherche
Agronomique (INRA; Clermont-Ferrand, France). All
procedures were conducted in accordance with French
guidelines for the use of experimental animals and com-
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pliant with animal welfare and good practice (Veissier,
1999).

Animals, Experimental Design, and Diets

Experiment 1. To allow the cows to adapt to natu-
ral grassland H-based diets, 4 lactating multiparous
Holstein cows were fed a diet rich in natural grassland
H for 3 wk before the first experimental period. These
lactating cows (117 + 26 DIM, 655 kg of BW) cannu-
lated at the rumen and duodenum were used in a 4 x 4
Latin square design during four 4-wk periods to evaluate
the responses to diets with a 50:50 concentrate:forage
ratio supplemented (on a DM basis) with 0 (HO), 7,
14, or 21% extruded linseed mixture (extruded mixture
of linseed:wheat bran, 70:30; Valorex, Combourtillé,
France) so that the extruded linseed represented 5
(H5), 10 (H10), and 15% (H15) of the dietary DMI,
respectively. The control concentrate contained linseed
meal, wheat bran, and corn grain, which were sub-
stituted for the supplemented diets, in part, with the
extruded linseed mixture. The concentrate mixture was
homogeneously blended with the extruded linseed and
other cereals and meal, and the mixture was prepared
daily. Portions of 60 and 40% of the daily amount were
offered at 0900 and 1630 h, respectively; H was offered
in equal amounts at 0900, 1330, and 1630 h.

Experiment 2. The same experimental design as
that in experiment 1 was used. Four lactating multipa-
rous Holstein cows were adapted to a CS-based diet
during the 3 wk before the experiment. The cows (96 +
29 DIM, 668 kg of BW) cannulated at the rumen and
the duodenum were used in a 4 x 4 Latin square design
during four 4-wk periods to evaluate the responses to
diets with a 40:60 concentrate:forage ratio (CS forage
plus 1 kg of natural grassland H) supplemented (on a
DM basis) with 0 (CS0), 7, 14, or 21% extruded lin-
seed mixture (extruded mixture of linseed:wheat bran,
70:30; Valorex) so that the extruded linseed represented
5 (CS5), 10 (CS10), or 15% (CS15) of dietary DMI,
respectively. The control concentrate contained linseed
meal, soybean meal, wheat bran, and corn grain, which
were substituted for the supplemented diets, in part,
with the extruded linseed mixture. The concentrate
mixture was homogeneously blended with the extruded
linseed and other cereals and meal. The mixture was
prepared daily and was offered in 2 amounts (60 and
40%) at 0900 and 1630 h, respectively. Hay and CS
were offered in equal amounts at 0900 and 1630 h.

For the 2 experiments, the desired concentrate:forage
ratio was obtained by the daily adjustment of the for-
age and concentrate amounts offered, depending on
the refusals of the previous day and being greater than
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those ingested previously. The diets were formulated
in an attempt to cover 105% of the INRA energy and
protein requirements for maintenance and lactation
(INRA, 2007). The first 5 d of each experimental period
were used as a transition between the treatments. The
cows were housed in a tie-stall barn during the experi-
ment and were milked at 0600 and 1700 h.

Sampling, Measurements, and Analyses

For the 2 experiments, samples of all the forages,
concentrates, and feed refusals were collected daily
during wk 4 of each experimental period, and the feed
samples obtained during this week were pooled to pro-
vide 1 sample per period and stored at —20°C. The
feed DM concentration was determined after drying at
103°C for 24 h. Samples of all feedstuffs (forages and
concentrates) were lyophilized, sieved through a 1-mm
screen and analyzed for OM, CP, crude fiber, starch,
and ether extract using standard procedures (AOAC
International, 1997), and NDF and ADF analyses ac-
cording to Van Soest et al. (1991). The cow BW was
recorded at the beginning and the end of each experi-
ment. The milk production and DMI were recorded
daily throughout the experiment. The milk was sam-
pled at each milking during the last 5 d of wk 4. One
50-mL aliquot from each of these milkings containing
potassium bichromate (Merck Chimie SAS, Fontenay-
sous-Bois, France) was stored at 4°C until analyzed for
the fat, protein, and lactose content and the SCC by
infrared analysis (AOAC International, 1997) using a
3-channel spectrophotometer [Centre Interprofessionnel
Laitier Auvergne Limousin (CILAL), Theix, France].
Additionally, 3-mL aliquots from 2 consecutive milk-
ings on the last day of wk 4 were also collected and
stored at —20°C until the end of the experiment before
lyophilization (Thermovac TM-20; Froilabo, Ozoir-la-
Ferriere, France) and FA analysis. Once lyophilized,
these samples were composited based on the a.m. and
p-m. milk production (60:40).

The FA composition of feedstuffs was determined
using ground lyophilized samples of the forages and
concentrates, which were methylated as described by
Sukhija and Palmquist (1988), with modifications
(Loor et al., 2004). Tricosanoate (Sigma-Aldrich Che-
mie S.a.r.l., Saint-Quentin Fallavier, France) was used
as an internal standard.

The FA in the lyophilized milk were directly methyl-
ated as described by Ferlay et al. (2010). Briefly, the
lipids in the lyophilized milk samples were directly
methylated using 2 mL of 0.5 M sodium methoxide
plus 1 mL of hexane at 50°C for 5 min, followed by
cooling with the addition of 75 pL of 12 M HCI at
room temperature for 10 min. The FA methyl esters
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(FAME) were recovered in 3 mL of hexane and washed
with 3 mL of water. The samples were injected using
an autosampler into a Trace-GC 2000 series gas chro-
matograph equipped with a flame ionization detector
(Thermo Finnigan, Les Ulis, France). The FAME from
all the samples were separated on a 100-m x 0.25-mm
i.d. fused-silica capillary column (CP-Sil 88; Chrom-
pack, Middelburg, the Netherlands). The injector
temperature was maintained at 250°C and the detector
temperature at 255°C. The initial oven temperature
was held at 70°C for 1 min, increased by 5°C/min to
100°C (held for 2 min), increased by 10°C/min to 175°C
(held for 40 min), and then increased by 5°C/min to a
final temperature of 225°C (held for 15 min). The car-
rier gas was hydrogen. The FAME peaks were routinely
identified by a comparison of the retention times with
authentic FAME standards (GLC 463, Nu-Chek Prep
Inc., Elysian, MN; reference mixture 47 885, Supelco
Inc., Bellefonte PA) and a mixture of C18:1, C18:2,
and CLA isomers (Loor et al., 2005a). Isomers of CLA
were identified using authentic CLA methyl ester stan-
dards (05632; Sigma-Aldrich Chemie S.a.r.l.), and the
elution order of the isomers reported in the literature
(Shingfield et al., 2008). A reference standard butter
(CRM 164; Commission of the European Communities,
Community Bureau of Reference, Brussels, Belgium)
was used to estimate the correction factors for the
short-chain FA (4:0 to 10:0).

Blood samples were obtained on d 2 of wk 4 of each
experimental period from each cow; the samples were
collected before the morning feeding from the jugular
and abdominal mammary veins by venipuncture using
EDTA-containing (0.47 mol/L) evacuated blood col-
lection tubes (Elvetec Services, Meyzieu, France). The
plasma was separated immediately after sampling by
centrifugation at 3,000 x ¢ for 15 min at 4°C. Plasma
samples were frozen at —20°C until analyzed for NEFA,
glucose, acetate, and BHBA. The plasma glucose,
NEFA, and acetate concentrations were determined
spectrophotometrically using the glucose dehydro-
genase method (glucose RTU kit; bioMérieux, Lyon,
France), the acyl-CoA synthetase method (Wako-
Unipath NEFA-C kit; Oxoid SA, Dardilly, France), and
the L-malate dehydrogenase/citrate synthase/acyl-CoA
synthetase method (EnzyPlus, EZA811; Diffchamb SA,
Lyon, France), respectively. The BHBA concentration
was determined using the enzymatic method reported
by Brashear and Cook (1983).

Statistical Analyses

For experiment 1, the data for 1 cow fed the H15
diet during the fourth period were excluded because of
acute mastitis. For experiment 2, the data for 2 cows
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fed the CS5 diet were excluded because of subacute
mastitis, the first one during the second period and the
other during the fourth period.

For each experiment, the data for the DMI, milk
production and composition, FA in the milk fat, and
plasma metabolites are reported as least squares means
+ standard error of the mean. The data were analyzed
separately for the 2 experiments as a Latin square using
PROC MIXED of SAS (SAS Institute, 2003). The sta-
tistical model included factors of cow, period, diet, and
residual error. The fixed effects included the period and
diet, and the cow was the random effect. Compound
symmetry was the covariance structure for period. Lin-
ear and quadratic contrast statements were used to test
the effect of the increasing amounts of extruded linseed.
Significance was declared at P < 0.05 and trends were
considered at 0.05 < P < 0.10.

Furthermore, the relationships between the milk fat
content, and the selected milk FA were studied using
correlation calculations (SAS Institute, 2003). To ana-
lyze the interaction between the nature of the forage
and increasing amounts of extruded linseed, the data in
Figures 1 and 2 (milk fat content, 18:3n-3 intake, and
selected milk FA) were analyzed by multiple linear re-
gressions (SAS Institute, 2003). For Figure 1, the model
used was as follows:

Milk concentration of selected FA (g/100 g of total

FA) = slope 1 x amount intake of 18:3n-3 (g/d)
+ slope 2 x nature of forage (H vs. CS) + intercept 1.

For Figure 2, the model used was as follows:

Milk fat content (g/kg) = slope 3 x milk
concentration of selected FA (g/100 g of total FA)
+ slope 4 x nature of forage (H vs. CS) + intercept 2.

Finally, a principal components analysis (PCA) was
performed using Statistica software (StatSoft France,
Maisons-Alfort, France) to evaluate the relationships
between the milk percentages of 68 individual FA, milk
yield, milk fat content, and yield on one hand, and the
variations due to the cow and diet on the other hand.

RESULTS
Intake, Milk Production, and Plasma Metabolites

Ezxperiment 1. By design, the extruded linseed in-
take increased from HO to H15 diets (linear effect, P
< 0.001), whereas the linseed meal, wheat bran, and
corn grain intakes decreased (linear effect, P < 0.001;
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Table 1). The H intake decreased (quadratic effect, P
< 0.05) initially from HO to H5 diets, and then it in-
creased with the H15 diet. By design, the starch intake
decreased linearly (P < 0.01) from HO to H15 diets, and
the ether extract and individual FA intake increased
linearly (P < 0.001) from HO to H15 diets. The milk,
protein, and lactose yields, and the lactose content
did not differ between the diets, whereas the milk fat
content decreased in a quadratic manner (P < 0.05)
from 35.9 g/kg for HO to 29.1 g/kg for H15 diets, with
most of the decrease occurring between H10 and H15
diets. The milk fat yield decreased numerically between
H10 and H15 diets. The milk protein content initially
decreased (quadratic effect, P < 0.05) from HO to H10
diets, and then increased with the H15 diet. The net
energy balance increased linearly (P < 0.05) from H5
to H15 diets.

Feeding increasing amounts of extruded linseed tend-
ed (P < 0.10) to result in lower jugular concentrations
of BHBA. The jugular-mammary venous difference for
NEFA was slightly positive (linear effect, P < 0.01) for
HO and slightly negative for the other diets (Table 2).

Experiment 2. As observed for experiment 1, by
design, the extruded linseed intake increased linearly
(P < 0.001) from the CSO to CS15 diets, whereas the
linseed meal, wheat bran, and corn grain intakes de-
creased (linear effect, P < 0.001; Table 3). By design,
the ether extract (P < 0.001) and individual FA intake
increased linearly from CSO to CS15 diets, and intakes
and balances of net energy and protein digestible in the
intestines did not differ between the diets. Although
the milk yield, protein and lactose contents, and pro-
tein and lactose yields did not differ between the diets
(Table 3), the milk fat content initially decreased (qua-
dratic effect, P < 0.05) from 33.8 g/kg for CSO to 27.1
g/kg for CS10 diets, but then increased with the CS15
diet (31.2 g/kg). The milk fat yield decreased numeri-
cally from CSO to CS10 diets.

The jugular BHBA concentration increased initially
from CSO to CS5 diets and then decreased with the
CS15 diet (quadratic effect, P < 0.05). The jugular ac-
etate concentration decreased with increasing amounts
of extruded linseed (linear contrast, P < 0.05).

The jugular-mammary venous difference for acetate
decreased between CS5 and CS10 diets (linear effect,
P < 0.05). The jugular-mammary venous difference for
BHBA tended (linear effect, P < 0.10) to be lower with
the CS15 compared with the CS10 diet (Table 4).

Milk FA Composition

Experiment 1. The milk FA composition was
strongly influenced by increasing amounts of extruded
linseed in the diet (Table 5). The milk SFA decreased
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Figure 1. Relationships between 18:3n-3 intake and selected FA percentages in milks from Holstein cows fed natural grassland hay- [triangles
and solid line; experiment 1 (Expl); n = 15] or corn silage-based [squares and dashed line; experiment 2 (Exp2); n = 14] diets without supple-
mental extruded linseed or supplemented with extruded linseed at 5, 10, or 15% of DM. The selected milk FA can also be predicted by a linear
combination of 18:3n-3 intake (x; g/100 g of total FA) and nature of forage (z; hay forage considered as 0). Regression curves within experiment
were represented when P < 0.05. (a) y = —0.04x (P < 0.001) + 0.17z (NS) + 50.2 (P < 0.001), r = 0.93; (b) y = 0.009x (P < 0.001) — 0.56z
(NS) + 10.6 (P < 0.001), r = 0.67; (¢) y = 0.01x (P < 0.001) + 0.87z (NS) + 12.7 (P < 0.001), r = 0.78; (d) y = 0.02x (P < 0.001) + 1.9z (P
< 0.05) — 0.61 (NS), r = 0.93; (e) y = 0.006x (P < 0.001) + 2.0z (P < 0.01) — 3.2 (P < 0.01), r = 0.75; (f) y = 0.004x (P < 0.01) — 0.97z (P
< 0.10) 4+ 3.0 (P < 0.01), r = 0.59; (g) y = 0.001x (P < 0.01) — 0.27z (P < 0.10) 4+ 0.96 (P < 0.001), r = 0.61; (h) y = 0.002x (P < 0.001) —
0.06z (NS) + 0.62 (P < 0.001), r = 0.90. ¢ = cis; t = trans; CLA = conjugated linoleic acid.
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Figure 2. Relationships between milk fat content and selected FA percentages in milks from Holstein cows fed natural grassland hay- [tri-
angles and solid line; experiment 1 (Expl); n = 15] or corn silage-based [squares and dashed line; experiment 2 (Exp2); n = 14| diets without

supplemental extruded linseed or supplemented with extruded linseed at 5, 10, or 15% of DM. The milk fat content (y; g/kg) can also be pre-
dicted by a linear combination of a selected milk FA (x; g/100 g of total FA) and nature of forage (z; hay forage considered as 0). Regression
curves within experiment were represented when P < 0.05. (a) y = —0.84x (P < 0.001) — 2.6z (P < 0.05) + 51.3 (P < 0.001); (b) y = —0.71x
(P < 0.05) — 1.8z (NS) + 36.7 (P < 0.001); (c¢) y = —48.8x (NS) — 3.7z (P < 0.05) + 38.8 (P < 0.001); (d) y = —3.6x (P < 0.05) — 3.5z (P <
0.05) + 42.3 (P < 0.001). ¢ = cis; t = trans; CLA = conjugated linoleic acid.

linearly (—24.1 g/100 g of total FA between HO and
H15 diets, P < 0.001) with increasing amounts of ex-
truded linseed, whereas the milk MUFA (419.0 g/100
g of FA, P < 0.001), PUFA (+4.85 g/100 g of FA, P
< 0.001), and total trans FA (+14.7 g/100 g of FA, P
< 0.001) contents increased linearly. The total n-3 FA
increased linearly (+1.18 g/100 g of FA, P < 0.001)
and the n-6:n-3 ratio decreased in a linear (P < 0.001)
manner. The n-6:n-3 ratio decreased from HO to H15
diets, at a greater rate with the H5 diet (quadratic
effect, P < 0.01).

The milk percentages of saturated short-chain FA
decreased in a linear manner (P < 0.05 for 4:0 and P
< 0.001 for 6:0, 8:0, and 10:0) by 1.3, 1.3, 0.9, and 2.3
g/100 g of FA for 4:0, 6:0, 8:0, and 10:0, respectively,
with H15 compared with HO diets. The milk percent-
ages of saturated medium-chain FA decreased in a
quadratic manner (P < 0.05 for 12:0 and 14:0, and P
< 0.01 for 16:0) from 4.24, 13.9, and 30.6 g/100 g of
FA for HO to 1.87, 7.6, and 15.8 g/100 g of FA for the
H15 diet, with most of the decrease occurring between
HO and H5 diets, for 12:0, 14:0, and 16:0, respectively.
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The milk percentage of 18:0 increased in a quadratic
manner (P < 0.05), with most of the increase occurring
between HO and H5 diets. Then, it plateaued from H5
to H15 diets.

The percentage of cis-9,trans-11 CLA and the sum of
CLA increased in a linear (P < 0.05) and quadratic (P
< 0.05) manner, increasing to the highest value for the
H10 diet (1.64 and 1.89 g/100 g of FA, respectively), and
then decreasing to 1.12 and 1.28 g/100 g of FA between
H10 and H15 diets, respectively. The milk percentage
of ¢is-9,cis-11 CLA increased in a quadratic manner (P
< 0.05), increasing to the highest value for H10 (0.12
g/100 g of FA), and then decreasing to 0.05 g/100 g
of FA for the H15 diet. The milk ¢is-9,trans-13 (P <
0.001), trans-11,cis-15 (P < 0.001), and c¢is-9,trans-12
18:2 (P < 0.01), and 18:3n-3 (P < 0.001) percentages
increased linearly with increasing amounts of extruded
linseed. In contrast, the milk 18:2n-6 and total n-6 FA
percentages did not differ between the diets. The milk
20:3n-6 (P < 0.001) and 20:4n-6 (P < 0.01) percent-
ages as well as eicosapentaenoic acid (P < 0.001) and
docosapentaenoic acid (22:5n-3; P < 0.05) percentages
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Table 1. Dry matter intake and milk production and composition in Holstein cows fed natural grassland hay (H) diets without supplemental
extruded linseed or supplemented with extruded linseed at 5% (H5), 10% (H10), or 15% (H15) of DM (experiment 1)

Diet Contrast (P-value)
Ttem HO H5 H10 H15 SEM Linear Quadratic
DMI (kg/d)
Natural grassland hay' 10.4 9.3 9.7 10.0 0.36 N§? 0.05
Extruded linseed + wheat bran 0 1.32 2.83 4.31 0.128 <0.001 NS
Linseed meal 1.93 1.16 0.62 0.02 0.046 <0.001 0.10
Wheat bran 1.33 0.80 0.43 0 0.030 <0.001 NS
Corn grain 1.32 0.84 0.53 0.16 0.036 <0.001 NS
Concentrate’ 5.75 5.25 5.52 5.54 0.189 NS NS
Total' 20.9 18.8 19.8 20.2 0.70 NS 0.10
Selected nutrient intake (kg/d)
OM 19.1 174 18.4 18.6 0.72 NS NS
CP 2.85 2.56 2.68 2.68 0.103 NS NS
NDF 9.72 8.89 9.48 9.78 0.368 NS NS
ADF 4.28 3.95 4.25 4.40 0.168 NS NS
Starch 2.48 2.14 2.13 1.99 0.079 0.01 NS
Ether extract 0.43 0.68 1.02 1.30 0.048 <0.001 NS
FA (g/d)
16:0 87.3 96.6 121.1 139.9 4.66 <0.001 NS
18:0 10.4 21.6 36.1 48.3 1.50 <0.001 NS
cis-9 18:1 86.4 133.8 202.0 257.7 8.13 <0.001 NS
cis-11 18:1 8.0 9.8 13.0 15.6 0.52 <0.001 NS
18:2n-6 151.9 183.3 243.8 291.2 9.63 <0.001 NS
18:3n-3 103.2 298.0 538.5 740.6 23.21 <0.001 NS
Net energy intake” (MJ/d) 109 104 116 123 4.7 0.05 NS
PDI® (g/d) 1,958 1,832 1,986 2,027 75.8 NS NS
Milk (kg/d) 26.1 25.8 28.3 28.0 1.63 NS NS
Composition (g/kg)
Fat 35.9 35.0 35.0 29.1 1.19 0.01 0.05
Protein 30.5 29.1 28.8 30.0 0.59 NS 0.05
Lactose 49.4 48.7 48.4 48.8 1.21 NS NS
Yield (g/d)
Fat 936.5 905.8 981.5 804.7 69.82 NS NS
Protein 796.5 750.5 812.3 840.4 52.07 NS NS
Lactose 1,288.8 1,261.1 1,364.4 1,374.2 85.19 NS NS
Log SCC 4.69 4.22 4.43 4.08 0.614 NS NS
Balance’
Net energy (MJ/d) —5.86 —8.39 —2.87 10.38 3.859 0.05 0.10
PDI (g/d) 293 242 297 298 50.1 NS NS
"Long-cut natural grassland hay.
NS = P > 0.10.

*Concentrate (g/kg): wheat (200), barley (200), dehydrated sugar beet pulp (310), toasted rapeseed meal (150), soybean meal (87), molassed

sugar beet (20), and MgO, CaCO;, CaHPO,, and binders (30).

“Total DMI plus mineral-vitamin mix. Minerals (%):
kg): vitamin A (6,000), vitamin Dj (1,250), and vitamin E (10 mg/kg).

From Institut National de la Recherche Agronomique (INRA, 2007).
SPDI = protein digestible in the intestines (INRA, 2007).

P (0.8), Ca (1), Mg (0.5), and Na (0.5). Trace elements (mg/kg): Cu (15). Vitamins (IU/

"Balance = intake, maintenance, and production requirements, calculated according to INRA (2007).

decreased linearly with extruded linseed supplementa-
tion from HO to H15 diets.

All individual odd- and even-branched-chain FA and
odd-linear-chain FA decreased in a linear manner with
increasing amounts of extruded linseed (except 7:0, iso
17, and iso 18). The percentages of 7:0 (quadratic ef-
fect, P < 0.01) and 13:0 (quadratic effect, P < 0.05)
initially decreased from HO to H10 diets and then in-
creased with the H15 diet. The percentage of iso 15
initially plateaued and then decreased from H5 to H15
diets (quadratic effect, P < 0.05). The percentage of

anteiso 17 was higher with the H5 diet and lower with
the H15 diet (quadratic effect, P < 0.01).

Transfer efficiency from intake to milk for 18:2n-6
(from 9.9 to 4.4% for HO to H15 diets, respectively)
and 18:3n-3 (from 6.7 to 2.1%) decreased linearly (P <
0.001) with increasing amounts of extruded linseed in
the diet.

The total trans (+10.8 g/100 g of FA, P < 0.001)
and cis (+9.2 g/100 g of FA, P < 0.01) isomers of 18:1
and the percentages of individual trans and cis isomers
of 18:1 increased linearly from HO to H15 diets (Table
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Table 2. Plasma metabolite concentrations and differences between jugular and mammary venous concentrations of metabolites in Holstein
cows fed natural grassland hay (H) diets without supplemental extruded linseed or supplemented with extruded linseed at 5% (H5), 10% (H10),

or 15% (H15) of DM (experiment 1)

Diet Contrast (P-value)

Ttem HO H5 H10 H15 SEM Linear Quadratic
Jugular concentration (mM)

Acetate 0.350 0.470 0.331 0.232 0.0650 Ns! NS

BHBA 0.343 0.318 0.280 0.197 0.0617 0.05 NS

Glucose 3.967 3.889 4.044 4.078 0.1293 NS NS

NEFA 0.100 0.120 0.091 0.111 0.0234 NS NS
Jugular-mammary venous difference (mM)

Acetate 0.149 0.289 0.170 0.114 0.0654 NS NS

BHBA 0.154 0.126 0.113 0.028 0.0415 NS NS

Glucose 0.967 0.722 0.972 0.700 0.1249 NS NS

NEFA 0.005 —0.022 —0.066 —0.018 0.0190 0.01 NS
NS = P> 0.10.

6). The percentage of the trans-10 isomer increased in
a linear (P < 0.001) and quadratic (P < 0.05) manner,
with the highest value for the H15 diet. The percentage
of the trans-11 isomer increased in a linear (P < 0.05)
and quadratic (P < 0.05) manner, increasing to the
highest value (5.61 g/100 g of FA) for the H10 diet,
and then decreasing to 3.20 g/100 g of FA for the H15
diet. The milk ¢is-12 isomer increased in a linear (P
< 0.001) and quadratic (P < 0.05) manner, with the
highest value for the H15 diet and with the highest in-
crease between HO and H5 diets. The milk cis-15 isomer
increased in a linear (P < 0.001) and quadratic (P <
0.01) manner, with the highest value for H15, and with
the highest increase between H10 and H15 diets.

Experiment 2. The ranges among treatments in the
milk FA composition from this experiment were gener-
ally lower than for experiment 1 (Table 7). The milk
SFA content decreased linearly (—21.0 g/100 g of FA,
P < 0.01) with increasing amounts of extruded linseed,
whereas the milk MUFA (417.1 g/100 g of FA, P <
0.01), PUFA (43.2 g/100 g of FA, P < 0.001), and total
trans FA (+14.8 g/100 g of FA, P < 0.01) contents in-
creased. The total n-6 FA (P < 0.05) decreased and n-3
FA (+1.03 g/100 g of FA, P < 0.01) increased linearly,
and the n-6:n-3 ratio decreased in a linear manner (P
< 0.001) with increasing amounts of extruded linseed.
The n-6:n-3 ratio decreased strongly from CS0O to CS5
diets, and then decreased slightly with the CS15 diet
(quadratic effect, P < 0.01).

The milk percentages of saturated short- and medi-
um-chain FA decreased by 0.9, 1.2, 0.7, 1.9, and 2.0
g/100 g of FA for 4:0 (P < 0.05), 6:0, 8:0, and 10:0 (P <
0.01), and 12:0 (P < 0.001), respectively, from CSO to
CS15 diets. The milk percentages of 14:0 (—5.9 g/100
g of FA) and 16:0 (—14.9 g/100 g of FA) decreased
linearly (P < 0.001) from CSO to CS15 diets. The milk
percentage of 18:0 increased linearly (P < 0.05) from
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CS0 to CS15 diets. The response of c¢is-9,trans-11 CLA
percentage to increasing amounts of extruded linseed
was linear (P < 0.01). The responses of trans-11,cis-15
18:2 initially increased at a greater rate with the CS5
diet, but then slightly increased with the CS10 and
CS15 diets (quadratic effect, P < 0.05). The 20:2n-6
and 20:3n-6 content decreased linearly. The percentage
of 20:3n-6 initially decreased from CS0O to CS10 diets
and then increased (quadratic effect, P < 0.05). For
OBCFA, only iso 14 and 15:0 decreased linearly (P <
0.05) with increasing amounts of linseed, whereas iso 17
increased from CSO to CS10 diets and then plateaued
(linear effect, P < 0.01, quadratic effect, P < 0.10).

The transfer efficiency from intake to milk for 18:2n-
6 (from 6.5 to 3.8%, P < 0.05) and 18:3n-3 (from 6.2
to 2.1%, P < 0.001) decreased linearly with increasing
amounts of extruded linseed in the diet. The transfer
efficiency for 18:3n-3 initially decreased strongly from
CS0 to CS5 diets, but then decreased slightly (qua-
dratic effect, P < 0.01).

The total trans (+12.14 g/100 g of FA, P < 0.01) and
cis (+5.94 g/100 g of FA, P < 0.01) isomers of 18:1 and
the percentages of individual trans and cis isomers of
18:1 increased linearly from CSO to CS15 diets (Table
8), except for the trans-10, trans-11, and cis-12 isomers.

Relationships Between Milk FA and Increas-
ing Amounts of 18:3n-3 Intake. The data for the
relationships between selected milk FA and 18:3n-3 in-
take for the 2 experiments are reported in Figure 1. The
milk percentage of the sum of 12:0 to 16:0 decreased in
a similar manner in the 2 experiments with increasing
18:3n-3 intake. The increases of the milk stearic and
oleic acids with increasing 18:3n-3 intake did not differ
between the 2 forages (P > 0.10). The increase of the
total trans 18:1 was slightly higher (P < 0.01) for the CS
than for the H diets. The milk ¢rans-10 18:1 increased
(P < 0.01) more with the CS than with the H diets in
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Table 3. Dry matter intake and milk production and composition in Holstein cows fed corn silage (CS) diets without supplemental extruded
linseed or supplemented with extruded linseed at 5% (CS5), 10% (CS10), or 15% (CS15) of DM (experiment 2)

Diet Contrast (P-value)
Ttem CS0 CS5 CS10 CS15 SEM Linear Quadratic
DMI (kg/d)
Natural grassland hay' 0.84 0.74 0.77 0.80 0.032 N§? 0.10
Corn silage 104 10.2 9.8 9.3 0.72 NS NS
Extruded linseed + wheat bran 0.00 1.31 2.52 3.54 0.096 <0.001 NS
Soybean meal 1.12 1.09 1.09 1.01 0.072 NS NS
Linseed meal 1.64 1.08 0.58 0.00 0.109 0.001 NS
Wheat bran 1.13 0.74 0.33 0.00 0.081 0.001 NS
Corn grain 1.13 0.73 0.32 0.00 0.079 0.001 NS
Concentrate® 2.26 2.10 2.15 1.94 0.172 NS NS
Total® 18.7 18.2 17.7 16.7 1.19 NS NS
Selected nutrient intake (kg/d)
OM 17.3 16.9 16.6 15.7 1.11 NS NS
CP 2.67 2.59 2.54 2.35 0.171 NS NS
NDF 7.63 7.53 7.52 7.29 0.496 NS NS
ADF 3.62 3.67 3.77 3.73 0.232 NS NS
Starch 5.07 4.67 4.28 3.83 0.353 NS NS
Ether extract 0.49 0.81 1.09 1.31 0.0475 <0.001 NS
FA (g/d)
16:0 81.1 99.3 114.9 125.8 7.28 0.01 NS
18:0 11.5 23.4 34.1 42.8 1.68 <0.001 NS
cis-9 18:1 108.7 159.6 203.8 237.6 11.32 <0.001 NS
cis-11 18:1 7.3 10.2 12.9 14.8 0.64 <0.001 NS
18:2n-6 248.2 289.2 322.2 344.1 20.90 0.05 NS
18:3n-3 69.6 276.3 463.1 621.2 21.79 <0.001 NS
Net energy intake® (MJ/d) 113 115 111 114 7.5 NS NS
PDI° (g/d) 1,764 1,685 1,576 1,710 112.8 NS NS
Milk (kg/d) 25.3 25.2 23.6 25.1 3.71 NS NS
Composition (g/kg)
Fat 33.8 30.7 27.1 31.2 1.44 0.05 0.05
Protein 30.4 28.9 29.9 30.6 1.39 NS NS
Lactose 48.7 49.0 47.0 474 1.41 NS NS
Yield (g/d)
Fat 858.0 745.0 646.0 799.3 140.46 NS NS
Protein 761.8 724.0 699.8 751.8 84.18 NS NS
Lactose 1,228.2 1,231.0 1,122.2 1,213.5 198.26 NS NS
Log SCC 5.85 5.90 5.76 5.90 0.436 NS NS
Balance’
Net energy (MJ/d) 4.59 14.62 4.56 16.84 7.976 NS NS
PDI (g/d) 5 257 —91 231 198.1 NS NS

"Long-cut natural grassland hay.’NS = P > 0.10.

*Concentrate: (g/kg): wheat (200), barley (200), dehydrated sugar beet pulp (310), toasted rapeseed meal (150), soybean meal (87), molassed

sugar beet (20), and MgO, CaCO;, CaHPO,, and binders (30).
“Total DMI plus mineral-vitamin mix. Minerals (%):
kg): vitamin A (6,000), vitamin Dj (1,250), and vitamin E (10 mg/kg).
’From Institut National de la Recherche Agronomique (INRA, 2007).
SPDI = protein digestible in the intestines (INRA, 2007).

P (0.8), Ca (1), Mg (0.5), and Na (0.5). Trace elements (mg/kg): Cu (15). Vitamins (IU/

"Balance = intake, maintenance, and production requirements, calculated according to INRA (2007).

response to increasing 18:3n-3 intake. In contrast, the
milk ¢rans-11 18:1 percentage tended to increase (P <
0.10) more strongly with H than CS. The response of
the milk c¢is-9,trans-11 CLA to increasing amounts of
18:3n-3 intake tended to be (P < 0.10) curvilinear for
the H diets, whereas it tended to increase only slightly
for the CS diets. The milk 18:3n-3 percentage increased
in a similar logarithmic manner in the 2 experiments.
A PCA was performed to summarize the correlations
among the different milk FA percentages and the varia-

tion induced by the nature of the forage and increasing
amounts of linseed in the diet (Figure 3). The first and
second principal components (PC1 and PC2, respec-
tively) described 56.1% of the total variation. The
score plots (Figure 3a) show that the samples from the
different animals and periods were mainly distributed
according to the decreasing amount of extruded linseed
in the diet along the PC1 axis. The PC2 axis separated
the observations according to the nature of the forage,
with H in the positive range. Several SFA (6:0, 8:0,
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Table 4. Plasma metabolites and differences between jugular and mammary venous concentrations of metabolites in Holstein cows fed corn
silage (CS) diets without supplemental extruded linseed or supplemented with extruded linseed at 5% (CS5), 10% (CS10), or 15% (CS15) of
DM (experiment 2)

Diet Contrast (P-value)

Item CSo CS5 CS10 CS15 SEM Linear Quadratic
Jugular concentration (mM)

Acetate 0.159 0.153 0.050 0.027 0.0314 0.05 NS!

BHBA 0.191 0.231 0.190 0.059 0.0460 0.01 0.05

Glucose 4.133 4.078 4.256 3.950 0.1320 NS NS

NEFA 0.184 0.264 0.263 0.239 0.0626 NS NS
Jugular-mammary venous difference (mM)

Acetate 0.135 0.111 0.030 0.013 0.0297 0.05 NS

BHBA 0.106 0.099 0.124 0.025 0.0361 0.10 NS

Glucose 0.689 0.650 0.711 0.328 0.2263 NS NS

NEFA 0.025 —0.004 0.002 —0.079 0.0419 NS NS
'NS = P> 0.10.

10:0, 12:0, 14:0, and 16:0), c¢is-9 10:1, and 20:3n-6 were
positively correlated with PC1 (Figure 3b). The cis
(9, 13, and 15) and trans (6+7+8, 12, 13+14, and 16)
isomers of 18:1; trans-11,cis-15, cis-9,trans-12, and cis-
9,trans-13 18:2; and 18:3n-3 were negatively correlated
with PC1. The milk fat content was positively corre-
lated with PC1. The trans-11 18:1, cis-9,cis-11 CLA,
20:0, 22:0, 24:0, and 20:5n-3 percentages were positively
correlated with PC2, whereas cis-11 and trans-11 16:1,
and 20:2n-6 were negatively correlated. The milk sam-
ples rich in 10:0, cis-9 10:1, and 12:0 were closely asso-
ciated with the HO diets, whereas milk samples rich in
18:0; trans-11 18:1; and cis-9,trans-11, cis-9,cis-11, and
trans-11,trans-13 CLA were associated with the H10 or
H15 diets. Milk samples with high trans-10 and cis-11
18:1, and trans-9,trans-12 18:2 contents were essentially
associated with the CS10 diet.

The milk trans-10, cis-13, and cis-15 18:1 percent-
ages had the most negative linear correlations (Table
9) with the milk fat content for the H-based diets,
whereas the trans-134+14, cis-9, cis-14, and cis-15 18:1;
cis-9,trans-13 18:2; and trans-10,cis-12 CLA (Figure 2)
percentages had the most negative linear correlations
for the CS-based diets (Table 9).

DISCUSSION

Effects of Linseed Supplementation
on Milk Yield and Protein Content

The effect of extruded linseed supplementation on
the milk protein content or yield is inconsistent in the
literature. Egger et al. (2007) reported no effect of ex-
truded linseed; in contrast, others reported a marked
reduction in the protein content, combined with (Hur-
taud et al., 2010) or without (Gonthier et al., 2005;
Akraim et al., 2007; Chilliard et al., 2009; Ferlay et al.,
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2010) an increase in milk yield. The trend of reduced
milk protein content for the H10 diet in the present
trial could be due to a dilution effect on the milk pro-
tein, as the milk yield numerically increased for this
diet, without a change in total protein output.

Effects of Linseed Supplementation on Milk Fat
Content According to the Nature of the Forage

The milk fat content (and numerically fat yield)
decreased with the H-based and CS-based diets
supplemented with 15 and 10% of extruded linseed,
respectively. According to the biohydrogenation theory
of milk fat depression (Bauman and Griinari, 2000),
we speculate that some isomers of 18:1 and 18:2, and,
second, 18:3n-3 are responsible for the reduced milk
fat content because the latter was significantly and
negatively correlated with these FA. Nevertheless,
for each type of forage, we observed that specific FA
were correlated with the milk fat content. For the H-
based diets, the trans-10 18:1, trans-11,cis-15 18:2, and
18:3n-3 percentages had the most negative correlations
with the milk fat content, as previously reported dur-
ing long-term supplementation with extruded linseed
of grass-based diets (Lerch et al., 2012). In contrast,
these FA were not correlated with the milk fat content
for the CS-based diets. Increases in milk trans-10 18:1
and trans-11,cis-15 18:2 may have resulted from the
ruminal biohydrogenation (RBH) of 18:3n-3 (Shin-
gfield et al., 2010). In particular, trans-10 18:1 could
be derived from the reduction of trans-10,cis-15 18:2
during ruminal 18:3n-3 metabolism (Shingfield et al.,
2010). For H-based diets, Dangin et al. (2008) observed
that ruminal concentration of trans-10 18:1 tended to
be increased and that of trans-11,cis-15 18:2 increased
with increasing amounts of extruded linseed. Previous
studies have also shown that trans-11,cis-15 18:2 was
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Table 5. Percentages of 4- to 24-carbon (not including 18:1 isomers) FA in milk fat from Holstein cows fed natural grassland hay (H) diets
without supplemental extruded linseed or supplemented with extruded linseed at 5% (H5), 10% (H10), or 15% (H15) of DM (experiment 1)

Diet Contrast (P-value)
Ttem HO H5 H10 H15 SEM Linear Quadratic
FA (g/100 g of total FA)
4:0 3.24 3.12 2.62 1.92 0.256 0.05 NS!
5:0 0.025 0.020 0.010 0.007 0.0059 0.01 NS
6:0 2.70 2.47 1.91 1.40 0.111 0.001 NS
7:0 0.030 0.025 0.003 0.033 0.0049 NS 0.01
8:0 1.63 1.36 1.06 0.75 0.079 0.001 NS
10:0 3.84 2.79 2.11 1.58 0.187 0.001 NS
cis-9 10:1 0.293 0.195 0.130 0.098 0.0192 0.001 0.10
11:0 0.045 0.375 0.020 0.015 0.0046 0.01 NS
12:0 4.24 2.87 2.18 1.87 0.195 0.001 0.05
13:0 0.195 0.135 0.105 0.114 0.0095 0.01 0.05
14:0 13.9 10.7 9.0 7.6 0.38 <0.001 0.05
1s0 14:0 0.130 0.132 0.098 0.083 0.0079 0.01 NS
cis-9 14:1 0.778 0.508 0.440 0.479 0.0809 0.01 0.05
15:0 1.24 1.16 0.97 1.04 0.049 0.05 NS
iso 15:0 0.33 0.32 0.26 0.21 0.009 <0.001 0.05
anteiso 15:0 0.740 0.743 0.620 0.557 0.0237 0.001 0.10
16:0 30.6 21.2 17.6 15.8 0.75 0.001 0.01
1s0 16:0 0.298 0.290 0.240 0.214 0.0183 0.01 NS
trans-9 16:1 0.075 0.140 0.258 0.136 0.0278 0.10 0.05
trans-11 16:1 0.028 0.053 0.073 0.093 0.0262 0.10 NS
iso 17 0.445 0.483 0.478 0.404 0.0469 NS NS
cis-9 16:1 1.118 0.718 0.595 0.733 0.0777 0.01 0.01
cis-11 16:1 0.015 0.010 0.005 0.017 0.0035 NS NS
17:0 0.570 0.610 0.505 0.520 0.0119 0.01 NS
anteiso 17 0.630 0.688 0.600 0.555 0.0266 0.01 0.01
cis-9 17:1 0.155 0.143 0.118 0.135 0.013 NS NS
iso 18 0.015 0.008 0.025 0.024 0.0071 NS NS
18:0 9.6 15.1 15.3 15.6 0.84 0.05 0.05
18 :2n-6 1.62 1.70 1.56 1.66 0.084 NS NS
18:3n-3 0.733 1.235 1.523 1.959 0.0618 <0.001 NS
18:3n-6 0.000 0.008 0.005 0.000 0.0027 NS NS
cis-9,trans-13 18:2 0.170 0.405 0.658 1.010 0.0578 0.001 NS
cis-9,trans-12 18:2 0.045 0.128 0.160 0.218 0.0199 0.01 NS
trans-11,cis-15 18:2 0.218 0.715 1.553 2.113 0.1039 <0.001 NS
cis-9,trans-11 CLA? 0.578 0.915 1.640 1.122 0.1501 0.05 0.05
cis-9,cis-11 CLA 0.028 0.088 0.118 0.052 0.0232 NS 0.05
trans-10,cis-12 CLA 0.028 0.013 0.015 0.043 0.0113 NS NS
trans-11,trans-13 CLA 0.018 0.060 0.090 0.061 0.0169 0.10 0.10
trans,trans CLA 0.000 0.005 0.023 0.007 0.0051 NS 0.10
trans-9,cis-12 18:2 0.005 0.253 0.060 0.006 0.1452 NS NS
trans-9,trans-12 18:2 0.003 0.005 0.048 0.153 0.0226 0.01 0.10
20:0 0.133 0.160 0.140 0.129 0.0078 NS 0.05
cis-9 20:1 0.018 0.045 0.043 0.041 0.0153 NS NS
cis-11 20:1 0.033 0.063 0.060 0.035 0.0099 NS NS
20:2n-6 0.015 0.013 0.003 0.014 0.0073 NS NS
22:0 0.050 0.055 0.048 0.032 0.0044 0.05 0.05
20:3n-6 0.055 0.045 0.018 0.019 0.0081 0.001 NS
20:3n-3 0.000 0.014 0.008 0.013 0.0033 0.10 NS
20:4n-6 0.080 0.065 0.040 0.038 0.0117 0.01 NS
20:5n-3 0.055 0.060 0.043 0.024 0.0058 0.001 0.05
22:5n-3 0.068 0.070 0.050 0.040 0.0074 0.05 NS
24:0 0.038 0.048 0.055 0.052 0.0076 NS NS
cis-9 24:1 0.018 0.005 0.015 0.000 0.0079 NS NS
22:4n-6 0.013 0.005 0.023 0.057 0.0109 0.05 NS
SFA® 69.9 59.8 52.0 45.8 1.21 <0.001 NS
MUFA** 20.6 28.6 34.8 39.6 0.90 <0.001 NS
PUFA® 3.72 5.80 7.63 8.57 0.383 0.001 NS
Total trans FA 4.8 10.1 17.5 19.5 0.91 <0.001 NS
Sum of CLA 0.65 1.08 1.89 1.28 0.171 0.05 0.05
Total n-6 FA 1.78 1.84 1.64 1.79 0.091 NS NS
Total n-3 FA 0.86 1.38 1.62 2.03 0.061 <0.001 NS
Continued
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Table 5 (Continued). Percentages of 4- to 24-carbon (not including 18:1 isomers) FA in milk fat from Holstein cows fed natural grassland
hay (H) diets without supplemental extruded linseed or supplemented with extruded linseed at 5% (H5), 10% (H10), or 15% (H15) of DM

(experiment 1)

Diet Contrast (P-value)
Ttem HO H5 H10 H15 SEM Linear Quadratic
n-6:n-3 ) 2.08 1.34 1.01 0.90 0.079 <0.001 0.01
Transfer efficiency”
18:2n-6 9.93 8.43 6.25 4.42 0.573 <0.001 NS
18:3n-3 6.67 3.79 2,77 2.09 0.394 <0.001 0.05
'NS = P > 0.10.

*CLA = conjugated linoleic acid.

*The sum of unidentified peaks was 5.8, 5.85, 5.6, and 6.06% for HO, H5, H10, and H15 diets, respectively.

*The sum of MUFA included all FA having a double bond.
Expressed as FA yield x 100/FA intake.

enhanced in the duodenal digesta in response to H-
based diets containing linseed oil as a source of 18:3n-3
(Loor et al., 2004, 2005b). Tt is likely that the ruminal
trans-10 18:1 inhibited de novo FA synthesis because
inhibitory effects of this isomer were observed when
infusing amounts at the abomasum corresponding to
flows observed in cows receiving oil-rich diets (Shin-
gfield et al., 2010).

The trans-10,cis-12 CLA was negatively correlated
with the milk fat content (Figure 2) and sum of 4:0
to 16:0 (r = 0.76, P < 0.05; data not shown) only for
the CS-based diets. The ruminal trans-10,cis-12 CLA
content generally increases during diet-induced milk fat
depression and is the main hallmark of such diets (Bau-
man and Griinari, 2003). The trans-10,cis-12 CLA is

formed unequivocally during 18:2n-6 RBH (Shingfield
et al., 2010), and its concentration in milk increased
significantly with the CS-based diets because the 18:2n-
6 intake was higher for the CS than for H diets (301
vs. 218 g/d). Nevertheless, the milk fat content was
negatively correlated only to the 18:2n-6 intake for the
H-based diets, and not to the milk trans-10,cis-12 CLA
(Figure 2).

Dietary conditions such as low NDF or high starch
content in the diet could induce a different ruminal
environment, resulting in altered pathways of RBH and
producing FA intermediates that are specific for each
forage type. The NDF content was relatively high and
not very different for the 2 types of diets (average 42
vs. 48% for CS and H diets, respectively). The differ-

Table 6. Percentages of 18:1 isomers in milk fat from Holstein cows fed natural grassland hay (H) diets without supplemental extruded linseed
or supplemented with extruded linseed at 5% (H5), 10% (H10), or 15% (H15) of DM (experiment 1)

Diet Contrast (P-value)
FA
(g/100 g of total FA) HO H5 H10 H15 SEM Linear Quadratic
trans 18:1
4 0.018 0.033 0.055 0.081 0.0064 0.001 NS!
5 0.020 0.025 0.078 0.075 0.0073 0.001 NS
6+7+8 0.210 0.433 0.743 0.902 0.0391 <0.001 NS
9 0.203 0.348 0.508 0.574 0.0206 <0.001 NS
10 0.323 0.640 1.295 3.035 0.2947 0.001 0.05
11 1.65 2.95 5.61 3.20 0.553 0.05 0.05
12 0.245 0.578 0.873 1.234 0.0555 <0.001 NS
13+ 14 0.70 1.70 2.74 3.99 0.196 <0.001 NS
16 + cis-14 0.308 0.690 1.010 1.360 0.0688 0.001 NS
Total 3.7 7.4 12.9 14.5 0.64 <0.001 NS
cis 18:1
9 13.6 18.0 18.5 21.1 0.80 0.001 NS
11 0.388 0.453 0.470 0.485 0.0167 0.01 NS
12 0.175 0.368 0.408 0.488 0.0211 0.001 0.05
13 0.035 0.080 0.115 0.182 0.0121 0.001 NS
15 0.175 0.413 0.645 1.388 0.0589 <0.001 0.01
Total 14.4 19.3 20.2 23.6 0.84 0.01 NS
'NS = P > 0.10.
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Table 7. Percentages of 4- to 24-carbon (not including 18:1 isomers) FA in milk fat from Holstein cows fed corn silage (CS) diets without
supplemental extruded linseed or supplemented with extruded linseed at 5% (CS5), 10% (CS10), or 15% (CS15) of DM (experiment 2)

Diet Contrast (P-value)
Ttem CS0 CS5 CS10 CS15 SEM Linear Quadratic
FA (g/100 g of total FA)
4:0 2.82 2.72 1.90 1.92 0.225 0.05 NS*
5:0 0.023 0.007 0.014 0.021 0.0034 NS 0.05
6:0 2.41 1.86 1.25 1.27 0.182 0.01 NS
7:0 0.023 0.011 0.011 0.016 0.0034 NS 0.10
8:0 1.30 0.90 0.59 0.60 0.103 0.01 NS
10:0 3.28 2.14 1.42 1.46 0.244 0.01 0.10
cis-9 10:1 0.25 0.15 0.08 0.07 0.016 0.001 0.01
11:0 0.046 0.020 0.018 0.028 0.0061 0.10 0.05
12:0 3.79 2.67 1.80 1.78 0.213 0.001 0.05
13:0 0.11 0.07 0.07 0.08 0.009 0.10 0.10
14:0 13.4 11.2 8.0 7.5 0.440 0.001 0.107
is0 14:0 0.11 0.10 0.11 0.07 0.020 0.05 NS
cis-9 14:1 0.76 0.56 0.42 0.35 0.082 0.01 NS
15:0 0.99 0.80 0.77 0.77 0.038 0.05 0.10
iso 15:0 0.23 0.18 0.19 0.18 0.024 NS NS
anteiso 15:0 0.57 0.56 0.51 0.49 0.025 NS NS
16:0 32.8 28.1 19.4 17.9 1.29 0.001 NS
is0 16:0 0.32 0.25 0.29 0.20 0.054 NS NS
trans-9 16:1 0.10 0.16 0.17 0.22 0.015 0.001 NS
trans-11 16:1 0.105 0.113 0.135 0.120 0.0136 NS NS
iso 17 0.37 0.43 0.52 0.48 0.027 0.01 0.10
cis-9 16:1 1.10 0.96 0.73 0.65 0.113 0.05 NS
cis-11 16:1 0.023 0.021 0.020 0.018 0.0039 NS NS
17:0 0.51 0.53 0.52 0.48 0.023 NS NS
anteiso 17 0.63 0.64 0.66 0.56 0.042 NS NS
cis-9 17:1 0.16 0.15 0.13 0.12 0.013 NS NS
1s0 18 0.04 0.04 0.03 0.02 0.005 NS NS
18:0 9.1 11.5 14.5 15.5 1.58 0.05 NS
18:2n-6 1.89 1.76 1.94 1.67 0.074 NS NS
18:3n-3 0.51 1.00 1.65 1.58 0.118 0.001 0.10
18:3n-6 0.010 0.006 0.003 0.003 0.0027 NS NS
cis-9,trans-13 18:2 0.19 0.52 0.78 0.77 0.111 0.05 NS
cis-9,trans-12 18:2 0.06 0.13 0.19 0.20 0.011 0.001 0.10
trans-11,cis-15 18:2 0.21 0.81 1.19 1.31 0.108 0.001 0.05
cis-9,trans-11 CLA? 0.61 0.71 0.77 0.92 0.047 0.01 NS
cis-9,cis-11 CLA 0.028 0.028 0.038 0.038 0.0052 NS NS
trans-10,cis-12 CLA 0.000 0.015 0.020 0.010 0.0028 0.01 0.01
trans-11,trans-13 CLA 0.010 0.040 0.110 0.060 0.0207 0.10 NS
trans,trans CLA 0.018 0.018 0.025 0.025 0.0038 NS NS
trans-9,cis-12 18:2 0.008 0.005 0.017 0.019 0.0053 NS NS
trans-9,trans-12 18:2 0.012 0.040 0.124 0.138 0.036 NS NS
20:0 0.102 0.095 0.116 0.111 0.0088 NS NS
cis-9 20:1 0.058 0.055 0.055 0.053 0.0226 NS NS
cis-11 20:1 0.050 0.054 0.068 0.055 0.0059 NS NS
20:2n-6 0.023 0.020 0.016 0.011 0.0016 0.01 NS
22:0 0.030 0.019 0.030 0.028 0.0023 NS NS
20:3n-6 0.053 0.029 0.020 0.025 0.0052 0.05 0.05
20:3n-3 0.010 0.014 0.013 0.010 0.0023 NS 0.05
20:4n-6 0.090 0.050 0.040 0.043 0.0094 0.05 0.10
20:5n-3 0.035 0.036 0.023 0.030 0.0079 NS NS
22:5n-3 0.073 0.052 0.040 0.043 0.0087 NS NS
24:0 0.015 0.008 0.020 0.010 0.0032 NS NS
cis-9 24:1 0.005 0.000 0.000 0.000 0.0017 NS NS
22:4n-6 0.018 0.013 0.008 0.008 0.0028 NS NS
SFA® 69.0 60.8 48.9 48.1 2.66 0.01 NS
MUFA®** 22.0 28.7 37.9 39.1 2.37 0.01 NS
PUFA® 3.9 5.4 7.2 7.1 0.34 0.001 0.10
Total trans FA 4.9 10.5 17.4 19.7 1.80 0.01 NS
Sum of CLA 0.67 0.81 0.96 1.05 0.059 0.01 NS
Total n-6 FA 2.09 1.88 2.02 1.76 0.068 0.05 NS
Total n-3 FA 0.63 1.09 1.72 1.66 0.127 0.01 0.10
Continued
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Table 7 (Continued). Percentages of 4- to 24-carbon (not including 18:1 isomers) FA in milk fat from Holstein cows fed corn silage (CS) diets
without supplemental extruded linseed or supplemented with extruded linseed at 5% (CS5), 10% (CS10), or 15% (CS15) of DM (experiment 2)

Diet Contrast (P-value)
Ttem CS0 CS5 CS10 CS15 SEM Linear Quadratic
n-6:n-3 3.38 1.73 1.18 1.08 0.137 0.001 0.01
Transfer efficiency’
18:2n-6 6.52 4.48 4.00 3.84 0.779 0.05 NS
18:3n-3 6.23 2.76 2.32 2.11 0.531 0.001 0.01
'NS = P > 0.10.

*CLA = conjugated linoleic acid.

*The sum of unidentified peaks was 5.1, 5.12, 6.0, and 5.76% for the CS0, CS5, CS10 and CS15 diets, respectively.

*The sum of MUFA included all FA having a double bond.
Expressed as FA yield x 100/FA intake.

ence in the ruminal production of FA between the 2
forages could be due to the starch level in the diet. It
is probable that the higher starch content in CS than
H diets (25 vs. 11%, respectively) could have favored
the ruminal production of some intermediates (e.g.,
trans-10,cis-12 CLA, and trans-12, trans-13+14, and
trans-16 + cis-14 18:1) of biohydrogenation that can be
implicated in the decreased milk fat content (Shingfield
et al., 2010; Lerch et al., 2012).

The decrease in milk fat content could be due partly
to a decreased availability of the precursors of milk
short- and medium-chain FA. The ruminal acetate and
butyrate production may have been decreased with the
CS diet supplemented with 15% extruded linseed, as
suggested by the observed lower jugular plasma con-
centrations and jugular-mammary venous differences
for acetate and BHBA. Moreover, the high correla-

tion between the jugular-mammary venous difference
for the acetate and milk yield of 4:0 to 16:0 in the
case of the CS-based diets suggests a putative role for
availability of acetate in affecting the milk fat content
(Figure 4). Conversely, a decrease in the expression
of FA synthesis genes resulting in a lower demand for
these nutrients in mammary epithelial cells could be
the cause of a decreased gradient for the uptake of
these precursors, and subsequently a lower uptake.
Decreases in plasma BHBA concentration and in the
short- and medium-chain FA percentages have already
been reported by Hurtaud et al. (2010) for CS-based
diets supplemented with increasing amounts (up to 4%)
of extruded linseed. In contrast, Loor et al. (2005a)
reported no change in the plasma acetate and BHBA
concentrations with H-based diets supplemented with
3% linseed oil.

Table 8. Percentages of 18:1 isomers in milk fat from Holstein cows fed corn silage (CS) diets without supplemental extruded linseed or
supplemented with extruded linseed at 5% (CS5), 10% (CS10), or 15% (CS15) of DM (experiment 2)

Diet Contrast (P-value)
FA
(/100 g of total FA) CSo CS5 CS10 CS15 SEM Linear Quadratic
trans 18:1
4 0.018 0.038 0.058 0.063 0.006 0.01 NS'
5 0.015 0.031 0.056 0.064 0.006 0.01 NS
6+7+8 0.23 0.48 0.80 0.88 0.099 0.01 NS
9 0.23 0.30 0.55 0.55 0.072 0.05 NS
10 0.42 1.80 4.27 4.91 1.495 NS NS
11 1.54 1.95 2.31 3.12 0.426 NS NS
12 0.31 0.68 1.09 1.24 0.092 0.01 NS
13+ 14 0.54 1.96 3.38 3.56 0.276 0.001 0.10
16 + cis-14 0.27 0.66 1.13 1.32 0.086 0.001 NS
Total 3.6 7.9 13.6 15.7 1.65 0.01 NS
cis 18:1
9 14.9 17.4 20.5 19.7 1.18 0.01 NS
11 0.46 0.50 0.56 0.63 0.031 0.05 NS
12 0.28 0.40 0.42 0.35 0.045 NS NS
13 0.05 0.10 0.15 0.16 0.063 0.01 NS
15 0.11 0.44 0.80 0.83 0.096 0.01 NS
Total 15.8 18.8 224 21.7 1.25 0.01 NS
'NS = P> 0.10.

Journal of Dairy Science Vol. 96 No. 10, 2013



INCREASING LINSEED DOSES AND MILK FATTY ACIDS 6591

Figure 3. Results of a principal components (PC) analysis based on milk yield, fat content and yield, and milk FA composition (4:0; 5:0; 6:0;
7:0; 8:0; 10:0; ¢is-9 10:1; 11:0; 12:05 13:0; 2so 14; 14:0; iso 15; anteiso 15; cis-9 14:1; 15:0; iso 16; 16:0; wso 17; trans-9 16:1; anteiso 17; trans-11
16:1; ¢is-9 16:1; cis-11 16:1; 17:0, iso 18; c¢is-9 17:1; 18:0; trans-4 , trans-5 , trans-6+7+8, trans-9, trans-10, trans-11, trans-12, trans-13-, trans-16
+ cis-14, cis-9, cis-11, cis-12, cis-13, and cis-15 + trans-17 18:1; trans-9,trans-12, cis-9,trans-13, cis-9,trans-12, trans-9,cis-12, and trans-11,cis-15
18:2; 18:2n-6; 20:0; 18:3n-6; cis-9 20:1; cis-11 20:1; 18:3n-3; cis-9,trans-11, trans-10,cis-12, cis-9,cis-11, trans-11,trans-13, and trans,trans conju-
gated linoleic acid; 20:2n-6; 22:0; 20:3n-6; 20:3n-3; 20:4n-6; 24:0; 20:51n-3; cis-9 24:1; 22:4n-6; and 22:5n-3) presented as follows. (a) A score plot
of 29 milks (15 observations from experiment 1 and 14 observations from experiment 2) with increasing amounts of extruded linseed in the diet
(0, 5, 10, and 15%) and with 2 forages [natural grassland hay (H; triangles) vs. corn silage (CS; squares)]. The colors used were white, light
gray, dark gray, and black for diets supplemented without and with extruded linseed at 5, 10, or 15%, respectively. (b) A loading plot of the
different variables projected on the first 2 PC (PC1 and PC2). In experiment 1, Holstein cows were fed natural grassland H diets without (HO)
supplemental extruded linseed or supplemented with extruded linseed at 5% (H5), 10% (H10), or 15% (H15) of DM. In experiment 2, Holstein
cows were fed CS diets without (CS0) supplemental extruded linseed or supplemented with extruded linseed at 5% (CS5), 10% (CS10), or 15%
(CS15) of DM. ¢ = cis; t = trans; CLA = conjugated linoleic acid.
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Figure 4. Relationships between milk SFA secretion (sum of 4:0 to
16:0) and acetate jugular-mammary venous difference from Holstein
cows fed natural grassland hay- (triangles and solid line; experiment
1; n = 15) or corn silage-based [squares and dashed line; experiment
2 (Exp2); n = 14] diets without supplemental extruded linseed or
supplemented with extruded linseed at 5, 10, or 15% of DM.

Effect of Linseed Supplementation on Milk FA
Composition According to the Nature of the Forage

The decrease in the milk SFA content with extruded
linseed supplementation was similar between the H and
CS diets (reductions of 24 and 21 g/100 g of total FA
between the control diet and diet supplemented with
15% linseed, respectively; Figure 1). This decrease is
similar to that (—22 g/100 g) reported by Chilliard et
al. (2009) with 21% extruded linseed added to a CS-
based diet. In contrast, the decrease is larger than that
(=11 g/100 g) reported by Kennelly and Khorasani
(1992) with 15% whole linseed added to an alfalfa/

FERLAY ETAL.

grass silage-based diet. The different effects possibly
could be due to the faster rate of oil release into the ru-
men from extruded seeds than from whole seeds, which
could result in the higher production of trans FA in
the rumen and, thus, an inhibitory effect on de novo
mammary lipogenesis (Chilliard et al., 2009). Dilution
of SFA by increased 18:1 FA derived from FA supplied
by the extruded linseed likely contributed a portion of
the decrease in SFA.

Linseed supplementation increased the milk percent-
ages of cis and trans isomers of 18:1. These percentages
increased almost linearly in the following order: cis-9 >
trans-134+14 > trans-10 > trans-11 > trans-16/cis-14
> trans-12 for the H-based diets. These results are in
agreement with Lerch et al. (2012) for conserved grass-
based diets with high starch content. We observed the
following order: cis-9 > trans-10 > trans-13+14 >
trans-11 > trans-16/cis-14 > trans-12 for the CS-based
diets, in agreement with Chilliard et al. (2009) and
Hurtaud et al. (2010), also for CS-based diets.

Extruded linseed supplementation of the CS-based
diets only slightly enhanced the milk cis-9,trans-11
CLA (+0.31 g/100 g of total FA from the CSO to the
CS15 diets) concentration, as previously reported by
Chilliard et al. (2009) and Hurtaud et al. (2010). This
result is most likely because this type of diet did not
lead to production mainly of trans-11 18:1, and then
cis-9,trans-11 CLA (Shingfield et al., 2010), but rather
to large amounts of trans-10 18:1 when the amount of
extruded linseed was increased in the diet (Figure 1).
In contrast, extruded linseed supplementation to the
H-based diets increased the milk c¢is-9,trans-11 CLA
content (+1.64 g/100 g of total FA for the H10 diet), a

Table 9. Correlations among the percentages of selected milk FA and milk fat content for experiments 1 and 2

Experiment 1,
hay-based diet’

Experiment 2,

corn silage-based diet? All experiments®

FA

(/100 g of total FA) r P-value r P-value r P-value
trans-4 18:1 —0.54 0.05 —0.50 0.10 —0.50 0.01
trans-6+7+8 18:1 —0.47 0.10 —0.49 0.10 —0.48 0.01
trans-9 18:1 —0.46 0.10 —0.46 0.10 —0.46 0.05
trans-10 18:1 —0.62 0.05 NS —0.48 0.01
trans-12 18:1 —0.53 0.05 —0.58 0.05 —0.57 0.001
trans-134+14 18:1 —0.54 0.05 —0.66 0.01 —0.58 0.001
trans-16 + cis-14 18:1 —0.54 0.05 —0.62 0.05 —0.55 0.01
cis-13 18:1 —0.60 0.05 —0.58 0.05 —0.58 0.001
cis-15 18:1 —0.67 0.01 —0.60 0.05 —0.56 0.01
c1s-9,trans-13 18:2 —0.56 0.05 —0.68 0.01 —0.59 0.001
trans-11,cis-15 18:2 —0.45 0.10 NS NS
C18:3n-3 —0.56 0.05 NS —0.39 0.05
trans-10,cis-12 CLA* NS —0.65 0.05 NS
'n = 15.

n = 14.

n = 29.

!CLA = conjugated linoleic acid.
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level that is similar to that observed in cows consuming
a mainly semi-mountain permanent grassland pasture
(80% of the diet; Ferlay et al., 2008).

Concerning the milk 18:3n-3 concentration, our value
for the CS diet supplemented with 15% extruded lin-
seed was higher than those reported by Chilliard et
al. (2009) using 21% extruded linseed, Gonthier et al.
(2005) using 12.7% extruded linseed, and Hurtaud et
al. (2010) using 4% extruded linseed with CS-based
diets. Moreover, the milk 18:3n-3 concentration from
the extruded linseed-fed cows in the present experi-
ment (1.0-2.0%) was higher than that in the milk from
pasture-fed cows (0.8 vs. 0.9%; Ferlay et al., 2008).
Nevertheless, the total trans FA content was lower
than 7.0% in the milks from pasture-fed cows (Ferlay
et al., 2008), whereas the value was 10.0 to 20.0% in
the milk from cows receiving extruded linseed in the
present experiments (Tables 5 and 7). According to the
putative role of these FA in CVD (Givens, 2010), the
consumption of milk from grazing cows with a lower
content of trans FA could be more favorable to human
health than that of milk from cows fed winter diets
supplemented with linseed. Milk from cows fed H-based
diets supplemented with 15% linseed, compared with
the other 7 diets presented in the current paper (and in
particular, the CS-based diets), was characterized by a
low n-6:n-3 ratio (<1), as recommended by Legrand et
al. (2010) for the whole diet in human nutrition (but
with a concomitant increase in the trans FA level).

The PCA shows that the milk 15:0, iso 15, and
anteiso 15 percentages could be associated with the
control H diet, and with the H5 diet. This finding is in
agreement with Vlaeminck et al. (2006), who indicated
that milk ¢so 15 increased when CS was replaced by
grass silage, or with Ferlay et al. (2008) who reported
high correlations between these FA and the proportion
of permanent grassland forages in the diet. These data
confirm the contribution of cellulolytic bacteria in the
ruminal production of these OBCFA (Vlaeminck et al.,
2006).

Supplementation with extruded linseed had a higher
negative effect on OBCFA (except iso 17) with the H-
(except the H5 diet) than with the CS-based diets. One
explanation could be linked to the higher 18:3n-3 intake
with the H diets than the CS diets, because the severity
of a putative inhibitory effect on rumen bacteria that
are responsible for the ruminal synthesis of OBCFA is
higher with increasing unsaturation of long-chain FA
(18:3n-3 vs. 18:2n-6; Vlaeminck et al., 2006). Accord-
ingly, the growth of cellulolytic bacteria could be more
reduced than is that of amylolytic bacteria (Vlaeminck
et al., 2006). The transfer efficiency for 18:2n-6 and
18:3n-3 from the feed to milk decreased linearly with
intake of the corresponding FA (Figure 5), regardless
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Figure 5. Relationships between 18:2n-6 or 18:3n-3 intake and
transfer efficiency from the feed to milk for 18:2n-6 or 18:3n-3 from
Holstein cows fed natural grassland hay- [triangles and solid line; ex-
periment 1 (Expl); n = 15] or corn silage-based [squares and dashed
line; experiment 2 (Exp2); n = 14| diets without supplemental ex-
truded linseed or supplemented with extruded linseed at 5, 10, or 15%
of DM.
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of the forage, as reported by Larsen et al. (2012) with
increasing amounts of a linseed:rapeseed mixture.

CONCLUSIONS

This study with 2 separate trials that had different
forages allows indirect comparison of the effects of in-
creasing amounts of extruded linseed according to the
nature of the forage on milk FA composition. Feeding
up to 15% of DMI as extruded linseed decreased the
milk fat content. The changes in the milk FA composi-
tion were different between diets, with an 18:1 isomer
footprint specific for each forage type. We concluded
that the milk FA composition can be improved by
extruded linseed supplementation to increase the po-
tentially beneficial supply of oleic acid, 18:3n-3, cis-
9,trans-11 CLA, and OBCFA to the human diet, with
a concomitant decrease in SFA (in particular, 12:0,
14:0, and 16:0). The extruded linseed supplementation
increased the trans FA content (particularly t¢rans-10
18:1 with CS-based diets).
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