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Abstract

We compared the potential of dietary lipid supplements of different fatty acid compositions to
affect milk performance when early lactation dairy goats were fed a high-concentrate diet.
Thirty Alpine goats at 23 ± 5 d in milk were allocated to 1 of 10 blocks according to parity
and milk fat concentration. Within each block, goats were randomly assigned to receive, dur-
ing a period of 41 d, either CONT) a basal diet with a forage to concentrate ratio of 45:55, used
as control, or PALM) the basal diet + 2% of a palmitic acid-enriched fat supplement, or FLAX)
the basal diet + 7% of extruded flaxseed. Body weight, dry matter intake and milk yield were
not different between treatments. As compared with CONT, goats fed PALM and FLAX had a
greater milk fat concentration. Moreover, milk fat yield was numerically (but non-signifi-
cantly) greater with PALM than with CONT. Milk fat from goats receiving PALM had a
greater concentration of 16:0 as compared with CONT and FLAX, whereas a greater concen-
tration of cis-9, cis-12, cis-15 18:3 was observed when goats were fed FLAX as compared with
CONT and PALM. Under the conditions of the current experiment, dietary fat supplementa-
tion had only minor impacts on the yield of major milk constituents, with the exception of a
modest increase in fat yield when goats were fed PALM. The impact of a greater concentration
of 16:0 in milk fat of goats receiving this feed ingredient on the nutritive value of dairy pro-
ducts remains to be determined.

High producing dairy goats must be fed diets with a large amount of starchy concentrates to
support their energy requirements (National Research Council, 2007), if they are to attain
maximum levels of lactation performances. Such feeding practice has been shown to interfere
with rumen function and to trigger a shift from the trans-11 to the trans-10 pathway of rum-
inal biohydrogenation of polyunsaturated fatty acids (FA), leading to the production of
trans-10, cis-12 18:2 (Zheng et al., 2020). This conjugated linoleic acid isomer is known to
down-regulate genes involved in mammary lipogenesis, thus inhibiting milk fat synthesis in
dairy goats (Lock et al., 2008; Zheng et al., 2020).

Relative to the bovine, the caprine appears to be less sensitive to diet-induced milk fat
depression (Chilliard et al., 2014). As a result, feeding varying lipid sources rich in unsaturated
FA has been shown to increase milk fat secretion in lactating dairy goats, with little impact on
milk yield (Chilliard et al., 2003). In this regard, dietary addition of extruded flaxseed as a
source of α-linolenic acid (cis-9, cis-12, cis-15 18:3) increased milk fat concentration (Renna
et al., 2013; Bennato et al., 2020) or yield (Chilliard et al., 2013; Bernard et al., 2016) with vary-
ing effects on milk production under different experimental conditions.

High-palmitic acid (16:0) lipid supplements have been extensively investigated to determine
their feeding value for dairy cows (Mosley et al., 2007; Piantoni et al., 2013; Rico et al., 2017)
and were shown in these experiments to increase milk fat concentration and yield when com-
pared with low-fat control diets. However, studies evaluating the impact of dietary lipids rich
in 16:0 on milk yield and fat secretion in lactating dairy goats are scarce. In a rare comparison
published several decades ago, Astrup et al. (1985) observed that milk yield was not affected,
whereas milk fat concentration was increased by 1.14 percentage units (+32%) in goats receiv-
ing 100 g/d of 16:0. This experiment was conducted with goats in the last third of their lacta-
tion, yet Chilliard et al. (2003) stated that the impact of lipid supplementation on milk fat
secretion could be of lower magnitude in late than in early lactation. Therefore, the objective
of the current trial was to further document the potential of fat supplementation to improve
lactation performances in high-producing dairy goats. We hypothesised that dietary lipid add-
ition would increase milk fat concentration and yield, the response being of greater magnitude
with saturated than with unsaturated FA sources.
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Materials and methods

Goats, experimental design and dietary treatments

The experimental procedures involving dairy goats followed the
guidelines of the Canadian Council on Animal Care (2009) and
were approved by the local animal care committee. The experiment
was conducted at the Centre de Recherche en Sciences Animales de
Deschambault, QC, Canada in a pen facility equipped with Calan
gate feeders (American Calan, Northwood, NH, USA). Goats
were housed on wood shavings, to prevent consumption of litter
material, and had free access to water at all times.

Thirty Alpine goats (6 primiparous, 24 multiparous) were
enrolled at kidding. They were first fed a pretreatment total
mixed ration (TMR), with a forage-to-concentrate ratio of 55:45
(27.7% NDF and 17.9% starch) on a dry matter (DM) basis
(Table 1). This TMR was based on alfalfa silage and ground bar-
ley, and was formulated to meet or exceed energy and nutrient
requirements using the Small Ruminant Nutrition System (ver-
sion 1.9.6; Tedeschi et al., 2010). Daily TMR was offered in two
equal meals at 10:00 and 18:00 h. As a precaution to prevent rum-
inal disturbance at the initiation of lactation, goats were offered
100 g/d of grass hay before the morning feeding during the pre-
treatment period. Alfalfa silage was sampled once a week and
dried at 55°C for 72 h to determine its DM content, and to adjust
the proportion of feed ingredients in TMR on an as-fed basis.
Goats were milked twice daily at 7:00 and 17:00 h. In order to
facilitate goat handling, the cracked corn portion of the diet was
offered at the parlour in two equal meals, at the time of milking.

After 23 ± 5 d on the pretreatment TMR, goats were allocated to 1
of 10 blocks according to parity and milk fat concentration. Within
each block, goats were randomly assigned to one of three dietary
treatments (Table 1; DM basis) as follows: (i) a basal diet with a
F:C ratio of 45:55 used as control (CONT); (ii) the basal diet supple-
mented with 2% of a 16:0-enriched fat product (Palmit®, Natu’oil
Services Inc., Port Coquitlam, BC, Canada; PALM); and (iii) the
basal diet supplemented with 7% of an extruded mixture of 30%
wheat bran and 70% whole flaxseed (Val-160™, Valorex,
Combourtillé, France; FLAX) as a source of α-linolenic acid (cis-9,
cis-12, cis-15 18:3). The experimental period was 41 d in length.

Experimental measurements, samplings and analyses

Data collected on the last 4 d of the pre-treatment period (referred
to as day 0) were used as covariates. In addition, goats were
subjected to repeated measures during the experimental period
on days 7–10, 17–20, and 38–41 (referred to as days 10, 20, and
41, respectively). At each of these periods, goats were weighed on
3 consecutive days after the morning milking. Dry matter intake
was determined on 4 consecutive days, and samples of TMR and
refusals were collected. At the end of each period, TMR were
pooled by treatment and refusals were pooled by goat. Samples
of TMR were analysed for residual moisture, neutral detergent
fibre, acid detergent fibre, crude protein, organic matter, starch
and ash concentrations as described in the online Supplementary
File, Materials and methods. Samples of TMR and refusals were
analysed for FA profiles using gas chromatography as described
by Villeneuve et al. (2013). Milk yield was recorded for 6 consecu-
tive milkings using Waikato MKV milk meters (Waikato Milking
Systems LP, Hamilton, New Zealand). Milk samples were harvested
at each milking and pooled by goat on a daily basis, proportionately
to milk yield. A first set of subsamples was stored at 4°C
with 2-bromo-2-nitropropane-1,3-diol as preservative. These

subsamples were sent to a commercial laboratory (Lactanet,
Ste-Anne-de-Bellevue, QC, Canada) where they were analysed for
fat, protein, lactose and urea-N concentration by infrared absorp-
tion spectroscopy using a Foss MilkoScan FT 6000 (Foss,

Table 1. Composition of pretreatment and experimental diets

Treatmenta

Pretreatmentb CONT PALM FLAX

Ingredient, g/100 g of dry matter

Alfalfa silage 55.0 45.0 45.0 45.0

Ground barley 32.3 41.1 38.7 38.7

Cracked cornc 3.9 3.9 3.9 3.9

Corn gluten meal 1.8 3.0 3.4 3.4

Flaxseed meal 2.9 2.9 2.9 –

Wheat bran 2.1 2.1 2.1 –

Palmitic acid supplementd – – 2.0 –

Extruded flaxseede – – – 7.0

Vitamins and mineralsf 2.0 2.0 2.0 2.0

Chemical composition, g/100 g of dry matter

Dry matter, g/100 g as fed 41.0 44.9 44.5 44.7

Organic matter 93.0 93.6 93.8 93.7

Crude protein 17.0 16.9 16.6 16.7

Acid detergent fibre 21.3 18.4 18.4 18.9

Neutral detergent fibre 27.4 25.3 25.5 25.1

Starch 17.9 20.1 19.4 18.7

NEL
g, Mcal/kg dry matter 1.60 1.65 1.71 1.71

Fatty acid profile, mg/g of dry matter

10:0 0.08 0.09 0.08 0.10

12:0 0.08 0.05 0.20 0.05

14:0 0.18 0.18 0.88 0.20

cis-9 14:1 0.03 0.05 0.05 0.06

16:0 4.81 4.95 19.48 6.18

cis-9 16:1 0.07 0.07 0.08 0.08

18:0 0.75 0.61 1.18 1.41

cis-9 18:1 2.60 2.67 3.86 5.66

cis-11 18:1 0.20 0.16 0.18 0.30

cis-9, cis-12 18:2 7.51 7.71 7.76 10.51

cis-9, cis-12, cis-15 18:3 6.63 5.78 5.67 14.87

20:0 0.14 0.13 0.14 0.16

Total fatty acids 23.4 22.5 39.6 39.6

aCONT, Unsupplemented control diet; PALM, Diet supplemented with palmitic acid; FLAX,
Diet supplemented with extruded flaxseed.
bGoats were offered 100 g/d of grass hay in addition to the basal diet.
cFed at the milking parlour in two equal meals daily.
dPalmit 80®; Natu’oil Services Inc., Port Coquitlam, BC, Canada.
eVal 160TM; Extruded mixture of 30% wheat bran and 70% whole flaxseed; Valorex,
Combourtillé, France.
fContained 200 g/kg Ca, 20 g/kg P, 95 g/kg Na, 50 g/kg Mg, 1 g/kg K, 14 g/kg S, 45 mg/kg I,
840 mg/kg Fe, 600 mg/kg Cu, 2000 mg/kg Mn, 3000 mg/kg Zn, 25 mg/kg Se, 20mg/kg Co, 200
mg/kg F, 300 000 IU vitamin A, 100 000 IU vitamin D, and 1500 IU vitamin E.
gCalculated using Small Ruminant Nutrition System (version 1.9.6; Tedeschi et al., 2010).
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Hillerød, Denmark), as well as for somatic cell count determination
using a Fossomatic FC (Foss). A second set of subsamples without
preservative was stored at −20°C until FA analysis following the
procedure described by Boivin et al. (2013), and reported in the
online Supplementary File, Material and methods.

Ruminal fluid was collected during one day at all collection per-
iods, except the one conducted on day 10. Samples were harvested
at 0, 2, 4, 6 and 8 h after the morning meal. Collections were per-
formed using a flexible plastic tube connected to a metal sieve with
1-mm openings to filter the rumen fluid. This sampling apparatus
was inserted into the rumen through the mouth. The liquid was
aspirated with a 60-ml syringe, and immediately used for pH meas-
urement (Accumet pH Meter 925, Fisher Scientific, Hampton, NH,
USA). Two 10-ml samples were then prepared into 20-ml glass
vials containing 200 μl of H2SO4 (50%, v/v), and stored at −20°C
for subsequent analysis of volatile FA (VFA) profile by gas chroma-
tography as described by Alfonso-Avila et al. (2017).

Statistical analysis

Data were analysed using the REPEATED statement in the
MIXED procedure of SAS (version 9.4; SAS Institute Inc., Cary,
NC) according to the following model:

Yijkl = m + Ti + Bj + Gk:j + Dl + TDil + C + 1ijkl,

where μ is the overall mean, Ti denotes the fixed effect of the ith
treatment, Bj is the random effect of the jth block ( j = 1 to 10),
Gk:j is the random effect of the kth goat (k = 1 to 3) within the
jth block, Dl refers to the fixed effect of the lth sampling time
(l = 1 to 3), TDil is the interaction term of the ith treatment and
the lth sampling time, C is the covariate adjustment for each goat
(C = 1–30), and εijkl denotes the residual error. Goat within block
was included in the model as the subject of the repeated statement.

Because no differences were observed between the last two col-
lection periods, data were combined, and the reduced following
model was fitted:

Yijk = m + Ti + Bj + Gk:j + C + 1ijk,

Least-squares means pairwise comparisons were performed
with Tukey’s adjustment. Results are reported as least-squares
means. Significant differences were declared at P≤ 0.05. Values
differing non-significantly at 0.05 < P≤ 0.10 are mentioned as
numerical differences in Results.

Results

Supplementing the TMR with both experimental lipids, at the
expense of ground barley, slightly decreased starch concentration

Table 2. Average body weight, dry matter intake, milk yield, and milk composition in dairy goats fed different lipid supplements from days 20 and 41 of the
experimental period

Treatment1,2

Item CONT PALM FLAX SEM P-value3

Body weight, kg 61.1 59.4 60.4 0.7 0.23

Dry matter intake, kg/d 3.57 3.22 3.31 0.16 0.30

Milk yield, kg/d

Actual 4.86 5.05 4.56 0.27 0.23

Fat-corrected4 4.55 4.95 4.48 0.23 0.16

Feed efficiency

Actual milk/intake, kg/kg 1.39 1.54 1.40 0.07 0.29

Fat-corrected milk/intake, kg/kg 1.31 1.51 1.38 0.07 0.14

Milk fat

Concentration, g/100 g 3.61b 3.92a 3.91a 0.08 <0.01*

Yield, g/d 174y 196z 177zy 8 0.09

Milk protein

Concentration, g/100 g 3.34aby 3.29by 3.45az 0.04 0.01*

Yield, g/d 160 166 156 8 0.50

Milk lactose

Concentration, g/100 g 4.32 4.35 4.41 0.04 0.22

Yield, g/d 209 219 201 11 0.32

Milk urea-N, mg/dL 31.1z 29.5zy 29.0y 0.7 0.07

Somatic cell score5 2.46zy 1.51y 2.84z 0.38 0.06

1CONT, Unsupplemented control diet; PALM, Diet supplemented with palmitic acid; FLAX, Diet supplemented with extruded flaxseed.
2Within a row, means without a common superscript letter differ (a,b; P≤ 0.05) or tend to differ (z,y; 0.05 < P≤ 0.10.
3Interaction of time × treatment: *P≤ 0.05 (see Fig. 1).
44% FCM = actual milk yield, kg/d × [0.411 + (0.147 × milk fat, %)]; Mavrogenis and Papachristoforou (1988).
5Somatic cell score = log2(somatic cell count/100 000) + 4; (Shook, 1982).
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compared with CONT (-5,2% on average; Table 1). Adjustment to
the supply of corn gluten meal allowed us to obtain experimental
diets with similar crude protein concentrations. Both lipid supple-
ments increased the FA concentration of TMR by 76%.
Supplementing the TMR with PALM increased the concentration
of 16:0, which reached 49% of total FA, whereas dietary addition
of FLAX increased the concentration cis-9, cis-12, cis-15 18:3 up
to 37.6% of total dietary FA (Table 1).

Similar body weight, DM intake, actual and fat-corrected milk
yield as well as feed efficiency were observed between treatments
on days 20 and 41 of the feeding trial (Table 2). During the same
period, feeding PALM and FLAX increased milk fat concentra-
tion, and PALM produced a non-significant numerical increase
in milk fat yield as compared with CONT (Table 2). Milk fat con-
centration gradually declined over the experimental period, when
the level of concentrate was increased in the TMR, and as goats
reached their lactation peak, when compared with the pretreat-
ment period (Fig. 1a). The decrease was of a lower magnitude
when TMR was supplemented with PALM or FLAX as compared
with CONT on days 20 and 41 of the feeding trial. Milk protein
concentration was greater with FLAX, intermediate with CONT,
and lesser with PALM (Table 2). These differences gradually
developed over the course of the experimental period (Fig. 1b).
Milk protein yield as well as lactose concentration and yield
were similar among treatments. Milk urea-N was numerically
greater with CONT than with FLAX, whereas an intermediate
concentration was observed with PALM. Milk somatic cell score
was numerically greater with FLAX than with PALM, whereas
an intermediate score was observed with CONT. Ruminal pH
(�x = 6.33), total concentration of VFA (�x = 82.8 mmol/l), relative
proportions of acetate (�x = 62.6 mol/100 mol), propionate (�x =
20.7 mol/100 mol), and butyrate (�x = 12.4 mol/100 mol), as well
as the acetate-to-propionate ratio (�x = 3.14) were not different
between treatments (online Supplementary File, Table S1).

Feeding FLAX increased the concentration of preformed FA
in milk fat as compared with CON and PALM (Table 3). The
rise was gradual over the first 20 d of the experimental period
(Fig. 2a), remained stable thereafter and was compensated by a
concomitant decrease in concentrations of FA of mixed origins
(i.e., 16:0 + cis-9 16:1; Fig. 2b) and of de novo synthesised FA
(Fig. 2c). On the other hand, dietary addition of PALM increased
milk fat concentration 16:0 + cis-9 16:1, lowered the concentra-
tions of de novo synthesised FA, but did not affect the proportions
of preformed FA as compared with CONT.

As the intake of cis-9, cis-12, cis-15 18:3 was greater with FLAX
than with CONT or PALM (Table 4; Fig. 3a), concentration and
yield of this FA increased in milk fat (Tables 3 and 4, Fig. 3b and
3c). Treatments did not differ in the yield of FA of the n-3 family
other than cis-9, cis-12, cis-15 18:3 (Table 4). Dietary supply of
FLAX also increased milk fat concentration of cis-9, trans-11,
cis-15 18:3, trans-11, cis-15 18:2, cis-9, trans-11 18:2, trans-11
18:1, and trans-10 18:1, but did not affect the proportion of
trans-10, cis-12 18:2 (Table 3, Fig. 4). The apparent transfer effi-
ciency, from diet to milk, of cis-9, cis-12, cis-15 18:3 (Fig. 3d) and
total n-3 FA (Fig. 3f) was lower with FLAX as compared with
CONT and PALM (Table 4). Intake, cis-9, cis-12 18:2 was also
increased with FLAX, but its secretion remained unchanged as
compared with CONT and PALM. The transfer efficiency of
this n-6 FA was least with FLAX, intermediate with CONT and
greatest with PALM.

As compared with CONT, feeding PALM and FLAX signifi-
cantly reduced (15:0 and 17:0) and caused a non-significant

numerical reduction (11:0 and 13:0) in milk fat concentrations
of odd-chain FA (Table 3). Moreover, dietary supply of FLAX
decreased the concentration of iso 16:0 and caused a numerical
decrease in iso 14:0 and iso 15:0, whereas it did not affect the pro-
portions of other identified branched-chain FA (iso 13:0, anteiso
13:0, anteiso 17:0, anteiso 15:0, iso 17:0, and iso 18:0) relative to
CONT.

Discussion

The lack of effect of lipid supplements on milk yield in the current
trial is in accordance with previous experiments studying the
impact of extruded flaxseed (Renna et al., 2013; Bernard et al.,
2016; Klir et al., 2017) or 16:0 supplement (Astrup et al., 1985)
in dairy goats. Moreover, the substitution of lipid for starch did
not seem to have affected ruminal fermentation pattern, as pH
and relative proportions of VFA were not different between treat-
ments. Data on the effects of fat supplementation on ruminal fer-
mentation in dairy goats are scarce and inconsistent. While no
information is available regarding 16:0 supplements, Kholif
et al. (2016) have shown that feeding flaxseed oil reduced ruminal
pH and relative proportion of acetate, but increased the concen-
tration of total volatile FA and the relative proportion of propion-
ate. Such impacts on rumen environment were not observed in
the current trial.

Fig. 1. Concentrations of (a) milk fat and (b) milk protein in dairy goats fed different
lipid supplements over a 41-d experimental period. ▪: Unsupplemented control diet
(Cont); ◆: Diet supplemented with palmitic acid; and ⬤: Diet supplemented with
extruded flaxseed; referred to as CONT, PLAM, and FLAX, respectively, in text and
tables. Table values and statistical comparisons are presented in the online
Supplementary File, Table S2.
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Table 3. Average milk fat composition in dairy goats fed different lipid supplements from days 20 and 41 of the experimental period

Treatment1,2

Item, g/100 g of fat CONT PALM FLAX SEM P-value3

4:0 1.79y 1.92z 1.85zy 0.04 0.10

6:0 1.78ab 1.71b 1.84a 0.04 <0.01

8:0 2.15a 1.91b 2.16a 0.07 <0.01

10:0 9.19a 7.82b 8.08b 0.29 <0.01

10:1 0.177 0.152 0.159 0.008 0.06

11:0 0.115az 0.094aby 0.092by 0.006 0.03

12:0 5.67az 5.00aby 4.49by 0.22 <0.01

cis-9 12:1 0.145a 0.123ab 0.103b 0.008 <0.01

iso 13:0 0.018 0.016 0.016 0.001 0.38

anteiso 13:0 0.012 0.012 0.011 0.001 0.78

13:0 0.092az 0.079aby 0.077by 0.004 0.04

iso 14:0 0.083z 0.075zy 0.074y 0.003 0.07

14:0 11.7a 10.5b 9.99b 0.26 <0.01

cis-9 14:1 0.176az 0.156ay 0.118bx 0.006 <0.01

cis-11 14:1 0.170az 0.143aby 0.127ay 0.010 <0.01

iso 15:0 0.129z 0.118zy 0.116y 0.003 0.06

anteiso 15:0 0.289 0.266 0.280 0.016 0.09

15:0 0.772a 0.676b 0.667b 0.022 <0.01

iso 16:0 0.331a 0.275b 0.269b 0.019 0.01

16:0 26.2b 29.2a 21.0c 0.38 <0.01

trans-9 16:1 0.046b 0.052b 0.092a 0.004 <0.01

iso 17:04 0.224az 0.194by 0.223abz 0.009 0.03

cis-9 16:1 0.490b 0.620a 0.403c 0.022 <0.01

anteiso 17:05 0.405 0.368 0.384 0.012 0.14

cis-11 16:1 0.021 0.019 0.018 0.001 0.30

cis-13 16:1 0.272a 0.213b 0.186b 0.013 <0.01

17:0 0.222a 0.198b 0.199b 0.008 0.02

cis-7 17:1 0.013z 0.012zy 0.010y 0.001 0.10

cis-8 17:1 0.003 0.005 0.003 0.001 0.18

cis-9 17:1 0.087a 0.088a 0.069b 0.008 <0.01

iso 18:0 0.016 0.013 0.015 0.003 0.42

18:0 4.54b 4.64b 6.78a 0.22 <0.01

trans-4 18:1 0.013 0.011 0.015 0.001 0.06

trans-5 18:1 0.014 0.014 0.016 0.001 0.25

trans-6-8 18:1 0.161b 0.175b 0.254a 0.009 <0.01

trans-9 18:1 0.363 0.384 0.451 0.034 0.11

trans-10 18:1 0.237b 0.224b 0.351a 0.015 <0.01

trans-11 18:1 0.483b 0.566b 1.030a 0.051 <0.01

trans-12 18:1 0.173b 0.172b 0.459a 0.028 <0.01

trans-13-14 18:1 0.165b 0.139b 0.665a 0.069 <0.01

trans-15 18:1 0.356b 0.346b 0.743a 0.034 <0.01

(Continued )
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Table 3. (Continued.)

Treatment1,2

Item, g/100 g of fat CONT PALM FLAX SEM P-value3

trans-16 18:1 0.206b 0.197b 0.558a 0.026 <0.01

cis-6-8 18:1 0.123y 0.133zy 0.168z 0.014 0.07

cis-9 18:16 11.4b 12.2b 13.7a 0.97 <0.01

cis-11 18:1 0.573 0.579 0.574 0.044 0.99

cis-12 18:1 0.334b 0.321b 0.696a 0.055 <0.01

cis-13 18:1 0.068b 0.076b 0.147a 0.019 <0.01

cis-14 18:1 0.042b 0.042b 0.093a 0.006 <0.01

cis-15 18:1 0.076b 0.092b 0.386a 0.015 <0.01

cis-9, cis-12 18:2 1.78 1.75 1.87 0.06 0.25

cis-9, trans-11 18:27 0.231b 0.255b 0.441a 0.026 <0.01

cis-9, trans-12 18:2 0.062b 0.056b 0.138a 0.005 <0.01

trans-8, cis-12 18:2 0.237b 0.245b 0.587a 0.026 <0.01

trans-8, cis-13 18:2 0.089b 0.099b 0.253a 0.010 <0.01

trans-9, trans-12 18:2 0.025b 0.024b 0.046a 0.003 <0.01

trans-9, cis-12 18:2 0.052b 0.053b 0.074a 0.003 <0.01

trans-10, cis-12 18:2 0.009 0.009 0.009 0.000 0.68

trans-11, cis-15 18:2 0.070b 0.075b 0.320a 0.014 <0.01

cis-9, trans-11, cis-15 18:3 0.029b 0.030b 0.059a 0.003 <0.01

cis-6, cis-9, cis-12 18:3 0.027 0.029 0.023 0.001 0.06

cis-9, cis-12, cis-15 18:3 0.709b 0.654b 1.188a 0.060 <0.01

cis-6, 9, 12, 15 18:4 0.014b 0.015b 0.027a 0.001 <0.01

19:0 0.057b 0.055b 0.081a 0.007 <0.01

20:0 0.110aby 0.106by 0.127az 0.005 0.02

cis-9 20:1 0.008ab 0.006b 0.010a 0.001 <0.01

cis-11 20:1 0.019 0.016 0.025 0.003 0.13

cis-11, cis-14 20:2 0.019 0.017 0.019 0.001 0.68

cis-11, cis-14, cis-17 20:3 0.014 0.011 0.015 0.001 0.16

cis-8, cis-11, cis-14 20:3 0.019az 0.018abz 0.015by 0.001 0.02

cis-8, 11, 14, 17 20:4 0.015 0.014 0.014 0.001 0.92

cis-5, 8, 11, 14 20:4 0.105a 0.097ab 0.081b 0.006 0.05

cis-5, 8, 11, 14, 17 20:5 0.053b 0.053b 0.074a 0.004 <0.01

22:0 0.035 0.033 0.037 0.002 0.43

cis-13 22:1 0.011 0.012 0.011 0.000 0.68

cis-13, cis-16 22:2 0.012a 0.01b 0.012ab 0.000 0.04

cis-13, cis-16, cis-19 22:3 0.010 0.010 0.008 0.001 0.31

cis-7, 10, 13, 16 22:4 0.016z 0.014zy 0.013y 0.001 0.11

cis-7, 10, 13, 16, 19 22:5 0.069 0.057 0.073 0.006 0.22

cis-4, 7, 10, 13, 16, 19 22:6 0.024z 0.018y 0.023zy 0.002 0.06

24:0 0.021 0.019 0.020 0.002 0.59

cis-15 24:1 0.009 0.009 0.010 0.001 >0.99

Others 1.11b 1.02b 1.52a 0.04 <0.01

(Continued )
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Both lipid supplements increased milk fat concentration to a
similar extent when compared with CONT, whereas PALM pro-
duced a numerical but non-significant increase in milk fat yield.
Feeding PALM, therefore, appears to be slightly more efficient
than FLAX in promoting milk fat secretion of dairy goats in the
current study. However, milk protein concentration was lower
with PALM than with FLAX. This difference could be explained
by a dilution effect, as milk yield was numerically greater with
PALM, and as PALM and FLAX did not differ in protein yield.

Feeding PALM, as a source of 16:0, increased the level of cis-9
16:1 in milk fat. This augmentation is the result of an active desat-
uration process taking place in goat mammary gland (Bickerstaffe
and Annison, 1970). The increase in milk fat concentration of
16:0 + cis-9 16:1 was mostly at expense of de novo synthesised
FA, as the proportion of preformed FA, taken up from the blood-
stream by mammary gland, was not significantly affected by
PALM. Moreover, feeding PALM did not affect the relative pro-
portion of cis or trans isomers of 18:1 and 18:2, suggesting the
dietary 16:0 was inert in the rumen, and did not seem to interfere

with the activity of microorganisms responsible for biohydrogena-
tion processes.

A lower apparent transfer, from diet to milk, of cis-9, cis-12,
cis-15 18:3 observed with FLAX, when compared with CONT
or PALM, suggests that this variable follow a Michaelis–Menten
kinetics, that is to say, as the provision of this essential FA
increases, the amount recovered in milk also increases but at pro-
gressively lowered efficiency. A similar phenomenon has been
observed in dairy cows by Benchaar et al. (2012) when feeding
increasing levels of flaxseed oil from 0 to 4% of DM, leading to
a linear decrease in the apparent recovery of cis-9, cis-12, cis-15
18:3 in milk from 10.1 to 2.4%.

The low overall transfer efficiency of unsaturated FA from diet
to milk is largely explained by the biohydrogenation taking place
within the rumen. The main pathway in the hydrogenation of
cis-9, cis-12, cis-15 18:3 involves an initial isomerisation where
the cis-12 double bond is converted to a trans-11 double bond,
producing cis-9, trans-11, cis-15 18:3 (Harfoot, 1981). The second
and third steps consist of the hydrogenation of cis-9 and cis-15

Table 3. (Continued.)

Treatment1,2

Item, g/100 g of fat CONT PALM FLAX SEM P-value3

Glycerol 12.6a 12.5b 12.4b 0.05 <0.01

Sum of fatty acids

De novo synthesised8 31.1a 27.6b 27.0b 0.86 <0.01

Mixed origin9 26.7b 29.9a 21.4c 0.38 <0.01

Preformed10 24.4b 25.3b 34.3a 0.92 <0.01

Δ5-desaturase indexes

20:4 n6 / (20:3 n6 + 20:4 n6) 0.84 0.83 0.83 0.01 0.81

20:5 n3 / (20:4 n3 + 20:5 n3) 0.77b 0.78b 0.82a 0.01 <0.01

Δ6-desaturase indexes

18:3 n6 / (18:2 n6 + 18:3 n6) 0.014ab 0.017a 0.013b 0.001 0.05

18:4 n3 / (18:3 n3 + 18:4 n3) 0.021 0.021 0.021 0.001 0.98

Elongase indexes

20:4 n3 / (18:4 n3 + 20:4 n3) 0.49a 0.50a 0.38b 0.02 <0.01

22:5 n3 / (20:5 n3 + 22:5 n3) 0.56a 0.49b 0.51b 0.01 <0.01

Δ9-desaturase indexes

cis-9 14:1 / (14:0 + cis-9 14:1) 0.011 0.013 0.011 0.001 0.19

cis-9 16:1 / (16:0 + cis-9 16:1) 0.019 0.020 0.020 0.000 0.30

cis-9 17:1 / (17:0 + cis-9 17:1) 0.27b 0.31a 0.25b 0.01 <0.01

cis-9 18:1 / (18:0 + cis-9 18:1) 0.71ay 0.73az 0.67bx 0.01 <0.01

cis-9, trans-11 18:2 / (cis-9 18:1 + cis-9, trans-11 18:2) 0.31 0.31 0.29 0.02 0.62

cis-9 20:1 / 20:0 + cis-9 20:1 0.065ab 0.054b 0.081a 0.010 0.02

1CONT, Unsupplemented control diet; PALM, Diet supplemented with palmitic acid; FLAX, Diet supplemented with extruded flaxseed.
2Within a row, means without a common superscript letter differ (a,b,c; P≤ 0.05) or tend to differ (z,y,x; 0.05 < P≤ 0.10).
3See Figures 2 and 4, and Supplemental Table S3 for interaction of time by treatment.
4Coelution with minor concentration of trans-10 16:1.
5Coelution with minor concentration of cis-10 16:1.
6Coelution with minor concentration of cis-10 18:1.
7Coelution with minor concentration of trans-7, cis-9 18:2.
8Sum of straight even-chain fatty acids from C6 to C14.
916:0 + cis-9 16:1.
10Sum of all fatty acids with a carbon chain length of 18 or more.
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double bonds to sequentially produce trans-11, cis-15 18:2, then
trans-11 18:1. After its absorption, trans-11 18:1 can also be desa-
turated to cis-9, trans-11 18:2 by the action of the enzyme
Δ9-desaturase (Griinari and Bauman, 1999). Concentrations of
these FA were increased in milk fat by the dietary supply of
FLAX in the current experiment. The production of FA

intermediates of the trans-10 pathway has also been reported dur-
ing the biohydrogenation of cis-9, cis-12, cis-15 18:3 (Lee and
Jenkins, 2011). However, no significant amounts of trans-10,
cis-12 18:2 appear to be directly produced during this process,
which could explain the lack of difference between treatments
on milk fat concentration of this FA in the current experiment.

Despite ruminal biohydrogenation, the concentration of cis-9,
cis-12, cis-15 18:3 in milk fat was increased by 67.6% when feed-
ing FLAX as compared with CONT. In this regard, studies have
shown positive impacts on blood lipid profile in human subjects
consuming food products, including milk, from FLAX-fed ani-
mals (Weill et al., 2002; Malpuech-Brugère et al., 2010). Dietary
cis-9, cis-12, cis-15 18:3 escaping ruminal biohydrogenation can
be elongated and desaturated to produce longer chain highly
unsaturated FA of the n-3 family, which are eventually incorpo-
rated into milk fat (Hagemeister et al., 1991). In the current
trial, the greater availability of cis-9, cis-12, cis-15 18:3 with
FLAX did not affect the total secretion of other members of the
n-3 family when compared with CONT. The regulation appears
to be at the elongation steps, as most of Δ5- and Δ6-desaturase
indexes were not different between CONT and FLAX, but both
elongase indexes were significantly lower with FLAX than with
CONT. The increased proportions of preformed FA with FLAX
were mainly compensated by lower concentrations of 10:0, 12:0,
14:0, and 16:0 which were respectively decreased by 1.1, 1.2, 1.8

Fig. 2. Milk fat concentrations of (a) preformed fatty acids (sum of all fatty acids with
a carbon chain length of 18 or more), (b) fatty acids of mixed origin (16:0 + cis-9 16:1),
and (c) de novo synthesised fatty acids (sum of straight even-chain fatty acids from C6
to C14) in dairy goats fed different lipid supplements over a 41-d experimental
period. ▪: Unsupplemented control diet, ◆: Diet supplemented with palmitic
acid, and ⬤: Diet supplemented with extruded flaxseed; referred to as CONT,
PLAM, and FLAX, respectively, in text and tables. Table values and statistical compar-
isons are presented in the online Supplementary File, Table S3.

Table 4. Average intake, milk secretion and apparent transfer efficiency, from
diet to milk, of polyunsaturated fatty acids in dairy goats fed different lipid
supplements from days 20 and 41 of the experimental period

Treatment1,2

Item CONT PALM FLAX SEM P-value3

Intake, g/d

cis-9, cis-12 18:2 (n-6) 27.0b 23.7b 34.5a 1.4 <0.01**

cis-9, cis-12, cis-15 18:3 (n-3) 21.1b 19.6b 50.1a 1.2 <0.01**

Secretion in milk, g/d

cis-9, cis-12 18:2 (n-6) 3.00 3.37 3.47 0.38 0.26

cis-9, cis-12, cis-15 18:3 (n-3) 1.21b 1.23b 2.18a 0.27 <0.01**

Other n-6 fatty acids4 0.34 0.35 0.30 0.03 0.11*

Other n-3 fatty acids5 0.36 0.34 0.43 0.06 0.12

Total n-6 fatty acids 3.35 3.72 3.76 0.41 0.37

Total n-3 fatty acids 1.57b 1.57b 2.61a 0.32 <0.01**

Apparent transfer, g secreted/100 g consumed

cis-9, cis-12 18:2 (n-6) 11.9ab 14.1a 10.1b 1.1 <0.01*

cis-9, cis-12, cis-15 18:3 (n-3) 5.95a 6.26a 4.35b 0.73 <0.01**

Total n-6 fatty acids 13.2ab 15.6a 11.0b 1.1 <0.01*

Total n-3 fatty acids 7.69a 7.99a 5.21b 0.82 <0.01**

1CONT, Unsupplemented control diet; PALM, Diet supplemented with palmitic acid; FLAX,
Diet supplemented with extruded flaxseed.
2Within a row, means without a common superscript letter differ (P≤ 0.05).
3Interaction of time × treatment: **P≤ 0.01; *P≤ 0.05 (see Fig. 3 and online Supplementary
Table S2).
4Sum of cis-6, cis-9, cis-12 18:3, cis-11, cis-14 20:2, cis-8, cis-11, cis-14 20:3, cis-5, cis-8, cis-11,
cis-14 20:4, cis-13, cis-16 22:2, and cis-7, cis-10, cis-13, cis-16 22:4.
5Sum of cis-6, cis-9, cis-12, cis-15 18:4, cis-11, cis-14, cis-17 20:3, cis-8, cis-11, cis-14, cis-17
20:4, cis-5, cis-8, cis-11, cis-14, cis-17 20:5, cis-13, cis-16, cis-19 22:3, cis-7, cis-10, cis-13, cis-16,
cis-19 22:5, and cis-4, cis-7, cis-10, cis-13, cis-16, cis-19 22:6.
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Fig. 3. Effect of different lipid supplements on cis-9, cis-12, cis-15 18:3 intake (a), concentration (b) and secretion (c) in milk fat, and apparent transfer efficiency
from diet to milk (d), along with total n-3 fatty acid secretion in milk fat (e), and transfer efficiency from diet to milk (f) in lactating dairy goats over a 41-d experi-
mental period. ▪: Unsupplemented control diet, ◆: Diet supplemented with palmitic acid, and ⬤: Diet supplemented with extruded flaxseed; referred to as CONT,
PLAM, and FLAX, respectively, in text and tables. Table values and statistical comparisons are presented in the online Supplementary File, Table S2.
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Fig. 4. Milk fat concentrations of (a) cis-9, trans-11, cis-15 18:3, (b) trans-11, cis-15 18:2, (c) cis-9, trans-11 18:2, (d) trans-11 18:1, (e) trans-10, cis-12 18:2, and (f)
trans-10 18:1 in dairy goats fed different lipid supplements over a 41-d experimental period. ▪: Unsupplemented control diet, ◆: Diet supplemented with palmitic
acid, and ⬤: Diet supplemented with extruded flaxseed; referred to as CONT, PLAM, and FLAX, respectively, in text and tables. Table values and statistical com-
parisons are presented in the online Supplementary File, Table S3.
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and 5.2 percentage units as compared with CONT. These results
corroborate the observations from a meta-regression carried out
by Martínez Marín et al. (2015) showing that dietary unsaturated
plant lipids have a more pronounced negative effect on medium
chain saturated FA contents in milk fat of dairy goats as their
chain length increases.

Fat supplementation (PALM and FLAX) reduced milk fat con-
centration of odd-chain FA, and dietary FLAX decreased few
branched-chain FA relative to CONT. Milk odd- and branched-
chain FA are mainly derived from bacteria leaving the rumen
(Vlaeminck et al., 2006). Variations in their concentrations
were, therefore, suggested to reflect rumen function. In the cur-
rent experiment, fat supplements appear to have had minor
impact on microbial activity, as fermentation parameters were
not different between treatments. Limited effects on bacterial
populations are, therefore, suspected. Lower concentrations of
several milk odd- and branched-chain FA following fat supple-
mentation could then be explained by a reduced de novo synthesis
of FA by ruminal bacteria, a phenomenon that has been observed
previously in dairy cows (Weisbjerg et al., 1992). Alternatively,
lower levels of odd-chain FA with both fat supplements could
be explained by a dilution effect due to a greater uptake of pre-
form FA of dietary origin by mammary gland for incorporation
into milk fat.

In conclusion, we have compared the effects of two lipid sup-
plements greatly differing in their FA profile when added to the
diet of early lactating dairy goats. Both PALM and FLAX
increased milk fat concentration, but only PALM had a minor
(non-significant) stimulatory effect on milk fat yield (+22 g/d)
as compared with CONT. Actual and fat-corrected milk yields
were similar between treatments. It could be hypothesised that
the basal control with a forage-to-concentrate ratio of 45:55
offered enough energy to support optimal lactation performances,
so that the extra energy provided by lipid supplements could not
be used to further improve milk production. Feeding FLAX
increased milk fat concentration of cis-9, cis-12, cis-15 18:3 and
total n-3 FA at the expense of shorter chain saturated FA (e.g.
10:0, 12:0, 14:0, and 16:0). Such changes have been reported to
have positive impacts on blood lipid profile in human subjects.
On the other hand, dietary PALM increased milk fat concentra-
tion of 16:0 also at the expense of shorter chain FA (i.e., 10:0,
12:0, and 14:0). However, the impact of such modifications to
the FA profile on the nutritive value of milk remains to be
determined.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0022029922000784
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