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ABSTRACT

We sought to establish predictive response models of
milk fatty acid (FA) yields or concentrations from their
respective duodenal flow, rumen digestive parameters,
or diet characteristics in dairy cows, with a special fo-
cus on cis and trans isomers of C18:1, C18:2, odd- and
branched FA, and mammary de novo synthesized FA.
This meta-analysis was carried out using data from tri-
als with nature of forage, percentage of concentrate,
supplementation of diets with vegetable oils or seeds,
and marine products’ animal fats as experimental fac-
tors. The data set included 34 published papers repre-
senting 50 experiments with 142 treatments. Increasing
duodenal C18 FA flow induced a quadratic increase in
milk total C18 yield and a linear decrease in milk C4:0
to C14:0 concentration. Intra-experimental predictive
response models of individual milk cis C18:1 isomers
(A 11 to 15 position) from their respective duodenal
flows had coefficients of determination (R”) ranging
from 0.74 to 0.99, with root mean square error varying
from 0.19 to 0.96 g/d, 0.02 to 0.10% of total FA, and
0.03 to 0.29% of C18 FA. Models predicting milk trans
C18:1 isomer yields or concentrations had R* greater
than 0.90 (except for trans-4 and trans-10 C18:1) with
root mean square error varying from less than 0.1 to
5.2 g/d. Linear regressions for C18:2n-6, trans-10,cis-12
CLA, and trans-11,trans-13 CLA were calculated ac-
cording to their respective duodenal flows. Quadratic
models of milk C18:3n-3 yield or concentration from
its duodenal flow had R* values above 0.97. Models of
amounts desaturated from C18:0 into cis-9 C18:1 and
trans-11 C18:1 into c¢is-9,trans-11 CLA indicated that
the contribution of C18:0 and trans-11 C18:1 desatura-
tion to respective cis-9 C18:1 and cis-9,trans-11 CLA
yields in milk fat was 83.8% (£0.75) and 86.8% (£2.8).
Furthermore, when cows were fed marine products,
our results could indicate a lower mammary uptake of
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C18:0 and trans-11 C18:1 in proportion to their respec-
tive duodenal flow, with no associated change in mam-
mary A’-desaturase activity. Yields or concentrations of
C15:0, C17:0, is0-C15:0, 4s0-C17:0, anteiso-C15:0, and
anteiso-C17:0 were dependent on their respective duo-
denal flow or concentration at duodenum, but synthesis
of these FA from C3 units for linear-chain odd FA, and
from C2 units for branched-chain FA was suggested,
respectively. Several milk C18 FA concentrations were
closely related to their duodenal concentrations with
slopes of the linear models close to the bisector; this
could reflect a priority for the use of these duodenal
C18 FA by the mammary gland to favor their high
concentration in plasma triglycerides and nonesterified
FA, which are preferentially taken up by the mammary
gland.

Key words: dairy cow, milk fatty acid, duodenal flow,
lipid supplementation, meta-analysis

INTRODUCTION

Milk lipids in dairy cows are characterized by a high
level of SFA and low level of UFA, especially n-3 fatty
acids (FA), which reflects ruminal biohydrogenation of
UFA and de novo mammary synthesis of SFA, despite
the activity of mammary A’-desaturase (Chilliard et al.,
2007). This profile of milk fat has often been criticized
for human nutrition when compared with nutritional
recommendations (ANSES, 2011), especially in what
concerns their saturated and trans FA content. Conse-
quently, several environmental (nutrition) and intrinsic
factors (genetic selection) were studied to modify the
profile of milk FA in cows (Ferlay et al., 2017).

Feeding practices are the most rapid and effective way
to modulate milk FA composition in dairy females and
several meta-analyses quantified the effect of different
dietary factors on milk fat composition. However, most
of these meta-analyses either focused on specific feed-
ing systems (grass-based feeding systems, Elgersma,
2015), oilseed supplementation (Glasser et al., 2008a;
Meignan et al., 2017), or on specific FA (C18:2n-6, C18:
3n-3, Khiaosa-Ard et al., 2015), and few attempts have
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been made to produce quantitative laws of responses
of milk FA profile to interactions among feeding fac-
tors (Schmidely et al., 2018). However, these laws of
responses are essential to quantify the milk FA profile
in the feed systems encountered in practice, which of-
ten associate different dietary factors in combination.
Improving quantification of these responses is a per-
spective of the renewed feed unit systems to manage
milk FA content and profile according to dietary factors
(INRA, 2018).

Recent feed unit systems are always more mecha-
nistic and they separate the digestive processes from
the transfer of absorbed nutrients into the mammary
gland (INRA, 2018). However, this is not still the case
for lipids in predicting a complete milk FA profile. At
digestive level, several meta-analyses have predicted
the flows of total duodenal FA and specific isomers of
C18:1, C18:2n-6, and C18:3n-3 (Glasser et al., 2008c;
Schmidely et al., 2008), and this has recently been
revisited owing to the increased availability of data
on biohydrogenation intermediates, and on some feed-
ing factors as grazing or fish oils (Prado et al., 2018).
The transfer of duodenal FA into milk (Glasser et al.,
2008b) has been exclusively investigated during lipid
supplementation and deals only with total FA with
18 atoms of carbon (C18) and some specific FA (total
(C18:3, C18:2n-6, and some trans isomers of C18:1) with
no information on CLA isomers, branched-chain FA, or
SFA. However, the FA transfer calculated in Glasser
et al. (2008b) included information using duodenal
infusion of some FA over short periods, which may
differ from the animal responses during feeding trials.
Moreover, these data focused on lipid supplementation,
which prevents extrapolation of these data to other
dietary situations.

Consequently, the objectives of this study were to
quantify through a meta-analysis approach the rela-
tionships between duodenal flows of FA and absorbed
nutrients (VFA) on the one hand and FA secreted into
milk on the other hand, including very different feeding
strategies (grazing, lipid supplementation, and percent-
age of concentrate alone or in combination with other
dietary factors) to connect these relationships with
those established between FA intake and duodenal FA,
to constitute a full set of equations to predict milk FA
from dietary components.

MATERIALS AND METHODS

Publications Selected and Characteristics
of the Database

We extracted from the AGRum database (IDDN.
FR.001.510032.000.R.C.2011.000.10300)  the trials
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studying the relationships between duodenal flows of
FA and milk yield or proportion of FA in response
to changes in dietary factors. The characteristics of
the database and its statistical analysis have been
previously described (Glasser et al., 2008c; Prado et
al., 2018). Data from Sterk et al. (2012) that were
erroneously omitted in Prado et al. (2018) were in-
cluded in the present analysis (Supplemental Data;
https://doi.org/10.3168/jds.2018-15194).  Moreover,
nonpublished duodenal flows of FA associated with
the data of Ferlay et al. (2013) were provided by the
authors and included in the actual data set. Trials
studying lipid infusion in the duodenum or abomasum
were not included because they often differ in dura-
tion compared with feeding trials, which may affect
the response of milk fat secretion and FA profile.
Consequently, we kept studies focusing on the effect
of dietary factors (mainly lipid supplementation with
vegetable oils or seeds, animal fats, fish oils, changes
in percentage of concentrate, and nature of forage; see
Prado et al., 2018) with a final data set including 35
published papers reporting 50 experiments (number of
experiments, Ng,) with 142 treatments (number of
treatments, Ny,().

Some data were eliminated. Concerning the model
of cis-13 C18:1, data from Sterk et al. (2012) were not
considered because of aberrant values of duodenal flow
of this FA. Concerning the milk C18:3n-3 model, one
treatment (protected-linseed supplementation) of the
same study was eliminated because of aberrant secre-
tion of this FA in milk. Data from Loor et al. (2004)
were not used for the model of trans-5 C18:1 because of
aberrant values of its duodenal flow. We did not use the
study of Chelikani et al. (2004) because of aberrant val-
ues of duodenal DM, ADF, and NDF flows. Moreover,
in some cases, the flow of certain FA in milk was higher
than that arising from the duodenum with no possible
synthesis in the mammary gland (e.g., C18:3n-3 or C18:
2n-6) or no contribution of adipose tissue mobilization
as cows were in most cases in mid-lactation. This could
be due to the relative uncertainty of measurement,
which is assumed to be homogeneous between treat-
ments of a given study; these data were consequently
kept in the analysis.

Cows in the database were on average in mid-lacta-
tion (DIM = 108 + 5 d, mean + SE), with an average
BW of 607 + 5 kg, a mean milk production of 29 + 0.7
kg/d, a mean fat yield of 0.98 + 0.02 kg/d, and a milk
protein yield of 0.89 + 0.02 kg/d. Average daily DMI
was 19.7 £+ 0.3 kg of DM/d, with a mean concentrate
percentage of 47.0 + 1.0%, and a mean CP content of
16.8 + 0.2%/DMI (Supplemental Tables S1 and S2;
https://doi.org/10.3168 /jds.2018-15194).
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Calculations of Flows

Total FA yield was calculated from the milk fat yield
reported in the publications, assuming that total FA
represents 0.93 of milk fat (Glasser et al., 2008b), and
individual FA yield was calculated as its proportion
in total FA multiplied by total FA yield. For publica-
tions directly reporting individual FA yield, these were
recalculated with the same method to ensure consis-
tency between trials. Contrary to the approach previ-
ously developed by Glasser et al. (2008b), we decided
to develop specific equations relating individual milk
FA yield (g/d) to respective flow in the duodenum
(g/d) when sufficient data (N, > 10) were available.
No minimal threshold dealing with number of trials
or number of published papers was fixed when a low
number of treatments was available. We also developed
equations that relates the proportion in milk fat (% of
total FA) to its concentration in the duodenum (g of
FA in duodenum/kg of DMI) and for the isomers of
C18:1, C18:2, and C18:3, we obtained relations between
their percentage in milk (expressed as a % of total milk
C18 FA) and their percentage in the duodenum (% of
total duodenal C18 FA). When FA in milk do not have
a corresponding flow at the duodenum (e.g., short- to
medium-chain FA arising from mammary lipogenesis,
some branched-chain FA), equations were developed
from data characterizing rumen fermentation (ruminal
acetate, butyrate, and propionate concentrations, mM)
or from dietary characteristics. Ruminal acetate and
butyrate concentrations were preferred to VFA flows
predicted using the new INRA feeding system (INRA,
2018) by the Systool.fr application (Chapoutot et al.,
2015) because we chose to focus on measured rather
than calculated data.

Mammary lipogenesis was considered to be repre-
sented by the sum of straight and even-chain FA having
4 to 14 atoms of carbon (in g/d or as % of total FA),
whereas even- and branched-chain FA were considered
individually. Palmitic acid was highly related to the
sum of C4:0 to C14:0 FA yield and moderately related
to the proportion in total milk FA (r = 0.75, P <
0.001 for milk yield, and r = 0.25, P < 0.005 for milk
concentration), reflecting the fact that it arises mainly
from lipogenesis in our database. However, because nu-
merous data for duodenal C16:0 flows were available,
we predicted C16:0 in milk from its duodenal flow and
not from ruminal acetate or butyrate concentrations.
Apparent transfer of the sum of the substrate (SFA)
and product of the A’-desaturase (cis-9 MUFA) was
estimated for each treatment by the ratio between the
sum of the substrate and product in milk yield (g/d)
and the corresponding sum in the duodenum (g/d).
The mammary uptake of substrates and products of
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desaturase was then calculated separately using the ap-
parent transfer of the sum of the SFA and cis-9 MUFA
applied to the duodenal flows of substrates and prod-
ucts. This estimate of mammary uptake of substrates
was then deducted from their milk yields to provide
an estimation of the quantity of desaturated FA as de-
scribed by Glasser et al. (2008b). The contribution of
the desaturase activity to the actual milk yield of cis-9
C18:1 and cis-9,trans-11 CLA was then calculated as
the ratio between the production of that FA by desatu-
ration divided by the actual yield of that FA.

Statistical Analysis

Because long-chain FA from marine products may
affect de novo mammary lipogenesis and mammary
A’-desaturase activity, the data set was split into 2
subsets: the first subset (fish) contained only control
treatments, and treatment containing marine products,
and the second forage/concentrate/lipids (FCL) subset
with dietary treatments included the nature and propor-
tions of forages, and percentage of concentrate and lipid
supplementation as seeds, oils, or animal fats. For each
subset, specific relationships relating duodenal flows or
ruminal characteristics and milk FA were produced ac-
cording to variance-covariance analysis (General Linear
Models with Minitab, version 17, Minitab Inc., State
College, PA) including the fixed effect of experiment
and either the duodenal flow of the FA or the ruminal
characteristics as covariates. Equations were derived for
milk FA yields (g/d) or milk FA concentrations (% of
total milk FA, or percentage of total milk C18 FA).

RESULTS

Milk Total C18 FA, Cis and Trans Isomers of C18:1,
C18:2, and C18:3n-3

The intra-experiment model of milk total C18 FA
yield presented a linear effect and a quadratic effect of
duodenal total C18 FA flow with a coefficient of deter-
mination (R?) equal to 0.89 (Table 1 and Figure 1A)
and a linear effect when milk C18 FA concentration (%
of total FA) was related to total duodenal C18 FA (g/
kg of DMI). Models of milk cis C18:1 isomers (from
cis-11 to cis-15) calculated in 3 different units (g/d, %
of total C18 FA, % of total FA) from their respective
duodenal FA flows (Table 1) had an R” between 0.74
and 0.99.

The models of milk yields of cis-11, cis-12, and cis-13
C18:1 isomers were linear with slopes of 0.22 + 0.07,
0.40 + 0.05, and 0.40 + 0.08, respectively. For these iso-
mers, the linear models presented slopes varying from
0.24 to 1.03 when milk FA was expressed in percentage
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Figure 1. (A) Intra-experimental relationship between milk total
C18 fatty acid (FA) yield (Y, g/d) and duodenal total C18 FA flow (X,
g/d), where (A) are the lipid diets and (M) diets without lipid supple-
mentation from the forage/concentrate/lipids subset. The dashed line
(- - -) shows the quadratic fitted model [Y = 97.1 &+ 36.4 + 0.66 +
0.11-X — 0.00029 =+ 0.00008-X2, number of experiments (Nexp) = 35,
number of treatments (N,,) = 96, root mean square error (RMSE) =
38.6 g/d, R* = 0.89]. (B) Intra-experimental relationship between milk
total C18 FA yield (Y g/d) and duodenal total C18 FA flow (X g/d)
from the fish subset. The dashed line (- - -) shows the quadratic fitted
model (Y = 0.97 & 0.10 - X — 0.0005 = 0.0002-X>, Ny, = 5, Ny, = 16,
RMSE = 51.2 g/d, R* = 0.98).

of total C18 FA. For the linear models expressed in
percentage of total FA, the slopes varied from 0.38 to
1.28 for cis-11- and cis-13 C18:1 isomers. The models
of ¢is-12 (when expressed in % of total FA), and cis-15
C18:1 (when expressed in g/d, % of total FA, or % of
total C18 FA) showed an intra-experiment quadratic
regression. In addition, the intercept was often signifi-
cant for these different models, with the exception of
cis-12 (% of total C18 FA and % of C18 FA) and cis-15
C18:1 (with the 3 units).

Figure 2 shows the relationship between milk C4:
0—C14:0 concentration and duodenal total C18 FA flow.
Milk C4:0—C14:0 concentration decreased with increas-
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Duodenal total C18 FA flow (g/kg of DMI)

Figure 2. (A) Intra-experimental relationship between milk C4:
0-C14:0 concentration [Y, % total fatty acids (FA)] and duodenal total
C18 FA flow (X, g/kg of DMI), where (A) are the lipid diets and (M)
are diets without lipid supplementation from the forage/concentrate/
lipids subset. The dashed line (- - -) shows the linear fitted model [Y
= 33.3 £ 1.10 — 0.32 £ 0.03-X, number of experiments (N,) = 30,
number of treatments (Ny) = 80, root mean square error (RMSE)
= 2.29% of total FA, R* = 0.74]. (B) Intra-experimental relationship
between milk C4:0-C14:0 concentration (Y, % total FA) and duodenal
total C18 FA flow (X, g/kg of DMI) from the fish subset. The dashed
line (- - -) shows the linear fitted model (Y = 35.3 + 1.92 — 0.45 +
0.07-X, Ny, = 5, Ny = 17, RMSE = 1.79% of total FA, R> = 0.72).

ing duodenal C18 FA flow regardless which data set
was considered.

For the different response models predicting milk
trans C18:1 isomers, we obtained models with a R?
greater than 0.90, except for trans-4 and trans-10 C18:1,
with the values of R? varying from 0.57 to 0.86 (Table
1). We obtained quadratic models from their respective
duodenal flows for trans-4 and trans-16+cis-14 C18:1
when they were expressed in percentage of total FA, for
trans-6+74+8, trans-9, trans-12, and trans-134+14 when
they were expressed in grams per day and percentage of
total FA, and for trans-11 C18:1 when the units grams
per day were used (Figure 3A). The regression for milk
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trans-10 C18:1 yield presented a significant intercept
(3.86 &+ 1.20 g/d) and a slope equal to 0.27 £ 0.05
(Figure 3B). The linear regression of trans-10 C18:1
concentrations presented slopes of 0.84 + 0.14 and 0.64
+ 0.12 with the units of percentage of total FA and
percentage of total C18 FA, respectively. Furthermore,
linear regressions between milk yield of trans-15 and
trans-16 + cis-14 C18:1 and their respective duodenal
FA flow were obtained with a slope equal to 0.44 +
0.02 and 0.32 + 0.03, and a root mean square error
(RMSE) equal to 0.08 and 0.76 g/d, respectively.

For milk C18:2 isomers (except for cis-9,trans-11
CLA, which has double origin: rumen formation and
provided from the desaturated trans-11 C18:1), we had
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Figure 3. (A) Intra-experimental relationship between milk
trans-11 C18:1 yield (Y, g/d) and duodenal trans-11 C18:1 flow (X,
g/d) from the forage/concentrate/lipids subset. The dashed line (- - —2)
shows the quadratic model [Y = 0.55 £ 0.04-X — 0.0019 £ 0.0004-X",
number of experiments (N,,) = 18, number of treatments (Ny,) = 49,
root mean square error (RMSE) = 4.25 g/d, R? = 0.95]. (B) Intra-
experimental relationship between milk ¢rans-10 C18:1 yield (Y, g/d)
and duodenal trans-10 C18:1 flow (X, g/d) from the forage/concen-
trate/lipids subset. The dashed line (- - -) shows the linear model (Y
= 3.86 £ 1.20 + 0.27 £ 0.05-X, N, = 14, N;,, = 37, RMSE = 5.11
g/d, R? = 0.70).
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linear regressions for C18:2n-6 (Table 2 and Figure 4),
trans-10,cis-12 and trans-11,cis-13 CLA whatever the
unit used, and trans-11,trans-13 CLA (when expressed
in % of total C18 FA) and trans-11,cis-15 C18:2 (when
expressed in % of total FA and total C18 FA) accord-
ing to their respective duodenal FA flow. The slopes
for C18:2n-6, trans-10,cis-12, and trans-11,cis-13 CLA
yield models were 0.24 + 0.08, 0.41 + 0.06, and 0.47 +
0.02, respectively. The slopes of C18:2n-6 concentration
models varied between 0.45 + 0.18 (when expressed
in % of total FA) and 0.54 + 0.05 (when expressed in
% of total C18 FA), whereas that of trans-11,trans-13
CLA (% of total C18 FA) was 0.69 + 0.03 and those of
trans-11,cis-13 CLA were 0.73 4+ 0.06 (when expressed
in g/d) and 0.44 + 0.03 (when expressed in % of total
FA), respectively. We obtained quadratic models for
trans-11,trans-13 CLA yield or concentration (when
expressed in % of total FA) and trans-11,cis-15 and
trans-9,cis-12 C18:2 whatever the units used (Table
2). Intercepts were all significant except for trans-
11,trans-13 CLA and trans-11,cis-15 C18:2 whatever
the units used, trans-10,cis-12 CLA concentration when
the model was expressed in % of total C18 FA and
trans-11,cis-13 CLA yield.

Concerning C18:3n-3, we obtained quadratic regres-
sions (Table 2 and Figure 5), with R* varying from 0.97
to 0.98. The intercept was not significant for all models,
whatever the units used.

Concerning the sums of substrates and products of
mammary A’-desaturase activity, we obtained models
with R? greater than 0.84; RMSE were 6.16 and 33.9
g/d, 0.46 and 2.39% of total FA, and 0.82 and 3.06 (%
of total C18 FA) for the sum of ¢is-9,trans-11 C18:2 +
trans-11 C18:1 and for the sum of C18:0 + c¢is-9 C18:1,
respectively (Table 3 and Figure 6). Whatever the units
used, the relationships were linear between milk yields
or concentrations and duodenal flows, with significant
intercepts except for the sum of trans-11 C18:1 and
cis-9,trans-11 CLA expressed in percentage of total
C18 FA. Adjusted models of the amount desaturated
of C18:0 into c¢is-9 C18:1 and trans-11 C18:1 into
cis-9,trans-11 CLA according to estimated mammary
uptake are presented in Table 6. Estimated mammary
uptake of C18:0 and cis-9 C18:1 was 256 (+11) and
23 (£2.3) g/d for their respective milk yields of 180
(£7.7) and 6.9 (£0.40) g/d. The adjusted models had a
significant intercept and R” between 0.82 and 0.96. The
slopes indicated that approximately 25% (slope = 0.23)
of the trans-11 C18:1 uptake and half of the C18:0 up-
take (slope = 0.55) were desaturated into cis-9,trans-11
CLA and cis-9 C18:1, respectively. The calculated con-
tribution of C18:0 and trans-11 C18:1 desaturation to
respective cis-9 C18:1 and c¢is-9,trans-11 CLA yields in
milk fat was 83.8% (40.75) and 86.8% (42.8).
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Figure 6. Intra-experimental relationship between the sum of milk
C18:0 and cis-9 C18:1 yield (Y, g/d) and duodenal flow of the sum
of C18:0 and c¢is-9 C18:1 (X, g/d) from the forage/concentrate/lipids
subset. The dashed line (- - -) shows the linear model (Y = 133 £+ 18.3
+ 0.33 £ 0.05-X, number of experiments = 21, number of treatments
= 57, root mean square error = 33.9 g/d, R* = 0.88).

the intra-experiment models of milk C18:0 yield and
concentration (% of total FA) from duodenal C18:0 flow
were quadratic with R? varying between 0.89 and 0.99,
respectively (Table 4). The linear model of C18:0 con-
centration when expressed in total C18 FA presented a
slope of 0.31 + 0.04 and a R* of 0.83.

The intra-experimental models of milk yields of
C15:0, 1s0-C17:0, and anteiso-C17:0 from their respec-
tive duodenal flows presented R* between 0.82 and 0.98
(Table 4), whereas the predictions of the concentrations
of all odd- and branched-chain fatty acids in milk from
their concentrations in duodenal DM (g/kg of DMI) or
concentrations in duodenal total FA had R? between
0.74 and 0.97. Predictions of milk yield of C15:0 and
C17:0 from dietary starch content (positive slope) or
ruminal pH (negative slope) had slightly lower R? than
the models obtained with duodenal flows as predictors.
Prediction of yields of iso-C15:0, anteiso-C15:0, and
anteiso-C17:0 from dietary starch, ruminal acetate:
propionate ratio, or ruminal acetate had R* between
0.50 and 0.88 (Table 4 and Figures 7A and 7B).

Milk FA with 18, 20, or 22 Atoms of Carbon

For the fish subset, we obtained similar quadratic
models of milk C18 FA yield from their duodenal flow
(Table 5 and Figure 1B) than for the FCL subset.
Moreover, the model predicting milk C4:0 to C14:0
yield from acetate+butyrate ruminal concentration and
total duodenum C18 FA flow had similar coefficients
than those in the FCL subset, but they were not signifi-
cant, probably because of the low number of treatments
available (N, = 13).

Journal of Dairy Science Vol. 102 No. 4, 2019
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We calculated intra-experiment regressions for
eicosapentaenoic acid (EPA; (€20:5n-3), docosapen-
taenoic acid (DPA; (22:5n-3), and docosahexaenoic
acid (DHA; C22:6n-3) expressed in grams per day or
percentage of total FA from their duodenal flows with
R? varying from 0.23 to 0.83 (Table 5). Models of EPA
yield and concentration were quadratic according to its
duodenal flow with slopes equal to 0.05 4+ 0.01 and
2.85 + 0.41, respectively. When expressed in grams per
day and percentage of total FA, milk DHA yield was
linearly related to its respective duodenal FA flow, with
slopes of 0.20 £+ 0.03 and 0.59 + 0.09, respectively.
When expressed in grams per day and percentage of
total of FA, the slopes of the linear milk DPA models
were 0.24 £+ 0.11 and 0.71 + 0.38, respectively.

Whatever the units used, milk C18:3n-3 was linearly
related to its duodenal flow with R values from 0.52 to
0.91. The slopes were 0.26 + 0.04, 0.39 + 0.07, and 0.15
+ 0.06 when expressed in grams per day, percentage of
total FA, and percentage of total C18 FA, respectively.
Global models of milk C18:2n-6 yield or concentration
were positively dependent on its duodenal flow with
R? and slopes varying from 0.65 to 0.96 and 0.37 +
0.06 to 1.51 £ 0.08, respectively (Table 5). For C18:0
and isomers of C18:1, the models presented R? values
greater than 0.85, except for cis-9 C18:1 (R* = 0.42).
The models of milk C18:0 yield (g/d) and concentra-
tion (% of total C18 FA) were linear, but quadratic
when expressed in percentage of total FA. Models for
trans-10 C18:1 presented a linear effect of duodenal
trans-10 C18:1 whatever the unit used, with slopes of
0.43 £ 0.01, 1.08 4 0.04, and 0.80 4+ 0.02 for the units
grams per day, percentage of total FA, and percentage
of C18 FA, respectively. Milk yield of trans-11 C18:1
had a quadratic relationship with duodenal trans-11
C18:1 flow, whereas the models for concentration pre-
sented a linear effect of duodenal trans-11 C18:1 flow.
The model for trans-10,cis-12 CLA yield was linear
with a slope of 0.43 £ 0.06 and a R? of 0.88, whereas
the model for trans-10,cis-12 CLA concentration was
quadratic with a R? of 0.98.

Concerning the desaturated FA, models of the sum
of C18:0 + cis-9 C18 were linear when they were ex-
pressed in grams per day or percentage of total C18
FA and the model expressed in percentage of total FA
was quadratic. All models for the sum of milk trans-11
C18:1 and cis-9,trans-11 CLA were a linear function
of their duodenal flow, with high R* varying from 0.96
to 0.98. Adjusted models of the amount of desaturated
C18:0 into cis-9 C18:1 and trans-11 C18:1 desatu-
rated into cis-9,trans-11 CLA according to estimated
mammary uptake are presented in Table 6. Estimated
mammary uptake of C18:0 and cis-9 C18:1 was 210
(£39.5) and 35 (£5.0) g/d for respective milk yields of
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142 (£25.7) and 9.9 (£1.23) g/d. The adjusted models
had no significant intercept and R* was between 0.78
and 0.96. The slopes indicated that approximately 25%
(slope = 0.23) of the trans-11 C18:1 uptake and half of
the C18:0 uptake (slope = 0.56) were desaturated into
cis-9,trans-11 CLA and cis-9 C18:1, respectively. The
calculated contribution of C18:0 and trans-11 C18:1 de-
saturation to respective cis-9 C18:1 and cis-9,trans-11
C18:2 yields was 80.2% (+0.75) and 73.0% (£7.4).

DISCUSSION

Milk Total C18 Fatty Acids, Cis and Trans Isomers
of C18:1 and C18:2, and C18:3n-3

General Considerations. We selected 3 units of
expression to predict milk FA, in grams per day or a
percentage of total FA for all milk FA, and percent-
age of total milk C18 FA for milk isomers of C18:1
and C18:2, and C18:3n-3. In their review, Glasser et
al. (2008b) stated that direct prediction of the yield
of individual C18 FA on a gram per day basis could
not be established from their duodenal flow because
milk total C18 yield could not be precisely predicted
from the corresponding duodenal flow. However, during
diet formulation with linear programming to optimize a
given constraint (e.g., optimize milk yield of C18:3n-3),
the ratio as a percentage of total FA or a percentage
of total C18 FA is not additive, which often prevents
finding an optimal solution to the dietary constraints.
Consequently, we decided to present equations that rely
on flows from the duodenum to the mammary gland
with grams per day as units. Moreover, these units are
coherent with the prediction of laws or responses of milk
from changes in duodenal flows as recently proposed in
the renewal of feed unit system for ruminants (INRA,
2018). However, we also used a composition approach,
with FA in milk being expressed as a percentage of
total FA or as a percentage of C18 FA, for comparison
with the review of Glasser et al. (2008b).

We decided to provide a set of equations including
prediction of milk individual FA from their duodenal
flows, from ruminal characteristics, or from dietary
constituents. It must be stressed that this approach is
more adapted to the prediction of the yields or the
concentrations of individual FA or a group of FA (e.g.,
C4:0 to C14:0) rather than a complete profile of milk
FA. Indeed, the milk FA profile is not the sum of FA in-
dependently synthesized or taken up, but rather results
from interaction between the uptake of long-chain FA,
de novo mammary lipogenesis, desaturation of FA, and
esterification of glycerol molecule (Ferlay et al., 2017).
These interactions have not been addressed directly
here, with 2 exceptions. First, we provided a specific
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set of equations to predict milk FA profile for cows fed
marine products, assuming that long-chain PUFA may
affect the mammary lipogenesis (Angulo et al., 2012),
mammary A’-desaturase activity (Kairenius et al.,
2015) and possibly the transfer of preformed FA into
the mammary gland (Vahmani et al., 2014). Second, the
reduction of de novo mammary lipogenesis by duodenal
total C18 FA flows or concentrations (Shingfield et al.,
2010) has been partly taken into account by indexing
the prediction of milk C4:0 to C14:0 on the availability
of their ruminal precursors but also on the duodenal
flow of total C18 FA (see below).

Total C18 Fatty Acids. With the FCL subset, the
positive intra-experiment relationship between duode-
nal C18 FA flow and milk C18 FA yield was quadratic

12 1

Milk C17:0 yield (g/d)

5.5 5.75 6 6.25 6.5 6.75 7

20
18
16
14
12
10

Milk C15:0 yield (g/d)

©O N ~ O

6.75 7

6.25 6.5

5.5 5.75 6
Ruminal pH

Figure 7. (A) Intra-experimental relationship between the milk
C17:0 yield (Y, g/d) and the ruminal pH (X) from the forage/concen-
trate/lipids subset. The dashed line (- - -) shows the linear model [Y
= 24.4 (£4.51) — 3.00 (£0.72)-X, number of experiments (N,,) = 20,
number of treatments (N;) = 60, root mean square error (RMSE) =
0.98, R* = 0.83]. (B) Intra-experimental relationship between the milk
C15:0 yield (Y, g/d) and the ruminal pH (X) from the forage/concen-
trate/lipids subset. The dashed line (- - -) shows the linear model [Y
= 34.4 (£9.5) — 3.88 (£1.53)-X, Ny, = 22, Ny = 66, RMSE = 1.70,
R? = 0.80].
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R?
0.96
0.82
0.98
0.78

RMSE?

Slope
(
(
(
(

Intercept

Mammary product
vield (Y; g/d)
(
25

cis-9,trans-11 CLA

cis-9 C18:1
cis-9,trans-11 CLA

cis-9 C18:1

Mammary
product

Mammary substrate
uptake (X; g/d)

trans-11 C18:1

C18:0
trans-11 C18:1

Mammary
substrate

Table 6. Calculated mammary uptake of C18:0 and trans-11 C18:1 (X), milk yields of cis-9 C18:1 and cis-9,¢rans-11 CLA, and adjusted models of the amount desaturated (g/d)
C18:0

according to mammary uptake for the forage/concentrate/lipids and fish subsets

1 -
Neyp = number of experiments.
2

N,,x = number of treatments.

Forage/concentrate/lipids

Data subset

Fish
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SRMSE = root mean square error.
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and was close to that reported by Glasser et al. (2008b).
Our model presented a lower intercept and RMSE than
those of Glasser et al. (2008b). The transfer efficiency
of C18 FA was relatively high (linear coefficient of 0.66)
and was higher than that (0.46) indicated by Glasser
et al. (2008b). Moreover, the resulting milk C18 yield
plateaued at a value of 470 g/d for a duodenal C18 FA
flow of 1,250 g/d corresponding to an increase of C18
duodenal flow of 1,000 g/d above the basal flow of con-
trol diets. A similar pattern of response of milk C18 FA
secretion to duodenal flow of C18 FA was reported by
Glasser et al. (2008b) with a similar maximal response
(450 g/d) but for a lower increase (605 g/d) in C18 FA
duodenal flow. These variations could be due to the
different meta-designs between the 2 meta-analyses. In
fact, among the selected publications from Glasser et
al. (2008b), experiments on postruminal infusions of
trans-10,cis-12 CLA were included and this FA could
decrease the capacity of the mammary gland to take up
C18 FA by altering the activity of LPL (Shingfield et
al., 2009) and thus change the transfer efficiency of C18
FA. Concerning this relationship, milk yield of C18 FA
varied more strongly for similar duodenal flows with
lipid-supplemented diets (Figure 1A, black squares, Y
=247 + 39.7 + 0.20 £+ 0.05-X, N, = 63, RMSE = 104
g/d, R* = 0.21) than with diets without lipids (black
circles, Y = 115 £+ 25.9 4+ 0.50 4+ 0.06-X, N, = 33,
RMSE = 54.5 g/d, R* = 0.67). We can rely on the high
variability of C18 FA yield with lipid-supplemented diets
given that increasing duodenal flow of C18 FA induced
a linear decrease in milk C4:0 to C14:0 concentration
(Figures 2A and 2B) and a quadratic increase in milk
C18 FA yield (Table 4 and Figure 1A). This illustrates
the changes in milk FA concentrations associated with
the reduction in milk fat yield when lipid-supplemented
diets were fed to cows, which increased the total C18
FA flows at the duodenum (Prado et al., 2018) and the
C18 FA availability for the mammary gland (Glasser et
al., 2008D).

The decrease in milk C4:0-C14:0 yield in the case
of supplementation of diets with UFA could be due to
an inhibitory effect of several intermediates of ruminal
biohydrogenation (as trans-10,cis-12 CLA, or trans-10
(C18:1; Bauman and Griinari, 2003). We confirmed this
hypothesis since milk trans-10 C18:1 yield and milk C4:
0—C14:0 yield were negatively correlated (r = —0.585,
P < 0.01), as were milk trans-10 C18:1 and C4:0-C14:
0 concentrations (% of total FA) for the FCL subset (r
= —0.669, P < 0.01, data not shown).

Another explanation relative to the decreased C4:
0-C14:0 yield with high-lipid diets could be due to a
decrease in DMI (DMI = 18.1 + 4.8 and 17.2 4+ 4.2
kg/d for control diets and diets supplemented with
lipids (data not shown) in accordance with Faverdin
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et al. (2018) or competition of C18 FA in short-chain
FA esterification, as already suggested by Glasser et al.
(2008b). Thus, high C18 FA supply to the mammary
gland could modify both C18 FA uptake and de novo
FA synthesis (Figures 1A and 2B).

Composition of C18 Fatty Acids. The linear
models (expressed as a percentage of total C18 FA)
indicated that several FA concentrations in milk were
closely related to their duodenal concentration, with
slopes close to the bisector (cis-12, cis-13, and trans-12
C18:1, and trans-10,cis-12 CLA) suggesting similar
C18 FA composition in the duodenum and milk. This
could be due to the fact that the mammary gland takes
up C18 FA preferentially from plasma triglycerides cir-
culating in chylomicra or very low-density lipoproteins
and nonesterified FA, instead of plasma cholesterol
esters and phospholipids (Bernard et al., 2008).

Several observations can be made: the transfer ef-
ficiency (<0.60) was low for cis-11, trans-4 and trans-5
C18:1; intermediate for trans-9, trans-10, trans-11,
and trans-13+14 C18:1; and high (>0.80) for trans-15
and trans-16+cis-14 C18:1. Isomers of C18:1 with
milk concentrations in the same range as trans-4 and
trans-5, trans-10 and trans-11, and trans-15 and trans-
16+cis-14 C18:1 had the same transfer efficiency, with
lower uptake for minor FA and greater uptake by the
mammary gland for FA of higher concentration (except
for cis-11). The C18:2n-6 and C18:3n-3 are essential
FA and had a different pattern (low transfer for C18:
2n-6 and C18:3n-3, but with a quadratic relationship
for C18:3n-3). This could reflect different plasma
availability of these FA for mammary uptake. Indeed,
during intravenous infusion of triglycerides emulsions
enriched in C18:3n-3 or C18:2n-6, the content of C18:
3n-3 in plasma phospholipids was increased but not for
that of C18:2n-6, indicating re-esterification in the liver
for C18:3n-3, but not for C18:2n-6 (Stamey Lanier et
al., 2013). Plasma phospholipids were less taken up by
the mammary gland than triglycerides and nonesteri-
fied FA. This phenomenon could explain the limited
transfer of C18:3n-3 into milk fat because C18:3n-3 is
present highly in phospholipids (Bernard et al., 2008;
Stamey Lanier et al., 2013). Moreover, a possible regu-
lation of the glycerol transferase enzymes involved in
the triglyceride synthesis (glycerol-3-phosphate acyl-
transferase, acylglycerol phosphate acyltransferase, and
diacylglycerol O-acyltransferase) by C18:2n-6 or C18:
3n-3 availability could be implicated and interact with
the transfer of these FA into milk (Bernard et al., 2008,
2018).

Finally, it cannot be ruled out that quadratic re-
sponses of milk C18:3n-3 to changes in duodenal C18:
3n-3 flows may be related to the statistical distribu-
tion of duodenal C18:3n-3 concentration; the difference
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between the 1st and 2nd quartiles of the C18:3n-3
distribution was 1.8 g of C18:3n-3/kg of DMI, whereas
that between the 3rd and 4th quartiles was 33.1 g/kg of
DMI, reflecting a skewed distribution toward the lowest
values of duodenal C18:3n-3.

The quadratic models of total C18 FA, cis-15,
trans-6+748, trans-9, trans-11, trans-12, trans-13414
C18:1, trans-11,cis-15 C18:2, and trans-11,trans-13
CLA yields suggest a limiting capacity of mammary
gland to uptake these FA and thus a saturation of the
LPL activity. It is possible to advance similar explana-
tions for these FA than for C18:3n-3, without specific
studies allowing consolidation of these aspects.

When models from the FCL subset were compared
with those from fish subset, some models presented sim-
ilar slopes (C18:2n-6, C18:0, and trans-11 C18:1 when
expressed in percentage of total C18 FA), whereas dif-
ferences in C18:3n-3 models were observed (quadratic
vs. linear between the FCL and fish subsets).

In our study, the apparent transfer efficiency of EPA
from the duodenum to milk increased quadratically
when its duodenal flow increased. This is in contrast
to the data of Loor et al. (2005) and Dallaire et al.
(2014), who reported an apparent transfer efficiency
between 14 and 18%, respectively, during EPA infusion.
Conversely, apparent DHA transfer efficiency was 20%
in our meta-analysis, which is in the range of values
(13 to 26%) reported by Loor et al. (2005) and Dallaire
et al. (2014). Differences between these results may
be related to the difference between the quantities of
long-chain FA available at the duodenum in our meta-
analysis (between 0.1 and 7 g/d for EPA and 0.2 and 6
g/d for DHA) in comparison with doses infused in the
duodenum (between 12 and 50 g/d for EPA and DHA),
and reflected by very different milk yields for EPA (0
to 4 g/d for DHA in our meta-analysis vs. 10 to 20 g/d
with duodenal infusion) and DHA (0.1 to 1.3 g/d in
our meta-analysis vs. 3.2 to 10 g/d with duodenal infu-
sion). These results indicated that high doses of infused
long-chain FA could alter the capacity of the mammary
gland to regulate the uptake of these FA and thus they
may not be appropriate for estimating the real transfer
of these FA into milk.

Some models of our FCL subset are in agreement
with previous predictive equations reported by Glasser
et al. (2008b). Notably, the intercept and slope of the
models of trans-9 and trans-10 C18:1 were similar to
those of Glasser et al. (2008b), respectively, affirming
that our models were robust.

Desaturated Fatty Acids

The models of the sum of desaturation substrates
and products (expressed as a percentage of C18 FA)
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presented slopes close to unity (Table 3), suggesting
that from a composition approach, milk concentrations
of desaturated FA and their saturated precursors were
directly proportional to their profile in the duodenum.
This allowed us to estimate the mammary uptake of
these FA and the quantity of FA further desaturated.
Our results clearly indicated that the amounts of de-
saturated FA were directly and linearly proportional
to their precursor uptake, suggesting that mammary
A’-desaturase activity was high and not limiting within
the range of substrates taken up (47 to 486 g/d and 14
to 148 g/d for C18:0 and trans-11 C18:1, respectively,
in the FCL subset, Supplemental Table S1; https://doi
.org/10.3168/jds.2018-15194). In our analysis, the con-
tribution of mammary desaturase activity to milk cis-9
C18:1 yield was 83.8%, which is in line with the findings
of Glasser et al. (2008b). However, this is higher than
the proportion of oleic acid being synthesized endog-
enously, which is between 48 and 57% of the amount
secreted in milk, as estimated in vivo in ewes using
13C-labeled stearic acid (Toral et al., 2017). Differences
between species and feeding conditions may account
for these variations. For cis-9,trans-11 CLA yields,
our estimate of the mammary desaturase contribution
(87%) 1is slightly lower than that (95%) obtained by
Glasser et al. (2008b), possibly because duodenal infu-
sions of this FA were included in their database. Using
tracer methodology in vivo, high variations have been
observed in the contribution of endogenous synthesis to
milk ¢is-9,trans-11 CLA in cows and in goats (Bernard
et al., 2010; Ferlay et al., 2017).

The relationships between the sums of C18:0 and cis-
9 C18:1 and trans-11 C18:1 and cis-9,trans-11 CLA on
a daily basis (g/d) were different between the 2 subsets,
but similar when expressed in percentage of C18 FA.
This suggests that the activity of A-desaturase was
not affected by feeding fish oils, as indicated by the
very similar slopes of C18:0 and trans-11 C18:1 uptake
and their desaturation products, in line with data ob-
tained in vivo (Ahnadi et al., 2002; Toral et al., 2012).
In our database, the average C18:0 mammary uptake
was 256 g/d in the FCL subset associated with average
duodenal flows of C18:0 of 240 g/d, whereas it was
210 and 250 g/d, respectively, in the fish subset. The
mammary uptake and duodenal flow of trans-11 C18:1
were 23 and 28 g/d in the FCL subset and 35 and 62
g/d in the fish subset, respectively. These data taken
together may indicate a lower mammary uptake of
C18:0 and trans-11 C18:1 in proportion to their respec-
tive duodenal flows when cows are fed fish oil, with no
associated change in mammary A°-desaturase activity
in our conditions. This suggestion is in agreement with
Bernard et al. (2017), who reported no modification in
mRNA abundance of the SCD gene in cows fed diets
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with fish oil, but in disagreement with Ahnadi et al.
(2002), Harvatine and Bauman (2006), and Angulo et
al. (2012), who reported a decreasing effect of diets
supplemented with marine products on gene expression
of SCD.

Odd- and Branched-Chain Fatty Acids

Yields or concentrations of linear odd-chain FA C15:0
and C17:0 in milk fat were related to their duodenal
flows or concentrations in duodenal FA, respectively.
This indicates that milk secretion of these FA was
partly from ruminal origin, since these FA are synthe-
tized by ruminal organisms (Vlaeminck et al., 2005).
However, the slopes of the models that represent ap-
parent transfer efficiency from duodenal into milk were
around 0.5 (when expressed on a yield basis for C15:0
and C17:0). This value is slightly lower than those re-
ported by Vlaeminck et al. (2015) that estimated the
contribution of duodenal odd-chain FA to milk yield to
be between 0.63 and 0.67. This indicates that part of
the yield of these FA in milk arises from de novo mam-
mary synthesis in line as reflected by the significant
intercept of the model of milk C17:0 concentration (%
of total FA) and the significant contribution of ruminal
propionate to the secretion of C15:0 (Table 4). This
suggests that de novo synthesis of linear odd-chain FA
contributes to a large extent to the secretion in milk
of these FA, with propionyl-CoA arising from ruminal
propionate, as a primer for lipogenesis in the mam-
mary gland as previously reported in dairy goats by
Massart-Leen et al. (1983). However, some differences
exist between these 2 FA when the slopes of the models
to predict their concentration in milk fat were consid-
ered (0.52 for C15:0 vs. 0.38 for C17:0, respectively),
indicating that a greater proportion of C15:0 than of
C17:0 was apparently transferred into milk fat, possibly
due to the fact that part of C17:0 transferred into milk
was desaturated into c¢is-9-C17:1 (Fievez et al., 2003).

Milk yields or concentrations of branched-chain FA
were also related to their duodenal flows or concentra-
tions. For is0-C17:0, apparent transfer between duode-
num and milk (on a g/d basis) was high (slope = 0.85),
associated with a high intercept (1.80 g/d), whereas
for anteiso-C17:0, the slope was greater than 1. This
reflects that milk yield of these FA exceeds their duo-
denal flow, as previously reported by Vlaeminck et al.
(2006, 2015), which may be attributed to either mobi-
lization from adipose tissue or to synthesis of the 2 FA
in the mammary gland. Mobilization of ¢so-C17:0 and
anteiso-C17:0 from adipose tissue is probably of minor
importance, because most of the trials included in that
meta-analysis were designed with cows in mid-lactation
when lipomobilization is negligible. In the mammary
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gland, the activity of FA synthase to elongate isova-
leryl-CoA, 2-methylbutyryl-CoA, and isobutyryl-CoA
to iso odd-chain and anteiso odd-chain FA seems to
be negligible (Fievez et al., 2012; Vlaeminck et al.,
2015). Conversely, we found a positive relationship be-
tween milk anteiso-C15:0 and anteiso-C17:0 yield and
molar acetate proportion, which indicates that part of
the yield of these FA arises from incorporation of 2C
units on anteiso-C13:0 and anteiso-C15:0, respectively.
In agreement with the fact that milk 4so-C15:0 can
positively predict ruminal acetate (Fievez et al., 2012),
we also find that iso-C15:0 was positively related to
acetate:propionate ratio, suggesting a similar incorpo-
ration of 2C units on is0-C13:0.

Milk concentration of anteiso-C17:0 was also nega-
tively correlated with dietary CP content (r = —0.892,
P < 0.001, for the FCL subset, data not shown), in
agreement with Cabrita et al. (2003), who reported
negative correlations between dietary CP content and
milk concentrations of anteiso-C17:0 for diets based on
corn silage with different types of rumen-degradable
proteins. Concerning the negative relationship between
C15:0, C17:0, and anteiso-C17:0 in milk and ruminal
pH (and positive relationship with the starch content
of diet), it could be explained by the increase in the
concentration of milk C15:0 and C17:0 occurring when
the animals were fed acidotic diets associated with a
strong decrease in ruminal pH (Colman et al., 2010;
Fievez et al., 2012).

In further development, we will aggregate the present
models with the previously developed models of duo-
denal FA flows from FA intake; this will predict milk
responses of FA to different dietary strategies based
on underlying nutrient flows, in accordance with the
renewal of feed unit system for ruminants. This step
would have to consider interaction between different
processes in the mammary gland to provide a whole
predicted profile of milk FA in response to dietary char-
acteristics.

CONCLUSIONS

The available meta-design analyzed contained nu-
merous data, with several experimental factors studied
[forage nature, percentage of concentrate, supple-
mentation of diets with vegetable oils and seeds, and
marine products (fish oils and algae)| in dairy cows.
This meta-analysis indicates that the mainly predic-
tive response models of cis and trans isomers of C18:1
and C18:2, and C18:3n-3 yields and concentrations
had a R? above 0.90 and a low RMSE. Our original
results concern the predictive response models of milk
odd- and branched-chain fatty acids, C18:1 and C18:2
isomers, and mammary de novo synthesized FA yields
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or concentrations according to their duodenal flow, and
rumen digestive parameters or dietary characteristics.
Predictive response models of EPA, DPA, and DHA
were also obtained in the subset studying the effects
of marine products. Several equations were established
with very similar intercepts and slopes between the 2
subsets.
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