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Dietary and ruminal factors modify the ruminal biohydrogenation (RBH) of polyunsaturated fatty acids (FA), with duodenal FA flows
being quantitatively and qualitatively different from FA intake. Using a meta-analysis approach from a database on duodenal flows of
FA in ruminants, this study aimed to determine predictive equations for duodenal and absorbed flows of saturated FA, C18:1, C18:2
and C18:3 isomers, odd- and branched-chain FA (OBCFA), C20:5n-3, C22:5n-3 and C22:6n-3 and to quantify the effects of dietary and
digestive factors on those equations. The database was divided into four subsets: forage, seed, vegetable oils or animal fats (oil/fat),
and fish products (fish) subsets. Models of duodenal and absorbed FA flows were obtained through variance–covariance analysis.
Effects of potential interfering factors (conservation mode and botanical families of forages, lipid source, technological processing of
lipid supplements, diet composition and animal characteristics) were analysed. We obtained 83 models for duodenal FA flows as a
function of FA intake for saturated FA (C14:0, C16:0 and C18:0), C18:1, C18:2 and C18:3 isomers and seven other models for OBCFA.
For the seed/oil/fat subset, intakes of total C18:3, C18:2 and starch content increased the duodenal t11-C18:1 flow with 0.08, 0.16 and
0.005 g/kg of dry matter intake (DMI), respectively, whereas intake level [(DMI× 100)/BW] decreased it. The c9c12c15-C18:3 RBH was
higher for oil/fat than seed (96.7% v. 94.8%) and a protective effect of Leguminosae v. Gramineae against RBH for that FA appeared
in the forage subset. The duodenal C17:0 flow increased with starch content and decreased with ruminal pH, respectively, whereas
duodenal iso-C16:0 flow decreased with dietary NDF content for the seed/oil/fat subset. The duodenal C20:5n-3, C22:5n-3 and
C22:6n-3 flows depended on their respective intake and the inhibitory effect of C22:6n-3 on duodenal C18:0 flow was quantified.
Thirteen models of absorbed FA flows were performed depending on their respective duodenal flows. This study determined the effects
of different qualitative and quantitative dietary and digestive factors, allowing for improved predictions of duodenal and absorbed
FA flows.
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Implications

Predictive equations of duodenal and absorbed flows
of saturated fatty acids (FA), and unsaturated FA were
derived from a large database in ruminants, including
experimental factors (forage nature, nature and dose of lipid
supplements). These equations depended on FA intake and
interfering factors (conservation mode and botanical families
of forages, diet composition and animal characteristics). They
are the first step to predict the long-chain fatty acid (LCFA)
secreted in the milk or the FA profile in meat. They could be
included in the renewed Institut National de la Recherche
Agronomique (INRA) feed evaluation systems in ruminants.

Introduction

The FA in milk reflects a combination of ruminant specificities
of lipid digestion, as well as mammary lipid metabolism
(Chilliard et al., 2007). The rumen biohydrogenation (RBH) of
polyunsaturated fatty acid (PUFA) leads to the production
of geometric and positional isomers of FA with trans or cis
double bonds and saturated FA, mainly C18:0. In the mam-
mary gland, de novo FA synthesis produces C4:0 to C16:0,
whereas medium-chain fatty acid (MCFA) (50% of C16:0)
and LCFA (FA having a number of carbons >16) from chy-
lomicrons or very-low-density lipoproteins are taken up by
lipoprotein lipase (Chilliard et al., 2007). In early lactation,
when animals are in negative energy balance, adipose
reserves are mobilised and thus some plasma FA are† E-mail: philippe.schmidely@agroparistech.fr
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originated from adipose tissue. In parallel with these phe-
nomena, lipid supplementation remains the most effective
way to modulate milk FA composition in ruminant.
Due to the extent of RBH, composition of duodenal FA and

absorbed FA is very different from the intake. Glasser et al.
(2008) and Schmidely et al. (2008) have quantified average
regression models for duodenal and absorbed flows of some
FA to dietary factors, especially lipid supplementation. They
have highlighted the role of additional dietary factors, such as
the source of lipids, the physical form (seed v. oil/fat) and the
technological processing of lipid supplements on duodenal FA
flows. However, the duodenal flows and absorption rates of
C18:1, C18:2 and C18:3 isomers have not yet been predicted
with accuracy, because of a lack of data and/or an insufficient
separation of isomers during chemical analysis. In addition,
odd- and branched-chain fatty acid (OBCFA) were not pre-
dicted. In the context of the new French INRA feed systems,
there is an opportunity to re-evaluate the previous predictive
equations of duodenal and absorbed FA flows, including recent
studies and characterising the effects of dietary factors on
duodenal FA flows with improved precision. Using a meta-
analysis approach, the objectives are (1) to quantify duodenal
flows and the absorption of different FA including C18:1, C18:2
and C18:3 isomers, OBCFA, MCFA and LCFA; and (2) to
quantify more precisely the effects of dietary factors on the
relationship between FA intake and duodenal flow.

Material and methods

Selection of publications
The AGRum database (IDDN.FR.001.510032.000.R.C.2011.
000.10300) has been previously described (Glasser et al.,
2008; Schmidely et al., 2008). Its update was performed with
trials published between 2008 and 2014. The PRISMA dia-
gram (Moher et al., 2009) described the selection process of
the peer-reviewed papers considered in this study (Supple-
mentary Figure S1). Publications were taken from the Web of
Knowledge and Science Direct research platforms, using the
keywords: ruminant, cow, ewe, goat, sheep, biohydrogena-
tion, duodenal FA and digestion. Data with ruminal or post-
ruminal infusion of nutrients were excluded.
The database was then composed of 104 publications

(Supplementary Material S1) reporting 167 experiments (Nexp)
with a total of 437 treatments (Ntrt). The animal species are
divided between bovine (Ntrt= 358) and ovine (Ntrt= 79). Dairy
cows are the most studied animals among bovines (Ntrt= 202)
followed by beef cattle (Ntrt= 156). The feedstuffs from the
database were characterised according to the INRA (2010) feed
tables based on their reported chemical composition on a dry
matter (DM) basis for CP, NDF, starch, total FA and FA profile
(Baumont et al., 2007; Maxin et al., 2013).

Coding
Codes were assigned to each study according to the experi-
mental factors studied and then four database subsets were
created: forage, seed, vegetable oils or animal fats (oil/fat) and

fish products (fish) subsets. In the forage subset, botanical
families and their conservation mode (fresh or pasture, silage
and hay) were coded as experimental factors, with all diets
based only on one or several forages called forage diets (Sup-
plementary Table S1). In the seed and oil/fat subsets, the lipid
source and their technological processing were coded as
experimental factors, with two codes designated to each
treatment according to lipid source and technological process.
The fish subset was created for studies including fish products
(oil and meal), with the lipid percentage in the diet (no lipid
supplement v. fish products) and the lipid source (fish oil or fish
meal v. vegetable oil or animal fat) as experimental factors. In
these three subsets, control diets referred to treatments without
lipid supplement. The code for lipid source referred to the nature
of the main lipid supplement divided as follows: vegetable
source, animal fats (including fish products), hydrogenated fat
and animal–vegetable blends. The code for technological pro-
cesses referred to either dry, hydrothermal and mechanical
processes, and formaldehyde treatment for seeds, and amide,
Ca salts, encapsulated, and formaldehyde treatments for
vegetable oils and animal fats, and amide and Ca salts for fish
products, respectively (Supplementary Table S1).

Variable selection criteria
A preliminary selection of individual duodenal FA was made to
have more than 50 treatments before relating each selected
duodenal FA flow (dependent variable) with its respective FA
intake (independent variable). Duodenal OBCFA (Fievez et al.,
2012) flows that arise mainly from microbial synthesis in the
rumen and isomers of C18:1, C18:2 and C18:3 flows were
regressed against dietary data (e.g. concentrate, dietary starch
and CP contents) or digestive parameters which may reflect or
affect ruminal microbial activities, for example, rumen protein
balance (RPB), CP microbial synthesis, efficiency of microbial
protein synthesis (EMPS), organic matter truly digested in the
rumen (OMDr), using the INRA model of feed and diet nutritive
values (Sauvant and Nozière, 2013) implemented within the
Sytool.fr. application (Chapoutot et al., 2015) and ruminal pH
and acetate/propionate (A/P) ratio measured in publications.
Absorbed flow was calculated as the difference between duo-
denal flow and faecal flow or as the difference between ileal
flow and faecal flow. Absorbed flows of saturated FA (C14:0,
C16:0 and C18:0), total C18:1, C18:2 and C18:3,
the main isomers (c9-C18:1, t11-C18:1, c9c12-C18:2 and
c9c12c15-C18:3) and LCFA as C20:5n-3 (EPA), C22:5n-3
(docosapentanoic acid (DPA)) and C22:6n-3 (DHA) were pre-
dicted from their respective duodenal flows. Different qualita-
tive animal criteria (species and animal physiological stage),
quantitative dietary factors (intake level [(dry matter intake
(DMI)× 100)/BW], concentrate percentage, diet chemical
composition) and digestive parameters (predicted from Systool.
fr) were selected because of their putative effect on the pre-
dictive equations.

Statistical analyses
Description of the meta-design. A description of each subset
is presented in Supplementary Tables S2 to S5, respectively.
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The treatments from the forage subset were presented
according to conservation mode (Supplementary Table S2) or
botanical families (Supplementary Table S3), whereas those
from the seed and oil/fat subsets were described according to
the control (Supplementary Table S4) or lipid supplemented
diets (Supplementary Table S5). For the fish subset, we
separated treatments into three groups: diets supplemented
with fish products, other lipid supplements such as vegetable
oils or animal fat and control diets without lipid supplement.

Regression models of duodenal fatty acids and absorbed
fatty acids. Predictive models for duodenal FA were obtained
for each subset using a variance–covariance analysis with a
GLM. In the models developed for intra-experiment variations,
we considered ‘study effect’ as a fixed effect (Sauvant et al.,
2008). The true intra-experiment response of a dependent
variable (Y ) to variation in an independent variable (X) was
calculated on experiments with a sufficient variation in X: a
minimum threshold of variation at intake level (Xmax−Xmin)
was selected with the hypothesis that RBH of PUFAwas 90% in
order that the minimal variation range (Ymax−Ymin) at duodenal
level could be detectable by laboratory analysis. This threshold
eliminated 30% to 50% of treatments according to the FA
considered, that were further used for external validation (see
the ‘Model assessments’ section). However, this criterion was
not applied to regressions using several independent variables
to estimate duodenal FA, nor to predict absorbed FA flows
from the duodenal flows. The models in equations (1) and (2)
were used to describe the relationships between duodenal FA
(FAduo, g/kg DMI) and FA intake (FAint, g/kg DMI) and those
between absorbed FA (FAabs, g/kg DMI) and FAduo. For absor-
bed FA models, the analysis included all experiments from the
database without taking into account the separation into dif-
ferent subsets:

FAduo;ij = β0 + Si + β1 + βið Þ � FAint;ij + εij (1)

FAabs;ij = β0 + Si + β1 + βið Þ � FAduo;ij + εij (2)

where i = experiment index and j= treatment index. β0 is the
overall intercept, Si the fixed effect of experiment i, β1 the
overall regression slope, βi the fixed effect of experiment i on
the slope and εij the unexplained residual error.

Identification of potential additional factors. We studied the
influence of different factors on three regression parameters:
the least square means (LSmeans) of Y response, slope and
residuals of the above equations. First, a t-test was used to
compare LSmeans and slope coefficients of the predictive
equations between the seed and oil/fat subsets. If the coef-
ficients were not significantly different between the two sets,
data were pooled to retain a single regression for both sub-
sets. Second, effects of quantitative (experiment means) and
qualitative variables were analysed differently. A Pearson
correlation test was applied to determine if the quantitative
variables could have an effect on both the slope coefficients
and LSmeans. The effect of qualitative variables on slope
coefficients and LSmeans was assessed with a one-way

ANOVA. To test the influence of qualitative and quantitative
factors on previously calculated residuals y�ŷð Þ, a one-way
ANOVA was conducted for qualitative factors, and a linear
global regression model (equation (3)) was used for quanti-
tative factors. For the forage subset, in addition of the pre-
vious approach, a global linear regression was performed
including two variables, mode of conservation and forage
families, and their interactions with the FA intake for duo-
denal FA flows prediction (equation (4)). To study the pure
effect of forage families, treatments consisting of a blend
of legumes and grasses were not taken into account. The
following model was used:

y�ŷð Þduo;j = β0 + β1 � factorj + εj (3)

FAduo;j = β0 + β1 + FAMj + CMj
� � � FAint;j + FAMj + CMj + εj

(4)

where FAM and CM are forage families (Gramineae and
Leguminosae) and conservation mode (fresh or pasture, silage
and hay), respectively. β0 is the overall intercept, β1 the
regression coefficient and εij the random residual error. All
statistical analyses were performed with the software Minitab®

(version 17; State College, PA, USA). We considered P< 0.05 to
be statistically significant and P< 0.10 to represent a trend.

Model assessments. To evaluate the models, the coefficients
of linear regressions between observed and predicted
values were tested using a F-test in which the intercept was
compared with 0 and the slope was compared with unity.
Furthermore, we selected experiments not included in the
model (e.g. experiments with a range less than the defined
threshold). Then, we calculated a linear regression between
observed and predicted values for these experiments, which
allowed for the determination of the mean square prediction
error (MSPE) from equation (5) (Bibby and Toutenburg,
1977). Three parameters of MSPE (equations (6) to (8)) were
studied: (1) the error in central tendency (ECT) that repre-
sents the amount the predictive model does not fit; (2) error
due to regression (ER) explaining the proportion of slope
deviation and (3) error due to disturbance (ED) representing
the optimal linear correction of the prediction model:

MSPE=

Pi
n= 1 ŷi½ �� yi½ �

� �2

n

0
B@

1
CA (5)

ECT= ŷi½ �� yi½ �
� �2

(6)

ER= Sŷ�r�Sy
� �2 (7)

ED= 1�r2
� �

´ S2y (8)

where ŷ was the predicted duodenal FA flow, y the observed
duodenal FA flow and n the number of observations. Sŷ and
Sy were the standard deviation of the predicted and observed
values, respectively. The r refers to the correlation coefficient.
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Results

Models from the forage subset
This section deals with duodenal flows of total FA, C18:0,
total C18:1, C18:2, C18:3 and related isomers. The global
model of duodenal total FA flow (Table 1) depended on the

total FA intake. Duodenal C18:0 flow was dependent on
C18:3 intake in the global and intra-experimental tests,
without effects of total C18:2, total C18:1 and C18:0 intakes.
The duodenal total C18:1 flow was positively dependent on
total C18:1 and C18:3 intakes and negatively dependent
on total C18:2 intake. Furthermore, the duodenal total C18:1

Table 1 Predictions of duodenal flows of total fatty acids (FA), selected saturated FA, total C16:1, C18:1, C18:2 and C18:3, cis and trans isomers of
C18:1, C18:2 and C18:3, and odd- and branched-chain fatty acid (OBCFA) from forage diets in ovine and bovine species

Dependent variables
(Y, g/kg DMI)

Independent variable(s)
(X, g/kg DMI) Regression Intercept (β0) Coefficient (β1) RMSE R2 Nexp Ntrt

Total FAduo Total FAint Global 8.11 (1.68) 0.63 (0.09) 2.95 0.62 31
C14:0duo C14:0int Global 0.09 (0.03) 1.01 (0.15) 0.08 0.69 30
C16:0duo C16:0int Global 1.19 (0.33) 0.53 (0.08) 0.60 0.57 31
C18:0duo C18:3int Global 3.87 (0.77) 0.62 (0.08) 2.09 0.61 41
C18:0duo C18:3int Intra-exp 5.05 (1.24) 0.51 (0.15) 1.41 0.67 10 37
Total C16:1duo Total C16:1int Global 0.06 (0.02) 0.03 0.86 31
Total C18:1duo Global 2.09 (0.43) 1.01 0.84 46

Total C18:3int 0.17 (0.07)
Total C18:2int −0.61 (0.21)
Total C18:1int 1.13 (0.20)

Total C18:1duo Intra-exp 0.45 0.97 13 43
Total C18:3int 0.16 (0.05)
Total C18:1int 1.04 (0.28)

c9-C18:1duo c9-C18:1int Global −0.82 (0.40) 0.44 (0.03) 5.58 0.60 162
c9-C18:1duo c9-C18:1int Intra-exp 1.65 (0.71) 0.65 0.78 10 34
c11-C18:1duo Total C18:1int Intra-exp 0.06 (0.02) 0.02 0.73 9 31
c12-C18:1duo Total C18:2int Global 0.015 (0.004) 0.006 (0.001) 0.01 0.49 21
c15-C18:1duo Total C18:3int Global 0.019 (0.003) 0.04 0.79 26
c15-C18:1duo Total C18:3int Intra-exp 0.05 (0.02) 0.005 (0.003) 0.02 0.94 7 24
t9-C18:1duo Total C18:1int Global 0.036 (0.004) 0.005 (0.002) 0.01 0.14 26
t10-C18:1duo Total C18:2int Intra-exp 0.06 (0.02) 0.04 0.37 6 21
t11-C18:1duo Global 0.15 0.87 26

Total C18:3int 0.17 (0.02)
Total C18:2int −0.31 (0.06)
Total C18:1int 0.50 (0.13)

t11-C18:1duo Intra-exp 0.13 0.90 7 26
Total C18:3int 0.19 (0.02)
Total C18:2int −0.33 (0.06)
Total C18:1int 0.54 (0.13)

t12-C18:1duo Total C18:3int Intra-exp 0.012 (0.002) 0.01 0.69 5 19
t13+ t14-C18:1duo Total C18:3int Intra-exp 0.03 (0.01) 0.05 0.67 4 14
t15-C18:1duo Total C18:3int Global 0.08 (0.02) 0.008 (0.003) 0.05 0.25 21
t15-C18:1duo Total C18:3int Intra-exp 0.016 (0.003) 0.02 0.82 6 19
Total C18:2duo Total C18:2int Global 0.15 (0.01) 0.24 0.85 30
Total C18:2duo Total C18:2int Intra-exp 0.16 (0.04) 0.12 0.95 8 30
c9c12-C18:2duo c9c12-C18:2int Global 0.09 (0.02) 0.15 0.37 31
c9c12-C18:2duo c9c12-C18:2int Intra-exp 0.11 (0.03) 0.08 0.79 7 26
t11t13-CLAduo Total C18:3int Intra-exp 0.0024 (0.0004) 0.003 0.92 5 14
t11c15-C18:2duo Total C18:3int Global 0.016 (0.005) 0.05 0.39 14
t11c15-C18:2duo Total C18:3int Intra-exp 0.018 (0.005) 0.04 0.56 5 14
Total C18:3duo Total C18:3int Global 0.09 (0.02) 0.36 0.46 44
c9c12c15-C18:3duo c9c12c15-C18:3int Global 0.57 (0.16) 0.06 (0.02) 0.19 0.88 26
OBCFA
C15:0duo A/P Global 0.293 (0.093) 0.10 0.60 7
Iso-C15:0duo Total FAint× total FAint Global 0.142 (0.017) 0.0002 (0.00004) 0.04 0.51 23
Anteiso-C15:0duo Total FAint× total FAint Global 0.240 (0.035) 0.0003 (0.00008) 0.08 0.51 20
C17:0duo Total FAint× total FAint Global 0.160 (0.013) 0.00014 (0.00003) 0.03 0.51 23
Iso-C17:0duo NDF Global −0.049 (0.009) 0.00022 (0.00002) 0.004 0.94 10
Anteiso-C17:0duo NDF Global −0.102 (0.014) 0.00039 (0.00003) 0.006 0.96 10

DMI= dry matter intake; RMSE= root mean square error; Nexp= number of experiments; Ntrt= number of treatments; duo= duodenal flows; int= intake; Intra-
exp= intra-experiment; A/P= acetate/propionate ratio.
Data were represented by the mean (standard error).
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flow was dependent on intra-variation in total C18:1 and
total C18:3 intakes. The global and intra-experiment models
of duodenal total C18:2 and c9c12-C18:2 flows depended on
the intake of their respective FA. The conservation mode and
forage families did not affect the models of duodenal total
C18:1, total C18:2 and c9c12-C18:2 flows (data not shown).
The duodenal total C18:3 flow was positively related to total
C18:3 intake. The global model of duodenal c9c12c15-C18:3
flow included an effect of c9c12c15-C18:3 intake (Table 1).
Forage families affected the model of duodenal c9c12c15-
C18:3 flow, with a significantly higher slope for Leguminosae
(0.20 ± 0.03) than for Gramineae (0.03 ± 0.01) (Figure 1).
The global and intra-experiment models of c15-, t12-,

t13+ 14- and t15-C18:1 presented a significant effect of total
C18:3 intake. For c15- and t15-C18:1, the intra-experiment
model was a better fit than the global model (Table 1). The
intra-experiment model for duodenal c11-C18:1 flow and the
global model of duodenal t9-C18:1 flow was related to total
C18:1 intake. The duodenal c12- and t10-C18:1 flows were
positively correlated with total C18:2 intake in global and intra-
experiments, respectively. The global and intra-experiment
models of duodenal t11-C18:1 flow presented a positive effect
of total C18:3 and C18:1 intakes, and a negative effect of total
C18:2 intake. Among the C18:2 isomers, the global and intra-
experiment models of duodenal t11t13-CLA and t11c15-C18:2
flows were dependent on total C18:3 intake.

Models from the seed and oil/fat subsets
Duodenal flows of total fatty acids, C18:0, total C18:1, C18:2
and C18:3 and relative isomers. Duodenal total FA flow was
significantly related to total FA intake (Table 2), with no
difference between the subsets, suggesting that the physical
form of lipid supplement had no influence (seed v. oil). For
the model of duodenal C18:0 flow, the total C18:3, C18:2,

and C18:1, and C18:0 intakes had significant effects. For
duodenal total C18:1 flow, there was a positive intra-
experiment effect of total C18:3, C18:2 and C18:1 intakes
(Table 2). For total C18:1 model, we obtained a single
equation for the seed and oil/fat subset. In contrast, the
model of duodenal c9-C18:1 flow depended on c9-C18:1
intake and the physical form affected duodenal flows with a
lower slope for the seed than for the oil/fat subsets
(0.25 ± 0.04 v. 0.32 ± 0.03, respectively, Table 2). The intra-
experiment model of duodenal c11-C18:1 and t9-C18:1 flows
was related to total C18:1 intake. The global model of duo-
denal c11-C18:1 flow presented a significant effect of total
C18:1 intake and concentrate percentage for oil/fat subset.
The duodenal c12-, c15-, t12-, t13+ t14-, t15-C18:1 flows
were positively correlated with total C18:3 intake in intra-
experiments. The intra-experiment model of duodenal t10-
C18:1 flow presented a significant effect of the interaction
between FA intake and concentrate percentage, but inter-
action between c9c12-C182 intake and either concentrate
percentage or starch content of the diet produced lower root
mean square error (RMSE). In these two models including
c9c12-C18:2 intake, residual analysis indicated on average
−0.20 and −0.25 g duodenal t10-C18:1/kg DMI for the lipids
fed as seeds, respectively. The duodenal t11-C18:1 flow
indicated a significant effect of both total C18:2 and C18:3
intakes. The duodenal total C18:2 and c9c12-C18:2 flows
were positively related to their respective FA intakes.
The duodenal total C18:3 and c9c12c15-C18:3 flows

depended on their respective FA intake, with slopes of
0.049± 0.004 (seed) and 0.035± 0.05 (oil/fat) for total C18:3
and 0.052±0.003 (seed) and 0.035±0.004 (oil/fat) for
c9c12c15-C18:3, respectively. Concerning the models of
duodenal total C18:3 and c9c12c15-C18:3 flows from oil/fat
subset, formaldehyde treatment presented an effect on
regression residuals. For the c9c12c15-C18:3 intake, the
formaldehyde treatment yielded high residuals (0.59 g/kg
DMI), but this was only due to two treatments (Figure 2), the
Ca salts having no effect. The technological process had no
effect on regression residuals for the model of c9c12-C18:2.
Duodenal c9t11-CLA flow from the oil/fat subset depended on
the total C18:2 intake (slope= 0.008± 0.002, Table 2). We did
not obtain a model from the seed subset, perhaps due to
insufficient data. There was a significant effect of C18:3 intake
on duodenal t11t13-CLA flow, with no effect of the physical
form (seed v. oil/fat) on the slope. For duodenal t10c12-CLA
flow (Table 2 and Figure 3), data of Kucuk et al. (2004)
obtained with a combination of 3.2% to 9.4% soyabean oil in
high-concentrate diet (80% DM) are clearly higher than all
others values in the literature. Without these data, the model
for duodenal t10c12-CLA flow included the interaction
between FA intake and concentrate percentage. A better
prediction may be obtained with the interaction of c9c12-C18:2
and concentrate percentage, but with a smaller number of
treatments. In both cases, intercept was not significant, but the
inclusion of the interaction in the models reduced the RMSE.
Duodenal t11c15-C18:2 flow depended on total C18:3 intake,
with no effect of the physical form. In addition, none of the

Figure 1 Relationships between the ruminant duodenal flow of
c9c12c15-C18:3 and c9c12c15-C18:3 intake from the forage subset,
where (■) are the Leguminosae data and (○) Gramineae data. The bold
full line (–), the thin full line (––) and the thin dashed line (- - -) show
the global regression (Y= 0.06 ± 0.02 · X+ 0.17 ± 0.22, number of
treatments (Ntrt)= 25, root mean square error (RMSE)= 0.45, R 2= 0.18),
the regressions for Leguminosae (Y= 0.20 ± 0.03 · X− 0.63 ± 0.28,
Ntrt= 7, RMSE= 0.27, R 2= 0.87) and for Gramineae data
(Y= 0.03 ± 0.01 · X+ 0.26 ± 0.13, Ntrt= 18, RMSE= 0.24, R ²= 0.18),
respectively. DMI= dry matter intake.
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Table 2 Predictions of duodenal flows of total fatty acids (FA), selected saturated FA, total C16:1, C18:1, C18:2 and C18:3, cis and trans isomers of
C18:1, C18:2 and C18:3, and odd- and branched-chain FA (OBCFA) from diets supplemented with seeds, vegetable oils or animal fats in ovine and
bovine species

Dependent variables
(Y, g/kg DMI)

Independent variable(s)
(X, g/kg DMI) Subset Regression Intercept (β0) Coefficient (β1) RMSE R 2 Nexp Ntrt

Total FAduo Total FAint Seed/oil/fat Intra-exp 6.87 (1.39) 0.87 (0.03) 6.27 0.93 57 152
C14:0duo C14:0int Oil/fat Intra-exp 0.33 (0.04) 0.54 (0.05) 0.12 0.87 20 52
C16:0duo Seed/oil/fat Intra-exp 1.43 (0.19) 0.95 0.97 59 144

Total C16:1int 1.07 (0.24)
C16:0int 0.79 (0.02)

Total C16:1duo Total C16:1int Oil/fat Intra-exp 0.14 (0.03) 0.14 (0.03) 0.09 0.72 13 34
C18:0duo Seed/oil/fat Intra-exp 6.48 (0.70) 3.06 0.94 104 267

Total C18:3int 0.25 (0.05)
Total C18:2int 0.52 (0.05)
Total C18:1int 0.46 (0.04)
C18:0int 0.62 (0.08)

Total C18:1duo Seed/oil/fat Intra-exp 1.98 0.87 95 232
Total C18:3int 0.29 (0.03)
Total C18:2int 0.24 (0.03)
Total C18:1int 0.29 (0.03)

c9-C18:1duo c9-C18:1int Seed Intra-exp 0.25 (0.04) 1.64 0.91 7 21
c9-C18:1duo c9-C18:1int Seed Global −0.09 (0.04) 0.13 0.95 14

Starch 0.008 (0.001)
Total FAint 0.047 (0.006)
c9-C18:1int× starch −0.0008 (0.0002)

c9-C18:1duo c9-C18:1int Oil/fat Intra-exp 0.32 (0.03) 1.50 0.89 17 43
c11-C18:1duo Total C18:2int Seed Intra-exp 0.12 (0.04) 0.013 (0.002) 0.05 0.96 8 25
c11-C18:1duo Total C18:2int Seed Global 0.018 (0.002) 0.09 0.81 25

RPB −0.003 (0.001)
c11-C18:1duo Total C18:1int Oil/fat Intra-exp 0.21 (0.04) 0.017 (0.004) 0.13 0.72 14 36
c11-C18:1duo Total C18:1int Oil/fat Global −0.20 (0.08) 0.012 (0.004) 0.16 0.60 42

PCO 0.009 (0.001)
c12-C18:1duo Total C18:3int Seed Intra-exp 0.09 (0.03) 0.007 (0.002) 0.05 0.77 3 10
c12-C18:1duo Oil/fat Intra-exp 0.07 0.85 12 29

Total C18:3int 0.009 (0.002)
Total C18:2int 0.016 (0.002)

c15-C18:1duo Total C18:3int Seed/oil/fat Intra-exp 0.025 (0.004) 0.19 0.7 9 21
t9-C18:1duo Total C18:1int Seed/oil/fat Intra-exp 0.018 (0.005) 0.1 0.3 11 32
t10-C18:1duo Total C18:2int Seed Intra-exp 0.037 (0.006) 0.15 0.92 5 14
t10-C18:1duo Total C18:2int Oil/fat Intra-exp 0.15 (0.03) 0.61 0.92 6 13
t10-C18:1duo PCO× total FAint Seed/oil/fat Intra-exp 7.6 E −4 (1.1 E −4) 1.30 0.75 16 43
t10-C18:1duo PCO× c9c12-C18:2int Seed/oil/fat Intra-exp 1.8 E −3 (0.2 E −3) 1.10 0.80 16 43
t10-C18:1duo Starch× c9c12-C18:2int Seed/oil/fat Intra-exp 5.8 E −4 (1.0 E −4) 1.03 0.84 8 19
t11-C18:1duo Seed/oil/fat Intra-exp 0.98 0.82 25 69

Total C18:3int 0.12 (0.02)
Total C18:2int 0.07 (0.02)

t11-C18:1duo Total C18:3int Seed/oil/fat Global 0.08 (0.02) 1.30 0.76 43
Total C18:2int 0.16 (0.03)
Intake level −0.93 (0.26)
Starch 0.005 (0.002)

t12-C18:1duo Total C18:3int Seed Intra-exp 0.07 (0.02) 0.023 (0.001) 0.03 0.98 3 10
t12-C18:1duo Oil/fat Intra-exp 0.1 0.9 12 27

Total C18:3int 0.018 (0.003)
Total C18:2int 0.020 (0.003)

t13+ t14-C18:1duo Total C18:3int Seed Intra-exp 0.093 (0.005) 0.14 0.98 2 7
t13+ t14-C18:1duo Total C18:3int Oil/fat Intra-exp 0.07 (0.01) 0.38 0.89 4 8
t15-C18:1duo Total C18:3int Oil/fat Intra-exp 0.035 (0.004) 0.13 0.92 6 12
Total C18:2duo Total C18:2int Seed/oil/fat Intra-exp 1.19 (0.16) 0.09 (0.01) 0.69 0.85 59 158
c9c12-C18:2duo c9c12-C18:2int Seed/oil/fat Intra-exp 0.87 (0.09) 0.07 (0.01) 0.31 0.93 23 66
c9c12-C18:2duo c9c12-C18:2int Seed/oil/fat Global 0.06 (0.01) 0.55 0.87 36

Starch 0.0045 (0.0008)
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selected potential factors had a significant effect on the
regression residuals (data not shown).

Odd- and branched-chain fatty acids. The duodenal C15:0
flow was correlated with DMI, A/P ratio, OMDr, and EMPS
and ruminal pH (Supplementary Table S6). Among these
variables, A/P ratio had significant effect on the duodenal

C15:0 flow (Table 2). The duodenal iso-C15:0 and anteiso-
C15:0 flows were negatively related on A/P (Supplementary
Table S6). The duodenal iso-C16:0 flow was dependent
negatively on NDF content and positively on CP content
(Supplementary Table S6). The duodenal C17:0 flow was
positively affected by starch content and concentrate per-
centage, and negatively with DMI, NDF content, A/P ratio
and ruminal pH (Supplementary Table S6). For duodenal iso-
C17:0 and anteiso-C17:0 flows, intake level had a negative
effect on both FA, whereas FA intake had a positive effect on
duodenal iso-C17:0 flow (Table 2).

Potential factors affecting duodenal flows of isomers of
C18:1, C18:2 and C18:3 from the seed and oil/fat subsets.
The duodenal c9-C18:1 flow from seed subset was positively
correlated with starch content, concentrate percentage and
total FA intake, and negatively correlated with intake level,
A/P ratio and ruminal pH (Supplementary Table S7), c9-C18:1
intake and starch content× c9-C18:1 intake interaction
(Table 2). For duodenal c9c12-C18:2 flow from the seed/oil/
fat subset, we observed in the global relationship an effect of
starch when associated with c9c12-C18:2 intake. We
obtained global and intra-experiment regressions with close
intercepts and slopes between the two models. The duodenal

Table 2 (Continued )

Dependent variables
(Y, g/kg DMI)

Independent variable(s)
(X, g/kg DMI) Subset Regression Intercept (β0) Coefficient (β1) RMSE R2 Nexp Ntrt

c9t11-CLAduo Total C18:2int Oil/fat Intra-exp 0.008 (0.002) 0.11 0.6 12 33
t11t13-CLAduo Total C18:3int Seed/oil/fat Intra-exp 0.0033 (0.0002) 0.01 0.94 7 17
t11t13-CLAduo Total C18:3int Seed/oil/fat Global 0.14 (0.05) 0.0045 (0.0003) 0.02 0.79 52

EMPS −0.006 (0.002)
t10c12-CLAduo Total C18:2int× total C18 :2int Seed/oil/fat Intra-exp 0.00007 (0.00001) 0.02 0.88 17 47
t10c12-CLAduo PCO× total FAint Seed/oil/fat Intra-exp −0.005 (0.004) 1.2 E −5 (1.8 E −6) 0.017 0.68 22 66
t10c12-CLAduo PCO× c9c12-C18:2int Seed/oil/fat Intra-exp 2.1 E −5 (2.2 E −6) 0.016 0.71 20 59
t11c15-C18:2duo Total C18:3int Seed/oil/fat Intra-exp 0.018 (0.005) 0.56 0.66 7 17
Total C18:3duo Total C18:3int Seed Intra-exp 0.26 (0.06) 0.049 (0.004) 0.15 0.94 9 28
Total C18:3duo Total C18:3int Oil/fat Intra-exp 0.28 (0.05) 0.035 (0.004) 0.17 0.89 18 44
c9c12c15-C18:3duo c9c12c15-C18:3int Seed Intra-exp 0.28 (0.04) 0.052 (0.003) 0.09 0.98 5 17
c9c12c15-C18:3duo c9c12c15-C18:3int Oil/fat Intra-exp 0.27 (0.05) 0.035 (0.004) 0.16 0.90 15 36
OBCFA
C15:0duo A/P Seed/oil/fat Global 0.59 (0.06) −0.07 (0.02) 0.09 0.22 48
Iso-C15:0duo Seed/oil/fat Global 0.27 (0.09) 0.03 0.62 27

DMI 0.0003 (0.0001)
A/P −0.080 (0.015)

Anteiso-C15:0duo A/P Seed/oil/fat Global 1.30 (0.14) −0.29 (0.04) 0.10 0.57 31
Iso-C16:0duo A/P Seed/oil/fat Global −0.09 (0.04) 0.001 (0.0003) 0.03 0.46 21
C17:0duo Seed/oil/fat 0.11 0.37 62

CP 0.0017 (0.0005)
Total FAint 0.0035 (0.0006)

Iso-C17:0duo Seed/oil/fat Global 0.12 (0.02) 0.02 0.46 21
Intake level −0.020 (0.007)
Total FAint 0.0007 (0.0002)

Anteiso-C17:0duo Intake level Seed/oil/fat Global 0.32 (0.34) −0.07 (0.01) 0.04 0.50 28

DMI= dry matter intake; RMSE= root mean square error; Nexp= number of experiments; Ntrt= number of treatments; duo= duodenal flows; int= intake; Intra-exp= intra-
experiment; RPB= rumen protein balance; PCO= percentage of concentrate; EMPS= efficiency of microbial protein synthesis; A/P= acetate/propionate ratio.
Data were represented by the mean (standard error).

Figure 2 Intra-experimental relationships between the ruminant
duodenal flow of c9c12c15-C18:3 and c9c12c15-C18:3 intake from the
oil/fat subset, where (♦) are the control treatments without vegetable
oils or animal fats, (▲) free lipids, (∙) calcium salts and (■) formaldehyde-
protected lipids. DMI= dry matter intake.
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c9c12c15-C18:3 flow from the seed subset was not affected
by any factor other than c9c12c15-C18:3 intake. For the oil/
fat subset, none of the correlated factors presented an effect
on the duodenal c9c12c15-C18:3 flow when associated with
c9c12c15-C18:3 intake (Table 2). The concentrate percen-
tage was correlated with the duodenal flows of c11-, t9-, and
t15-C18:1, t10c12-CLA, t11c15-C18:2 and c9c12-C18:2
(Supplementary Table S7). The duodenal c11-C18:1 flow was
a function of total C18:1 intake and concentrate percentage
from the oil/fat subset (Table 2). The intake level was corre-
lated with the duodenal flows of c9-, c11- (seed subset), t11-,
and t13+ t14-C18:1 and t10c12-CLA (seed/oil/fat subset)
and positively correlated with t13/t14-18:1 (oil/fat subset)
(Supplementary Table S7). The duodenal t11-C18:1 flow
from the seed/oil/fat subset was positively dependent on
total C18:3 and C18:2 intakes and dietary starch but

negatively on intake level (Table 2 and Supplementary Table
S7). Furthermore, duodenal t10c12-CLA flow from the seed/
oil/fat subset was affected negatively by concentrate per-
centage and total FA intake interaction (Table 2). The RPB
had a negative effect on duodenal c11-C18:1 flow from the
seed subset, whereas the total C18:2 intake had a positive
effect (Table 2 and Supplementary Table S7). Only the duo-
denal t11t13-CLA flow was a function of EMPS when asso-
ciated with total C18:3 intake (Table 2).

Models from the fish subset
This section deals with duodenal flows of total FA, C18:0, cis
and trans C18:1 isomers, EPA, DPA and DHA. The duodenal
total FA flow was predicted, taking into account total FA
intake (Table 3). Duodenal C18:0 flow was positively related
to total C18:3 intake and negatively to DHA intake. Duodenal
t11-C18:1 flow was positively dependent on total C18:3 and
C18:2, and DHA intakes. Duodenal t10-C18:1 flow was
negatively correlated to total C18:3 intake and positively to
C18:2 and DHA intakes. The duodenal DPA flow had a
quadratic relationship with DPA intake and the model for
duodenal DHA flow (Figure 4) presented a linear effect of
DHA intake and also a quadratic effect of DHA intake×DHA
intake, with significant slopes (0.10 ± 0.02 and −0.020 ±
0.006, respectively).

Absorbed fatty acid prediction
Absorbed total FA and C18:0 flows were linearly related to
their respective duodenal flows (Table 4). Similarly, the
absorbed flows of total C18:1, c9-C18:1, total C18:2, c9c12-
C18:2 and LCFA (EPA+DPA+DHA) depended on their
corresponding duodenal FA flow. The model of absorbed
c9c12-C18:2 flow had a slope value higher than that of
absorbed total C18:2 flow (1.02 v. 0.70, respectively), as well
as a lower RMSE (0.10 v. 0.27 g/kg DMI, respectively). For the
models of absorbed total C18:3 and c9c12c15-C18:3 flows,
duodenal total C18:3 and c9c12c15-C18:3 flows had a sig-
nificant effect, respectively.

Evaluated models
The evaluation procedures were only applied to models from
the seed and oil/fat subsets because of the amount of
available data. We obtained 15 evaluated models from the
32 performed models from the seed and oil/fat subsets
(Supplementary Table S8). In all, 10 of the 15 models (c9-
and t13+ t14-C18:1, total C18:3, c9c12c15-C18:3 from the
seed subset; c9- and t13+ t14-C18:1 from the oil/fat subset;
and total FA, total C18:2, c9c12-C18:2 and t9-C18:1 from the
seed/oil/fat subset) presented regression coefficients close to
the expected value of 1. For the c15-C18:1 and t10c12-CLA
models (from the seed/oil/fat subset), the regression coeffi-
cient was <1, and for total C18:3 and c9c12c15-C18:3 (from
the oil/fat subset) and t11t13-CLA (from the seed/oil/fat
subset) the regression coefficients were higher than 1. The
regression between observed duodenal flows of total FA and
c9c12c15-C18:3 and predicted duodenal flows of these FA
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Figure 3 (a) Global relationship between ruminant duodenal flows of
t10c12-CLA from the seed/oil/fat subset and the product between total
dietary fatty acid intake (total FAint, g/kg dry matter intake (DMI)) and
percentage of concentrate (PCO, g/100 g DMI). Data of Kucuk et al.
(2004) are indicated as black squares. (b) Within-experiment relationship
between ruminant duodenal flows of t10c12-CLA from the seed/oil/fat
subset and the product between total FAint (g/kg DMI) and PCO (g/100 g
DMI), with the exclusion of data from Kucuk et al. (2004)
(Y= − 0.005+ 1.2E −5X, number of treatments = 66, root mean square
error= 0.017, R 2= 0.68).
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from the performed models are described in the Figures 5
and 6, respectively.
Concerning the MSPE parameters, errors due to dis-

turbance accounted for the majority of the errors in 12
models (c9- and t13+ t14-C18:1, and total C18:3 from the
seed subset; c9- and t13+ t14-C18:1, total C18:3, c9c12c15-
C18:3 and from the oil/fat subset; and total FA, t9-C18:1,
total C18:2, c9c12-C18:2 and t10c12-CLA from the seed/oil/
fat subset). In the models of duodenal flows of c15-C18:1
and t11t13-CLA from seed/oil/fat subset, the majority of the
MSPE was allocated to errors due to regression. When the

errors due to disturbance accounted for the majority of
MSPE, we observed that regression between predicted and
observed data presented a good fit with the Y= X model.

Discussion

The separation of the database into different subsets was
essential to highlight the FA digestion according to the nature
of lipid supplements or forages. For the seed, oil/fat and fish
subsets, the intra-experiment relationships were close to the

Table 3 Predictions of duodenal flows of total fatty acids (FA) and selected saturated, monounsaturated and polyunsaturated FA from diets
supplemented with fish products in ovine and bovine species

Dependent variables
(Y, g/kg DMI)

Independent variable(s)
(X, g/kg DMI) Intercept (β0) Coefficient (β1) RMSE R2 Nexp Ntrt

Total FAduo Total FAint 11.46 (3.55) 0.78 (0.07) 5.80 0.85 7 33
C14:0duo C14:0int 0.33 (0.05) 0.46 (0.04) 0.18 0.86 12 38
C16:0duo 0.69 0.98 13 40

Total C16:1int 0.59 (0.16)
C16:0int 0.91 (0.03)

C18:0duo 20.1 (1.22) 2.85 0.92 13 40
Total C18:3int 0.29 (0.09)
DHAint

1 −6.38 (0.63)
C18:0duo 16.2 (1.95) 2.74 0.93 11 35

Total C18:0int 5.25 (1.29)
LCFAint

2 −2.26 (0.23)

t10-C18:1duo 0.51 0.88 6 21
Total C18:3int −0.08 (0.02)
Total C18:2int 0.06 (0.02)
DHAint 0.57 (0.15)

t10-C18:1duo 0.56 0.86 6 21
Total C18:3int −0.07 (0.02)
Total C18:2int 0.07 (0.03)
LCFAint 0.21 (0.06)

t11-C18:1duo 1.25 0.86 7 24
Total C18:3int 0.20 (0.05)
Total C18:2int 0.12 (0.05)
DHAint 2.16 (0.35)

t11-C18:1duo 1.21 0.87 7 24
Total C18:3int 0.25 (0.05)
Total C18:2int 0.17 (0.05)
LCFAint 0.88 (0.14)

c9-C18:1duo c9-C18:1int 1.24 (0.26) 0.11 (0.03) 0.32 0.74 7 24
c9c12-C18:2duo c9c12-C18:2int 1.64 (0.22) 0.04 (0.01) 0.31 0.93 4 14
Total C18:3duo Total C18:3int 0.51 (0.07) 0.039 (0.004) 0.15 0.93 6 19
c9c12c15-C18:3duo c9c12c15-C18:3int 0.49 (0.07) 0.039 (0.004) 0.15 0.93 6 19
EPAduo

3 EPAint 0.05 (0.01) 0.05 (0.01) 0.04 0.81 11 32
DPAduo

4 DPAint×DPAint 0.034 (0.006) 0.78 (0.08) 0.03 0.84 11 34
DHAduo 0.031 (0.006) 0.02 0.84 13 39

DHAint 0.10 (0.02)
DHAint×DHAint −0.020 (0.006)

DMI= dry matter intake; RMSE= root mean square error; Nexp= number of experiments; Ntrt= number of treatments; duo= duodenal flows; int= intake; LCFA= long-
chain fatty acid; DPA= docosapentanoic acid.
Data were represented by the mean (standard error).
1DHA (C22:6n-3).
2LCFA= sum of EPA+DPA+DHA.
3EPA (C20:5n-3).
4DPA (C22:5n-3).
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global ones, indicating that the prediction of these flows was
probably not biased. For the forage subset, these relationships
were sometimes different, probably because the conservation
mode and forage families, were confounded with c9c12c15-
C18:3 and c9c12-C18:2 intakes, respectively. Previous meta-
analysis (Glasser et al., 2008; Schmidely et al., 2008) were
compared with the present models for total FA, total C18:2,
total C18:3 and c9c12-C18:2. Overall, the independent vari-
ables are the same between the previous models and those
proposed in this study, with the exception of c9c12c15-C18:3
which was not calculated by Glasser et al. (2008). In addition,
despite currently having more data, the regression coefficients
of the previous and current models are very similar.

Forage subset
Overall slope of the relationship between duodenal flow of
total FA and total FA intake was apparently low (0.63) but
this is mainly due to the significant intercept of that rela-
tionship (8.11 g FA/kg DMI), suggesting that microbial
synthesis may contribute largely to the duodenal flow of total
FA. It can, however, not be ruled out that methodological
considerations during lipid extraction may affect that rela-
tionship (Christie and Han, 2010). The RBH of c9c12c15-
C18:3 was on average 94%, similar to the mean of 92.7%
observed by Doreau et al. (2005), with forage families and
conservation mode confounded. Moreover, the different
slopes of the duodenal c9c12c15-C18:3 flow models
between forage families may be explained by the presence of
red clover silage in the diets offered to cattle, a Leguminosae
rich in polyphenol oxidase with a likely inhibitory effect on
RBH (Van Ranst et al., 2011). However, this difference in RBH

Figure 4 Intra-experimental relationships between ruminant duodenal DHA
flows and DHA intakes. The bold dashed line shows the quadratic fitted
model (Y= 0.031±0.006+ 0.10± 0.02 ·X− 0.020±0.006X2, number of
treatments= 39, root mean square error= 0.02, R2= 0.84).

Table 4 Predictions of absorbed fatty acid (FA) flows from duodenal flows of total FA, selected saturated FA, total and isomers of C18:1, C18:2 and
C18:3, and long-chain FA in ovine and bovine species

Dependent variables
(Y, g/kg DMI)

Independent variable(s)
(X, g/kg DMI) Intercept (μ) Coefficient (β1) RMSE R2 Nexp Ntrt

Total FAabs Total FAduo 4.29 (0.97) 0.65 (0.02) 3.90 0.96 80 208
C14:0abs C14:0duo −0.10 (0.01) 0.92 (0.03) 0.03 0.97 32 84
C16:0abs C16:0duo 0.75 (0.02) 0.66 0.97 71 180
C18:0abs C18:0duo 5.25 (0.54) 0.49 (0.02) 2.14 0.96 68 172
Total C18:1abs Total C18:1duo 0.79 (0.03) 0.22 0.87 43 121
c9-C18:1abs c9-C18:1duo 0.88 (0.01) 0.15 0.99 22 63
Total C18:2abs Total C18:2duo 0.42 (0.11) 0.70 (0.34) 0.27 0.97 71 182
c9c12-C18:2abs c9c12-C18:2duo −0.28 (0.06) 1.02 (0.03) 0.10 0.99 10 32
Total C18:3abs Total C18:3duo 0.76 (0.02) 0.07 0.98 58 149
c9c12c15-C18:3abs c9c12c15-C18:3duo 0.92 (0.02) 0.04 0.96 12 35
EPAabs

1 EPAduo 0.95 (0.01) 0.01 0.99 16
DPAabs

2 DPAduo 0.95 (0.02) 0.003 0.99 5
DHAabs

3 DHAduo 0.96 (0.04) 0.01 0.98 10

DMI= dry matter intake; RMSE= root mean square error; Nexp= number of experiments; Ntrt= number of treatments; abs= absorbed flows; duo= duodenal flows;
DPA= docosapentanoic acid.
Data were represented by the mean (standard error).
1EPA (C20:5n-3).
2DPA (C22:5n-3).
3DHA (C22:6n-3).

Figure 5 Relationship between observed ruminant duodenal total fatty
acid (FA) flows and predicted duodenal total FA flows from the seed/oil/
fat subset (Y= 0.99± 0.04 ·X, number of treatments= 147, root mean
square error= 7.96, R 2= 0.77). DMI= dry matter intake.
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between Leguminosae and Gramineae could be rather
attributed to a modification of the bacteria activity with a
decrease in microbial protein synthesis when grass silage
was replaced by red clover silage (Halmemies-Beauchet-Filleau
et al., 2013). No effect of the conservation mode on the
c9c12c15-C18:3 RBH was found in our study, in disagreement
with Doreau et al. (2005), where the RBH of c9c12c15-C18:3
was more extensive (+6.4%) for fresh grass than hay. The lack
of conservation mode effect in our subset could be explained by
the fact that low and high intakes of c9c12c15-C18:3 were
associated to hay and fresh grass, respectively (Supplementary
Table S2).

Seed and oil/fat subsets
For seed and oil/fat subsets, the regression coefficients of
total duodenal C18:3 and duodenal c9c12c15-C18:3 on their
respective intake were not different. Glasser et al. (2008)
found a slope of 0.05 ± 0.01 for duodenal total C18:3,
representing 95% of RBH. The c9c12c15-C18:3 model from
the seed subset presented a RBH lower than the oil/fat model
with 94.8% and 96.5%, respectively, but this difference is
relatively low. This slightly limited RBH is probably due to
seed hulls delaying the c9c12c15-C18:3 release for the
microbes. The models of C18:2 isomers (c9t11-CLA, t11t13-
CLA, t10c12-CLA and t11c15-C18:2) were independent of
the physical form of lipid supplements (seed v. oil/fat), and
therefore, this factor does not seem to affect the first RBH
step. The t11c15-C18:2 and t11t13-CLA were produced
during the c9c12c15-C18:3 RBH (Shingfield et al., 2010a;
Ferlay et al., 2017). Moreover, the duodenal t11c15-C18:2
flow is greater than that of t11t13-CLA, which could be
explained by the fact that t11c15-C18:2 comes from a major
pathway of linolenic acid RBH, whereas t11t13-CLA comes
from a minor pathway (Shingfield et al., 2010a).
The models for the different C18:1 isomers as a function of

total C18:2 and total C18:3 intakes, had slopes <0.1, with
the exception of c9-, t11- and t10-C18:1, indicating that
these three FA are major isomers of C18:1 at the duodenum
(Table 2). Indeed, t11-C18:1 is the main C18:1 isomer, ori-
ginating both from c9c12-C18:2 and c9c12c15-C18:3 RBH

(Harfoot and Hazlewood, 1997). Furthermore, c9-C18:1
could be isomerised to t11-C18:1. However, we did not find
any effect of c9-C18:1 intake on duodenal t11-C18:1 flow,
suggesting that this isomerisation rate is low and/or rapid
(Laverroux et al., 2011). For the t10-C18:1 model, the
duodenal flow was higher with oil/fat than with the seed
form. This could be linked to the rate of oil release from raw
seed, which is possibly more gradual than directly from the
oil (Chilliard et al., 2009). The low slope of the models is
valuable for the two subsets forage and seed/oil/fat, sug-
gesting similarities of formation of isomers of C18:1 during
the RBH pathway whatever the dietary ingredient (forage or
oleaginous).
Our models indicated that the main variable driving the

duodenal flows of t10-C18:1 and t10c12-CLA is the combi-
nation of total FA intake (or c9c12-C18:2 intake) and per-
centage of concentrate. More specifically, we quantified
the specific effect of starch intake which seems to be a major
determinant of the duodenal flows of these FA when asso-
ciated with c9c12-C18:2 intake. This interaction reflects the
changes in microbial population within the rumen associated
when high starch with high unsaturated lipid diets are fed,
leading to the preferential development of bacterial species
such as Propionibacterium acnes (Devillard et al., 2006) and/
or Megasphaera elsdenii (Kim et al., 2002) that are known to
synthesise t10c12-CLA from c9c12-C18:2. Although different
in vitro studies have shown an appearance of t10-C18:1 from
c9c12c15-C18:3 (Ferlay et al., 2017), we found no effect of
c9c12c15-C18:3 intake on duodenal t10-C18:1 flow in our
meta-analysis.
We proposed predictive equations for the duodenal

OBCFA flows, with a positive effect of starch intake on
duodenal C17:0 flow, a positive effect of NDF content on
duodenal C15:0 flow, a negative effect of concentrate
percentage on duodenal iso-C16:0 flow and a negative effect
of A/P on duodenal iso-C15:0 and anteiso-C15:0 flows
(Table 3). These effects could be related to bacterial meta-
bolism as increasing starch content in the diet favours amy-
lolytic bacterial activity, whereas the NDF content increases
that of cellulolytic bacteria (Vlaeminck et al., 2006).

Figure 6 (a) Relationship between observed and predicted ruminant duodenal flows of c9c12c15-C18:3 from the seed subset (Y= 0.82 · X, number of
treatments (Ntrt)= 114, root mean square error (RMSE)= 0.27, R 2= 0.57). (b) Relationship between observed and predicted duodenal flows of c9c12c15-
C18:3 from the oil/fat subset (g/kg of dry matter intake (DMI)) (Y= 1.29 · X, Ntrt= 94, RMSE= 0.26, R 2= 0.60).
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Vlaeminck et al. (2015) demonstrated positive relationships
between amylolytic bacteria and anteiso-, linear and odd-
chain FA and between cellulolytic bacteria and iso-FA. In
addition, Belanche et al. (2012) demonstrated a positive
effect of high dietary NDF on duodenal OBCFA flows. We
found a positive effect of RPB on duodenal flows of C15:0
and iso-C16:0, in agreement with Vlaeminck et al. (2015).
An increasing intake level is associated with a decrease in
OMDr and thus a decrease in availability of nutrients to
bacteria, thereby explaining the negative effects of intake
level on duodenal iso- and anteiso-C17:0 flows.

Fish subset
The DPA had a lower RBH than EPA and DHA (67%, 95%
and 94%, respectively), in agreement with Kairenius et al.
(2011). These latter authors suggest that RBH of EPA or DHA
involves the initial removal of the double bond between
carbon atoms 4 and 5, whereas DPA does not have a double
bond in this position, explaining a lower RBH of DPA com-
pared with EPA and DHA. Nevertheless, in a recent in vitro
study, Aldai et al. (2018) indicate that firstly the cis-13
double bond of DHA migrates to the adjacent position 14
reversing its geometry from cis to trans, forming the trans-
14,cis-16 system.
Other models showed inhibitory or positive effects of DHA

on the different steps of C18 RBH. The DHA intake as well as
the LCFA intake had a negative effect on the duodenal C18:0
flow and a positive effect on duodenal t10- and t11-C18:1
flows, in agreement with Lourenco et al. (2010) and Shing-
field et al. (2010b), that reported that EPA and DHA inhibited
both the last step of RBH and the bacteria growth, increasing
the trans FA and CLA content in the rumen. This effect was
not found in our study with EPA or DPA intake, although they
were correlated with DHA intake.
In conclusion, this meta-analysis proposes predictive

equations for different FA that have not been predicted
previously: isomers derived from RBH that affect animal lipid
metabolism, notably the milk fat depression; OBCFA, which
are specific bacterial FA used for diagnostic of rumen func-
tion, and EPA, DPA and DHA from fish products. These pre-
dictive equations add to the body of quantitative knowledge
on FA digestion. However, the effects of different dietary
factors (e.g. lipid source, conservation mode of forage and
forage families) have not been demonstrated in our models
due to low amounts of available data. In the current context,
understanding and controlling the ruminal digestion of FA,
and the effects of different qualitative and quantitative diet
variations, is essential to improve the quality of ruminant
products (meat and milk).
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