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RESEARCH ARTICLE                                         

Effect of the nature of energy (lipids vs. carbohydrates) on enteric methane 
emission and dairy performance in cows fed grass silage-based diets

C�ecile Martina, Anne Ferlaya, Mohammed Benaoudaa,b, Mauro Coppac and Maguy Eug�enea

aUniversit�e Clermont Auvergne, INRAE, Saint-Gen�es-Champanelle, France; bAgrosup-Dijon, Dijon, France; cIndependent Researcher, 
Torino, Italy 

ABSTRACT 
This work aimed to investigate the effect of energy nature (lipids vs. carbohydrates) on enteric 
methane emission (eCH4) and performance in dairy cows fed grass silage-based diets. Eight mul-
tiparous Holstein cows were used in a 4� 4 Latin square design, with 4 experimental periods of 
28 days each. Cows were fed with 4 iso-energetic diets based on grass silage and supplemented 
with different levels of rapeseed oil (RO) (0, 1.5, 3.0, 4.5% of dietary dry matter (DM), Control, 
RO-low, RO-medium, RO-high diets, respectively) in substitution of starch from concentrate. 
Dairy performance, total-tract digestibility, and rumen parameters were measured when animals 
were in individual respiration chambers for quantifying eCH4. Intake of DM decreased with RO- 
high compared to other diets. Methane emissions were lowered similarly with all diets contain-
ing RO compared to Control (on average, -19% in g/d, � 13% in g/kg DMI, � 21% in g/kg milk). 
Ruminal propionate proportion was higher, whereas that of butyrate was lower with RO-high 
compared to the other diets. Milk yield was higher with RO-low and RO-medium, and was lower 
for RO-high compared to Control. Milk C16:0 concentration was lower, and C18:1c9, C18:1t11, 
and other rumen biohydrogenation intermediate concentrations were higher with diets contain-
ing RO compared to Control. The shift from the C18:1t11 to C18:1t10 biohydrogenation pathway 
is in agreement with the milk fat depression observed with RO-medium and RO-high. The inclu-
sion of RO at 1.5% was the best compromise between eCH4, feed efficiency, and milk nutritional 
quality in cows fed grass silage-based diets.

HIGHLIGHTS  

� Energy substitution of carbohydrate (mainly starch) by rapeseed oil reduced methane emis-
sions in dairy cows fed grass silage-based diets (up to –23% in g/d)
� Rapeseed oil content above 3% induced milk fat depression and impaired milk fatty acid 

profile
� The inclusion of 1.5% rapeseed oil was the best compromise to reduce methanogenesis 

(–15% in g/d) and improve dairy performance and milk nutritional quality
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Introduction

Greenhouse gas emissions from agriculture increased by 
16% between 2000 and 2017 and enteric methane emis-
sions (eCH4) from cattle account for about 40% of these 
emissions (FAO, 2020). One of the challenges of livestock 
production systems is to find solutions to reduce eCH4 

while maintaining the efficiency of animal production, in 
order to meet the quantity and quality of animal prod-
ucts for human nutrition needs (Hristov et al. 2013).

Among different solutions to mitigate eCH4 in dairy 
farming systems, nutritional strategies are quite effi-
cient and readily applicable (Beauchemin et al. 2020; 

Arndt et al. 2022). Replacing carbohydrates (cellulose, 
hemicellulose, starch) in the diet with lipids, is an 
interesting eCH4-mitigating nutritional solution (Martin 
et al. 2010; Beauchemin et al. 2020). In addition, lipid 
supplementation of cow diets can greatly modify the 
fatty acid (FA) composition of milk, either through the 
production of polyunsaturated FA (PUFA) intermedi-
ates during the ruminal biohydrogenation process, or 
at the level of de novo synthesis of FA in milk via the 
decrease in this synthesis due to an inhibitory effect 
by the dietary PUFA (Chilliard et al. 2007; Kliem and 
Shingfield 2016).
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Among different lipid sources, rapeseed represents an 
interesting option, as it reduces eCH4 in dairy cows (Brask 
et al. 2013; Bayat et al. 2018) and produces high concen-
trations of milk FA of nutritional interest (oleic acid, 
C18:3n-3, CLAc9t11 and monounsaturated FA (MUFA)), 
and reduces saturated FA (SFA) concentration compared 
to palm oil (Kliem and Shingfield 2016; Givens et al. 2009; 
Bernard et al. 2021). The effectiveness in mitigating eCH4 

and modulating milk FA profile of rapeseed changes 
according to the form of presentation (Givens et al. 2009). 
Rapeseed oil (RO) seems to be more effective than whole, 
crushed or milled rapeseed at a similar lipid dose in modi-
fying milk FA profile (Hoffmann et al. 2016; Kliem and 
Shingfield 2016; Givens et al. 2009). However, RO depend-
ing on the level of supplementation also can induce milk 
fat depression (MFD), especially when added to starch- 
rich diets (Hoffmann et al. 2016; Bougouin et al. 2019). 
Rapeseed oil can also increase some FA susceptibility to 
be undesirable for human health, like C18:1t10 and t FA 
especially with corn silage compared to grass silage-based 
diets (Givens et al. 2009; Bayat et al. 2018; Kliem et al. 
2019). To the best of our knowledge, few studies have 
tested the effect of RO inclusion in dairy cow diets on 
both milk FA (i.e. Hoffmann et al. 2016; Givens et al. 2009) 
and eCH4 (Brask et al. 2013; Bayat et al. 2018). However, 
no research has been conducted on iso-energetic diets to 
find the best compromise between the positive effects of 
lipid inclusion as alternative energy source to carbohy-
drate on digestive processes, including mitigation of eCH4, 
and dairy performance, including milk FA composition.

We tested the effect of the nature of energy (lipids 
vs. carbohydrates) on eCH4 emission and performance 
in dairy cows fed four different iso-energetic grass sil-
age-based diets supplemented with different levels of 
RO (0, 1.5, 3.0, 4.5% of dietary dry matter (DM), mainly 
in substitution of starch from concentrate. We aimed 
to find the best compromise between eCH4, dairy per-
formance (notably milk and milk fat yields), and milk 
FA composition in dairy cows.

Materials and methods

The experimental procedures were approved by the 
Auvergne Rhône-Alpes Ethics Committee for Experiments 
on Animals C2EA-02 (France; DGRI agreement APAFIS#821- 
2015060811534198), and followed the European Union 
Directive 2010/63/EU guidelines (https://eur- 
lex.europa.eu/LexUriServ/LexUriServ.do?uri 
¼OJ:L:2010:276:0033:0079:en:PDF). Experiments were per-
formed at the INRAE experimental facilities (Herbipôle, 
INRAE, 63122 Saint-Gen�es-Champanelle, France, DOI: 

10.15454/1.5572318050509348E12) from February to June 
2016.

Animal, experimental design, and diets

Eight multiparous lactating Holstein cows after lactation 
peak (mean ± SD, BW of 726 ± 65 kg, DIM of 62 ± 2.5 days, 
parity of 2.5 ± 0.9, milk yield of 39.3 ± 2.5 kg/d, milk fat 
content of 36.9 ± 6.6 g/kg and milk protein content of 
27.8 ± 1.6 g/kg at the start of the experiment) were 
blocked in pair and assigned to 1 of the 4 dietary treat-
ments in a replicated 4� 4 Latin square design with 4 
experimental periods of 28 days.

Each experimental period consisted of an adaptation 
period to the diet from days 1 to 6. During the first 
20 days, cows were housed together in a free-stall barn 
equipped with individual feed bunks and automatic 
gates (model Dairy Gates 3, Sodalec) and fed ad libitum. 
From days 21 to 26, cows were restricted fed (95% of 
individual voluntary feed intakes determined during 
days 7 to 20) to ensure total consumption of the diets 
and moved into individual open-circuit respiration 
chambers (RC) for measurement of dairy performance, 
gas emissions and total-tract digestibility. From days 27 
to 28, the cows returned to the free-stall barn and were 
fed ad libitum the same diet as from days 7 to 21.

Cows were fed with four diets formulated to result in 
an iso-energetic intake, based on grass silage supple-
mented with different levels of RO (0, 1.5, 3.0, or 4.5% 
diet DM) in substitution of starch from concentrates. 
The main ingredients of the diets were forages (grass 
silage and hay), starchy pelleted concentrates (InVivo 
NSA, Chierry, France), and RO. The grass silage and hay 
(first cut) were harvested from a broadly diversified per-
manent grassland representative of the mountain area 
of central France. Rapeseed oil was manually mixed 
with pelleted concentrates immediately before feeding 
and top-dressed over the forages. The detailed compos-
ition of the diets offered to the animals during the 
measurement period is given in Table 1. As a decrease 
in intake was expected with increasing doses of RO in 
the diets, diet composition was formulated considering 
a linear decrease of 0.4 kg DM intake per 1% of diet DM- 
supplemented RO. Diets were formulated to meet indi-
vidual requirements for the maintenance and lactation 
of dairy cows (INRA, 2018).

Cows were fed twice daily (08:00 h and 16:00 h) and 
received 2/3 of the daily offered diets in the morning, 
and the remaining 1/3 in the afternoon after milking. 
Cows had free access to water throughout the experi-
ment. Animals were weighed at the beginning and 
end of each experimental period.

1258 C. MARTIN ET AL.



Measurements, sampling and chemical analyses

Feed intake and composition
Feed offers and refusals were weighed and recorded 
daily to estimate the DM intake (DMI). The DM con-
tent of the feed was determined (103 �C for 24 h) on 
samples (100 g) taken every day. In addition, 2 sam-
ples of each diet ingredient (100 g each) were taken 
on days 22 to 24 to be pooled. The first pooled sam-
ple was dried (60 �C for 48h) and the second one was 
freeze-dried; both samples were ground (1-mm screen, 
ZM 200 Retsch Mill) before being analysed for the 
determination of chemical composition.

Organic matter was determined by ashing at 550 �C 
for 6 h (method 942.05; AOAC International, 2005). 
Total nitrogen (N) was analysed according to the 
Dumas method (method 968.06; AOAC International, 
2005) using a N-Dumas analyser (Dumas Method, 
Rapid N Cube, Elementar Analysensystem GmbH, 
Hanau, Germany); CP was calculated as N x 6.25. Fibre 
(NDF and ADF) content was determined by sequential 
procedures (Van Soest et al. 1991) using an Ankom 
system (Ankom Technology Corp., Fairport, NY, USA). 
Starch content was analysed by enzymatic method 
(Faisant et al. 1995) using a commercial kit for measur-
ing the amount of starch broken down enzymatically 
(Boehringer Mannheim/R-Biopharm, Germany). The 
gross energy (GE) was analysed by isoperibolic calor-
imetry (model C200, IKA, Staufen, Germany). Ether 

extract content was determined after acid hydrolysis 
(method 954.02; AOAC International, 2005). The FA 
methyl esters of the freeze-dried feed samples were 
prepared using a direct transesterification procedure 
(Sukhija and Palmquist, 1988; adapted by Loor et al. 
(2005) using 23:0 (Sigma, Saint-Quentin-Fallavier, 
France) as internal standard.

Milk yield and composition
Cows were milked twice daily (07:30 h and 15:30 h) 
and individual milk yield was recorded at each milk-
ing. Milk composition (fat, protein, lactose) was deter-
mined by infra-red spectroscopy using MilkoScan 4000 
(Foss Electric A/S, Hillerod, Denmark; Lial, Aurillac, 
France) on milk samples (30 mL, 4 �C with 2-2-nitropro-
pane-1,3-diol) collected over 6 successive milking on 
days 22 to 24. Individual fat and protein corrected 
milk (FPCM) yield was calculated according to Gerber 
et al. (2011) as follows:

FPCM ðkg=dÞ ¼ milk yield kg=dð Þ � 0:337 þ 0:116½

x fat % in milkð Þ þ 0:06 � protein % in milkð Þ�:

The milk FA composition was determined on indi-
vidual milk samples (3 mL, � 20 �C without preserva-
tive) taken after each milking on day 24. All samples 
were freeze-dried and then composited per day based 
on individual am and pm milk yields before analyses. 
The milk FA composition was determined by flame ion 
detection gas chromatography and the composition of 
FA methyl esters of CLA isomers in milk fat was ana-
lysed by HPLC as reported by Bougouin et al. (2018).

Methane and carbon dioxide emissions
Daily eCH4 and CO2 emissions were measured continu-
ously using 4 RC (1 cow per chamber) from days 21 
(07:30 h) to 26 (07:30 h) of each experimental period. 
The system design and associated analytical equip-
ment of the RC are detailed in Guyader et al. (2015). 
Briefly, the RC (3.7 m long, 2.2 m wide and 2.4 m high, 
giving a volume of 19.6 m3) was operated at a slight 
negative pressure, with an average airflow of 687 m3/h 
(SD ¼ 9.6). Airflow entered the RC through an aper-
ture at the bottom of the rear door (0.44 m2) and 
exited through an exhaust duct on the top of the 
chamber (25-cm diameter). Airflow in the exhaust duct 
of each chamber was continuously measured (CP300 
pressure transmitter; KIMO, MontponM�enest�erol, 
France) and recorded with 1 average data point every 
5 min (KT210AO datalogger; KIMO). Concentrations of 
gases (CH4 and CO2) in the ambient air of the barn 
and in the 4 RC were alternatively analysed at a 0.1Hz 
sample frequency for 5 min every 25 min using an 

Table 1. Ingredients and chemical composition of the four 
experimental grass silage-based diets fed to dairy cows.

Itemb

Dieta

Control RO-low RO-medium RO-high

Ingredients, % dry matter (DM)
Grass silage 47.9 50.5 52.9 55.1
Hay 11.1 11.4 11.6 11.9
Concentrates 41.1 36.6 32.3 28.1

Cracked wheat grain 5.8 3.6 1.6 0.4
Cracked corn grain 19.4 15.9 14.3 12.2
Soybean meal 7.8 10.7 11.8 13.0
Dehydrated alfalfa 5.8 4.0 2.0 –
Cane molasses 1.6 1.6 1.6 1.7
Minerals and vitamins 0.8 0.8 0.8 0.8

Rapeseed oil 0 1.5 3.2 4.9
Chemical composition, % DM

OM 91.3 91.2 91.1 91.2
CP 14.9 16.3 16.4 16.8
NDF 36.1 37.0 36.8 37.2
ADF 20.5 20.9 20.9 21.1
Starch 17.0 13.3 11.1 9.4
Ether extract 1.4 2.8 4.4 5.9

Gross energy, MJ/d 18.4 18.8 19.2 19.5
Forages to concentrates ratioc 59/41 62/38 65/35 67/33
Expected DM intake, kg/d 21.9 21.2 20.6 20.1
aControl: diet without rapeseed oil; RO-low: diet with 1.5% rapeseed oil; 
RO-medium: diet with 3% rapeseed oil; RO-high: diet with 4.5% rapeseed 
oil (% of dietary DM).
bDM: dry matter; OM: organic matter; CP: crude protein; NDF: neutral 
detergent fiber; ADF: acid detergent fiber.
cIncluding rapeseed oil.
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infra-red detector (Ultramat 6; Siemens, Karlsruhe, 
Germany) and recorded (Nanodac Invensys recorder/-
controller; Eurotherm Automation SAS, Dardilly, 
France). The detectors were manually calibrated the 
day before each measurement period using pure N2 

and a standardised mixture of CH4 (650 mg/kg) and 
CO2 (700 mg/kg) in N2.

Management procedures of the RC before and dur-
ing experiment are detailed in Bougouin et al. (2018). 
Briefly, the RC was flushed with ambient air for 3 days 
before each measurement period. Doors to access the 
RC were opened only for feeding (front door), milking, 
and removing recovery boxes for faeces and urine col-
lection (rear door); they were never opened at the 
same time. Gas emissions were calculated as the dif-
ference in gas concentration between RC and ambient 
air of the barn, multiplied by the airflow corrected for 
environmental parameters (temperature, relative 
humidity, and pressure) according to Pinares-Pati~no 
et al. (2012); they were not corrected by the CO2 

recovery test of RC performed before starting the 
experiment.

Total-tract digestibility
Total faeces and urine were daily and individually col-
lected during five consecutive days (days 22 to 26) of 
each experimental period when cows were in RC. 
After weighing and mixing of faeces and urine, two 
individual fresh daily aliquots (0.5% of daily excretion, 
each) of urine and faeces mixture were used for DM 
determination (103 �C for 24 h) and pooled weekly 
before drying (60 �C, 48 h) and grounding (1-mm 
screen, ZM 200 Retsch Mill) for chemical analyses (OM, 
NDF, ADF, starch), according to the procedures 
described for feeds.

Rumen parameters
Rumen fluid samples (500 mL) were collected after 
morning milking and before feeding on day 26 of 
each experimental by stomach tubing (Shen et al. 
2012). Then, fluid samples were strained through a 
polyester monofilament fabric (250-mm pore size) and 
the filtrate was subsampled for VFA, ammonia (NH3) 
and protozoa analyses (Bougouin et al. 2018). The 
volatile fatty acids (VFA) and NH3 concentrations were 
analysed on a gas chromatograph equipped with a 
flame ionisation detector (Morgavi et al. 2008). Total 
protozoa counts were done by microscopy (Williams 
and Coleman 1992) and data were log10-transformed 
for statistical analysis.

Statistical analysis

All data collected daily during the period in the RC 
(intake, milk yield and composition, quantity of gas 
emitted and faeces and urine excreted) were weekly 
averaged for statistical analyses. The cow was used as 
a statistical unit. Data were analysed using mixed 
effect models with the lme4 package (version 1.1–23) 
in R statistical software (version 1.3.959, R Foundation 
for Statistical Computing, Vienna, Austria). Models 
included the fixed effects of period (n¼ 4), diet (n¼ 4), 
and the random effect of individual animals (n¼ 8). 
Least-squares means were reported with the pooled 
standard error of the mean derived from the model. 
Differences among means were adjusted for multiple 
comparisons using Tukey-Kramer’s method and were 
declared significant at p< 0.05. Results with p< 0.10 
were considered as tendency. The normalised Z score 
was used for the spider-plots (Spiegel, 1975). The Z 
scores were calculated for each variable included in 
the spider plots as follow: Z ¼ (x–l)/r, where x is the 
average of each diet; l is the overall average and r is 
the overall standard deviation.

As a results, the standardised Z scores have an 
average ¼ 0 and a standard deviation ¼ 1. As Z scores 
are standardised variables, their representation on a 
graph allows to compare variables expressed in differ-
ent units of measurement, with different ranges. The 
extent of the difference for such variables among diets 
becomes comparable.

Results

Intake and dairy performance

In line with the experimental design, intakes of GE 
and CP were similar among diets. Intakes of starch 
and lipids, respectively, decreased and increased grad-
ually from Control to RO-high (p< 0.001; Table 2).

Intakes of DM and OM were lower for RO-high 
compared to Control, with a decrease of � 2.2 kg/d for 
DM and � 3.0 kg/d for OM, (p< 0.05), respectively. 
Fibre intake did not differ between diets. The DM 
intake, lower than expected for RO-high, reduced the 
RO proportion of the diet from 4.5 to 4.0% when 
related to DM intake.

Milk yield was higher for RO-low and RO-medium 
compared to RO-high (þ4.0 and þ4.6 kg/day, 
respectively; p< 0.05), but none of the diets differed 
from Control (Table 2). Feed efficiency was numeric-
ally higher (p< 0.10) for RO-low compared to Control 
and RO-high (þ0.10 and þ0.11 kg milk/kg DMI, 
respectively).
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Milk fat content differed among diets (p< 0.001): it 
was the lowest in RO-medium (27.1 g/kg milk), fol-
lowed by the RO-high (30.6 g/kg milk), but the milk fat 
content of RO-low (33.1 g/kg milk) did not differ from 
that of the Control (36.1 g/kg milk). The RO-high diet 
had the highest milk protein content, compared to 
the other diets (on average, þ2.5 g/kg milk; p< 0.01). 
Consequently, FPCM was higher for RO-low than for 
RO-high (þ3.9 kg/d), but none of these diets differed 
from Control. Milk fat yield was higher for Control and 
RO-low compared to RO-medium and RO-high 
(p< 0.001), while milk protein yield was not affected 
by the diet.

Methane and carbon dioxide emissions

Enteric CH4 emissions expressed in g/d, per unit of 
intake (g/kg DMI; % GEI), per unit of milk produced 
(g/kg milk) or per unit of nutrient digested (g/kg of 
digested DM, or g/kg of digested NDF) were lower for 
the RO-low, RO-medium and RO-high compared to 
the Control (p< 0.05; Table 3).

The eCH4-mitigating effect was mainly observed 
with the RO-low compared to Control (i.e. � 15%, 
� 12%, and � 21%, as expressed as g/d, g/kg DMI, 
g/kg milk, respectively; p< 0.05). The previously 
reported eCH4 production, yield and intensity were 
numerically lower with RO-medium and RO-high com-
pared to RO-low.

Carbon dioxide emissions were lower for the RO- 
low, RO-medium and RO-high compared to Control 

(on average, � 1298 g/d; p< 0.05; Table 3). The CO2 

emissions did not differ among diets including RO.

Total-tract digestibility and rumen fermentation

The total-tract digestibility of DM and OM was similar 
among the diets (Table 4). Total-tract digestibility of 
fibre was higher for RO-high than Control (þ4.9 and 
þ5.3%, for NDF and ADF, respectively; p< 0.05).

The rumen concentrations of total VFA and NH3 

were similar among diets, whereas VFA composition 
was modified by the diet (Table 4). The rumen propi-
onate proportion was higher in RO-high compared to 
all other diets (from 16.4 to 19.2%; p< 0.01), whereas 
the rumen butyrate proportion was lower (from 12.3 
to 10.4%; p< 0.05), as well as the acetate/propionate 
and (acetateþ butyrate)/propionate ratios (p< 0.01). 
The total protozoa concentration in the rumen was 
unaffected by the diet (p> 0.05).

Milk fatty acid composition

When dairy cows were fed with RO-low compared to 
Control, they produced milk with lower concentration 
of SFA, odd-chain FA (OCFA), de novo synthesised FA, 
and C16:0 (-9.32, � 0.26, � 4.37, � 7.89 g/100 g FA, 
respectively; p< 0.001; Table 5), whereas higher con-
centration of C18:0, C18:1c9, and MUFA were observed 
(þ2.97, þ5.58 and þ6.17, g/100 g FA, respectively; 
p< 0.001; Table 5). However, only the SFA, OCFA, and 
de novo synthesised FA, concentrations were lower, 

Table 2. Nutrient intakes and milk performances in dairy cows fed iso-energetic diets based on grass silage and 
characterised by different contents of rapeseed oil and starch.

Iteme

Dietf

SEM P valueControl RO-low RO-medium RO-high

Nutrient intake, kg/d
DM 21.7a 20.9ab 20.4ab 19.5b 0.62 0.011
OM 19.8a 18.7ab 17.9bc 16.8c 0.49 0.005
CP 3.3 3.5 3.4 3.4 0.11 0.621
NDF 7.7 7.6 7.3 7.0 0.24 0.209
ADF 4.4 4.3 4.2 4.0 0.15 0.250
Starch 3.8a 2.9b 2.4c 2.0d 0.09 <0.001
Ether extract 0.60d 0.88c 1.23b 1.50a 0.000 <0.001
Gross energy, MJ/d 400.6 400.2 407.2 404.2 12.05 0.973

Milk performances
Milk yield, kg/d 30.8ab 33.0a 33.6a 29.0b 1.27 0.020
Milk fat, g/kg milk 36.1a 33.1ab 27.1d 30.6c 1.1 <0.001
Milk protein, g/kg milk 30.0b 29.4b 29.7b 32.2a 0.6 0.008
FPCM, kg/d 28.8ab 29.5a 27.9ab 25.6b 1.1 0.026
Fat yield, g/d 1108a 1086a 914b 881b 46 <0.001
Protein yield, g/d 925 970 997 928 41 0.192
Feed efficiency, kg milk/kg DMI 1.32 1.42 1.37 1.31 0.04 0.332

a-dMeans with a different superscript significantly differ at P< 0.05.
eDM: dry matter; OM: organic matter; CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; FPCM: fat and protein cor-
rected milk.
fControl: diet without rapeseed oil; RO-low: diet with 1.5% rapeseed oil; RO-medium: diet with 3% rapeseed oil; RO-high: diet with 4.5% 
rapeseed oil (% of dietary DM).
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comparing RO-low to RO-medium or RO-high. Milk 
C16:0, C18:0, C18:1c9 and MUFA concentrations did 
not differ among diets. The BCFA, C18:2n-6, C18:3n-3, 
total n-3, and C18:1t10 concentrations did not differ 
between Control and RO-low, but BCFA, C18:2n-6, 
C18:3n-3, and total n-3 were lower, whereas the 
C18:1t10 was higher in RO-medium milk compared to 
RO-low milk (-0.23, � 0.21, � 0.15, � 0.15, and 
þ1.92 g/100 g FA, respectively; p< 0.05). The C18:2n-6 
and C18:3n-3 concentrations were lower in RO-high 
compared to RO-medium milk. Milk from RO-low and 
RO-medium showed higher concentrations of 
C18:1t11, and CLAc9t11 (þ1.46, and þ0.47 g/100 g FA, 
respectively), compared to Control, but milk concen-
tration from RO-high was lower compared to RO-low 
and RO-medium. Milk PUFA concentration differed 
from Control only for RO-low (þ0.61 g/100 g FA), 

whereas tFA differed from Control only with RO- 
medium and RO-high (þ5.72, and þ3.97 g/100 g FA, 
respectively; p< 0.01). The full milk fatty acid profile in 
dairy cows fed the four different diets is given in 
Supplementary Table 1.

Compromise between enteric methane emissions, 
dairy performance, and milk fatty acid 
composition

Figure 1 compares the four different grass silage- 
based and iso-energetic diets characterised by summa-
rising the main pattern of each diet on digestive proc-
esses including eCH4 (g/d, g/kg DMI, g/kg milk), and 
milk production and composition. The difference 
between Control and diets containing RO is obvious 
for eCH4, the Control diet being the only diet far from 

Table 3. Methane and carbon dioxide emissions in dairy cows fed iso-energetic diets based on grass silage and 
characterised by different contents of rapeseed oil and starch.

Dietd

SEM P valueItemc Control RO-low RO-medium RO-high

eCH4, g/d 426.9a 361.1b 343.4b 328.0b 20.31 0.010
eCH4, g/kg of DM intake 19.6a 17.3b 16.8b 16.7b 0.71 0.028
eCH4, g/kg of OM intake 21.5 19.3 19.2 19.5 0.81 0.170
eCH4, % of GE intake 5.91a 5.02b 4.69b 4.50b 0.20 <0.001
eCH4, g/kg of digested DM 28.7a 25.0b 24.0b 24.0b 1.11 0.016
eCH4, g/kg of digested OM 29.6 26.3 26.3 26.8 1.15 0.149
eCH4, g/kg of digested NDF 91.5a 73.9b 72.9b 72.0b 3.51 0.001
eCH4, g/kg of milk 14.0a 11.0b 10.3b 11.6b 0.78 0.016
eCH4, g/kg of FPCM 14.9 12.2 12.5 13.0 0.80 0.101
CO2, g/d 12,571a 11,122b 10,936b 11,772b 594.1 0.048
a-bMeans with a different superscript significantly differ at P< 0.05.
ceCH4: enteric methane emissions; DM: dry matter; OM: organic matter; GE: gross energy; FPCM: fat and protein corrected milk; CO2: car-
bon dioxide emissions.
dControl: diet without rapeseed oil; RO-low: diet with 1.5% rapeseed oil; RO-medium: diet with 3% rapeseed oil; RO-high: diet with 4.5% 
rapeseed oil (% of dietary DM).

Table 4. Total tract digestibility of nutrients and rumen parameters before feeding in dairy cows fed iso-ener-
getic diets based on grass silage and characterised by different contents of rapeseed oil and starch.

Itemc

Dietd

SEM P valueControl RO-low RO-medium RO-high

Nutrient total-tract digestibility, %
DM 68.3 69.2 70.1 69.9 0.77 0.339
OM 72.4 73.2 72.9 72.9 0.72 0.915
NDF 60.3b 64.8ab 64.7ab 65.2a 1.24 0.033
ADF 61.2b 65.3ab 65.7ab 66.5a 1.27 0.033
Starch 99.4 99.3 99.3 99.1 0.09 0.070

Rumen parameters, before feeding
Total VFA, mM 85.3 82.7 73.8 78.8 7.20 0.699

Acetate, % of total VFA 68.1 68.1 66.6 65.7 0.72 0.076
Propionate, % of total VFA 15.9b 16.2b 17.1b 19.2a 0.59 0.002
Butyrate, % of total VFA 12.3a 12.1a 12.4a 10.4b 0.57 0.005
Acetate/propionate 4.32a 4.24a 3.93a 3.48b 0.15 0.006
(Acetateþ butyrate)/propionate 5.11a 5.00a 4.66a 4.03b 0.17 0.002

NH3, mM 5.5 6.5 5.5 6.1 0.51 0.352
Total protozoae, 103 cells/mL 350 428 304 193 86.9 0.262
a-bMeans with a different superscript significantly differ at P< 0.05.
cDM: dry matter; OM: organic matter; NDF: neutral detergent fiber; ADF: acid detergent fiber; VFA: volatils fatty acids; NH3: ammonia.
dControl: diet without rapeseed oil; RO-low: diet with 1.5% rapeseed oil; RO-medium: diet with 3% rapeseed oil; RO-high: diet with 
4.5% rapeseed oil (% of dietary DM).
eData were log10-transformed for statistical analysis.
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Table 5. Milk fatty acid profile in dairy cows fed iso-energetic diets based on grass silage and characterised by 
different contents of rapeseed oil and starch.

Fatty acid, g/100g FAe

Dietf

SEM P valueControl RO-low RO-medium RO-high

C4:0 3.04a 3.29a 2.32b 1.90c 0.136 <0.001
C6:0 2.29a 2.10a 1.28b 1.17b 0.109 <0.001
C8:0 1.34a 1.10b 0.61c 0.60c 0.066 <0.001
C10:0 3.00a 2.18b 1.28c 1.32c 0.147 <0.001
C12:0 3.32a 2.31b 1.61c 1.66c 0.146 <0.001
C14:0 11.50a 9.35b 7.84c 7.83c 0.368 <0.001
C14:1c9 1.12 0.86 0.95 0.86 0.073 0.055
C16:0 28.94a 21.05b 18.28b 20.24b 0.862 <0.001
C16:1c9 1.36 1.17 1.29 1.33 0.109 0.604
C18:0 9.96b 12.93a 13.02a 14.45a 0.532 <0.001
C18:1t6-8 0.33b 0.64b 1.14a 1.06a 0.097 <0.001
C18:1t9 0.29c 0.55b 0.85a 0.74a 0.040 <0.001
C18:1t10 0.59b 0.92b 2.84a 2.34a 0.205 <0.001
C18:1t11 1.34b 2.80a 2.81a 1.76b 0.141 <0.001
C18:1t13 0.68d 1.06c 1.50a 1.28b 0.065 <0.001
C18:1c9 17.57b 23.15a 26.24a 26.40a 0.994 <0.001
C18:2c9t13 0.26c 0.34b 0.49a 0.43a 0.025 <0.001
C18:2t11c15 0.17b 0.21b 0.28a 0.22b 0.019 0.002
C18:2n-6 1.74a 1.72a 1.53b 1.24c 0.066 <0.001
C20:0 0.16c 0.21b 0.23ab 0.26a 0.009 <0.001
C18:3n-3 0.55a 0.55a 0.40b 0.32c 0.029 <0.001
CLAc9t11 (þt7c9CLAþ t8c10CLA) 0.53c 1.00a 1.10a 0.72b 0.061 <0.001
C22:0 0.082ab 0.073b 0.091a 0.078ab 0.0037 0.016
C20:5n-3 0.053a 0.046a 0.029b 0.032b 0.0031 <0.001
C24:0 0.048 0.039 0.046 0.046 0.0033 0.203
OCFA 1.97a 1.71b 1.52c 1.52c 0.045 <0.001
BCFA 1.41a 1.40a 1.17b 1.13b 0.045 <0.001
SFA 67.05a 57.73b 49.30c 52.19c 1.397 <0.001
MUFA 29.75b 35.92ab 41.21a 38.31a 2.126 <0.001
PUFA 4.33b 4.94a 4.72ab 4.37ab 0.200 0.001
t FA 6.87b 9.60ab 12.59a 10.84a 0.927 0.001
n-3 0.70a 0.67a 0.52b 0.54b 0.050 0.036
n-6 1.94ab 2.05a 1.73ab 1.68b 0.097 0.037
De novo synthesized FA 26.56a 22.19b 16.58c 16.13c 0.903 <0.001
a-dMeans with a different superscript significantly differ at P< 0.05.
eFA, fatty acids; BCFA, branched-chain FA; CLA, conjugated linoleic acid; OCFA, odd-chain FA.
fControl: diet without rapeseed oil; RO-low: diet with 1.5% rapeseed oil; RO-medium: diet with 3% rapeseed oil; RO-high: diet with 
4.5% rapeseed oil (% of dietary DM).

Figure 1. Spider plots of the normalised (Z score) variables1 describing (a) dairy performance and digestion parameters including 
eCH4 and (b) milk fatty acid (FA) composition according to the nature of energy (rapeseed oil vs. starch) in the four iso-energetic 
and grass silage-based diets of dairy cows (Control, RO-low, RO-medium, RO-high). The optimum shape is represented by the red 
line: positive variables for the dairy performance or healthy milk FA for human nutrition were expected to have the maximum Z 
score, whereas the minimum Z score was desired for eCH4 or non-healthy milk FA (SFA); Z score scale from -1.5 to 1.0 with Z¼ 0 
for the overall average of the four diets. 
1Fatty acids, g/100g FA; Feed efficiency, kg milk/kg DMI; Milk yield, kg/d; Milk fat, g/kg; daily eCH4, g/d; eCH4 yield, g/kg DMI; eCH4 intensity, g/kg milk; 
NDFD, NDF digestibility, %; BCFA, branched-chain FA.
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the optimum eCH4 (Figure 1(a)). Only RO-low was 
close to Control in terms of milk fat content and the 
closest to the optimum concerning feed efficiency 
(Figure 1(a)). Concerning milk FA profile, Control 
showed the farthest SFA, C18:1c9 and CLAc9t11 con-
centrations from the optimum. With RO-low, all the FA 
become closer to the optimum (Figure 1(b)). RO- 
medium and RO-high diets showed the values the 
closest to the optimum for C18:1c9 and CLAc9t11 
(only RO-medium), but n-6, n-3, BCFA and tFA got 
away from the optimum when compared to RO-low 
(Figure 1(b)).

Discussion

Intake and dairy performance

The inclusion of RO in iso-energetic diets decreased 
nutrient intakes of dairy cows only for RO-high. This 
finding is in agreement with the literature data, in 
which a drop in DMI (about � 2.5 kg DMI) was signifi-
cant only for dairy cow diets supplemented with RO 
content greater than 3.3% of DM (Brask et al. 2013; 
Bayat et al. 2018), whereas no effect on DMI was 
reported when RO content was about 2.2% of DM 
(Hoffmann et al. 2016). Accordingly, to lower DMI in 
RO-high, the levels of RO and total lipids were about 
4.0% and 7.7% of DMI, respectively. The resulting RO 
intake was above the recommendation for the total 
lipids content in cow diets (maximum 5 to 6% of DM; 
INRA, 2018).

Milk and FPCM yields were higher with RO-low and 
RO-medium than with Control diets, similar to the 
findings of Givens et al. (2009) and Hoffmann et al. 
(2016). However, this was not the case for RO-high, 
probably due to the reduced DMI. An MFD was 
observed for RO-medium and RO-high diets (differen-
ces between the control and the minimum values 
observed in the two diets: � 9.0 g of fat/kg milk; 
� 0.23 kg/d of fat yield, respectively). A decrease in 
milk fat content of about � 2.5 g/kg milk was observed 
by Brask et al. (2013) and Hoffmann et al. (2016) with 
different rapeseed supplementation levels in cow diets 
(3.3% of DMI ¼ 0.52 kg/d and 2.2% DMI ¼ 0.51 kg/d 
of fat ingested from RO, respectively). These authors 
explained that this MFD is due to an inhibitory effect 
of the intermediates of t10 biohydrogenation path-
ways (notably C18:1t10 and CLAt10c12) on the de 
novo synthesis of FA in the mammary gland (Ferlay 
et al. 2017). A dilution due to lower milk yield could 
explain the higher milk protein content in RO-high 
diet, but this increase partially accounted for the 

compensation in FPCM, as FCM was similar to RO- 
medium, but still lower than RO-low.

Digestive processes including enteric methane 
emissions

Changing the nature of energy by including RO in 
dairy cow diets instead of starch reduced daily eCH4 

compared to Control (–15%, � 20% and � 23% in g/d 
for RO-low, RO-medium and RO-high, respectively). 
This eCH4-mitigating effect was maintained when 
eCH4 was expressed per unit of intake or milk pro-
duced. In agreement with our results, Brask et al. 
(2013) observed a decrease in eCH4 (–19% g/d, � 11% 
g/kg DMI, � 15% % GEI, � 15% g/kg milk) with a RO 
supplementation of 3.3% DMI. A similar decrease in 
daily eCH4 (-23% g/d) was reported by Bayat et al. 
(2018) with 5.0% RO supplementation, but this 
decrease was mostly ascribed to a decrease in DMI 
and milk yield, as eCH4 yield and intensity were 
unaffected by dietary treatment.

Several hypotheses have been put forward to 
explain the reduction in eCH4 with lipid supplements: 
lipids are not digested in the rumen and can lower 
the quantity of ruminal fermented OM, and conse-
quently the quantity of H2 produced as a substrate for 
methanogenesis (Martin et al. 2010; Beauchemin et al. 
2020); lipids can decrease the fibre digestibility, result-
ing in a higher ruminal fill that can decrease the DMI 
(Beauchemin and McGinn 2006; Brask et al. 2013). 
These hypotheses are not consistent with our results 
as the total VFA concentration, related to the quantity 
of OM fermented in the rumen, was similar among 
diets. In addition, total-tract fibre digestibility 
increased with RO-supplemented diets which might 
be related to the replacement of dehydrated alfalfa 
NDF from concentrates with more digestible NDF from 
grass and with the increase in forage/concentrate ratio 
with RO-supplemented diets (INRA 2018). 
Improvement of fibre digestibility when replacing 
carbohydrate energy by RO may be also related to 
lower ruminal digestive interactions between starch 
and fibre fractions and consequently, a lower depres-
sive effect on total-tract fibre digestibility when starch 
content in cow diets is decreased (Martin and 
Michalet-Doreau 1996). In parallel to the decrease in 
eCH4, lipid supplementation can also reduce the 
protozoa population with a consequent orientation in 
ruminal fermentation to propionate at the expense of 
butyrate as reported by Guyader et al. (2014) in their 
meta-analysis approach. This was observed in our trial 
only for RO-high. A stronger depressive effect on eCH4 
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(daily, yield and intensity) was observed with RO-low 
when compared to the Control diet but without 
changes in protozoa concentration and VFA propor-
tion in the rumen. This suggests that the action of RO 
in reducing eCH4 emissions was related to a direct 
inhibition of methanogens by dietary unsaturated FA 
(Martin et al. 2010; Popova et al. 2011). Another 
explanation of eCH4 (daily, yield and intensity) reduc-
tion could be the H2 uptake by the ruminal biohydro-
genation of rapeseed unsaturated FA, but its influence 
on methanogenesis is negligible (i.e. 1–2%) based on 
stoichiometric (Czerkawski, 1986) and modelling (Mills 
et al. 2001; Giger-Reverdin et al. 2003) approaches.

Milk fatty acid composition

Changing the nature of energy (lipids vs. carbohy-
drates) in iso-energetic diets by including RO affected 
most of the milk FA. Lower concentration of milk SFA, 
de novo synthesised FA, and C16:0 in RO diets com-
pared to Control is in agreement with Hoffmann et al. 
(2016), which found similar results with crushed rape-
seed or rapeseed oil fed to dairy cows at 2.2% DMI. 
These changes are consistent with the fact that dietary 
inclusion of FA with 18 carbons decreases milk short- 
and medium-chain SFA through the inhibition of de 
novo synthesis in the mammary gland (Chilliard et al. 
2007; Shingfield et al. 2010). In parallel, the higher 
milk concentrations of C18:1c9, C18:1t11, and other 
intermediate products of dietary PUFA ruminal biohy-
drogenation in the diets containing RO compared to 
Control, is in agreement with the higher intake of 
unsaturated FA with diets including rapeseed 
(Shingfield et al. 2010; Ferlay et al. 2017). Indeed, 
when the intake of unsaturated FA from rapeseed is 
increased, the milk concentration of most unsaturated 
long-chain FA, notably those of biohydrogenation 
intermediate products, increases whatever the form of 
rapeseed supplementation in dairy cow diets (Givens 
et al. 2009; Bougouin et al. 2019). This was observed 
in our trial with RO-low and RO-medium diets. The 
reduction of the concentration of FA from de novo 
synthesis origin is in agreement with the MFD existing 
for these diets and confirmed by the decreased milk 
fat content and the shift from C18:1t11 to C18:1t10 
observed in milk with RO-medium and RO-high diets 
(Bauman and Griinari 2003). The FA with a trans dou-
ble bound on carbon 10 has an antilipogenic effect, 
that decreases de novo FA synthesis in the mammary 
gland (Bauman and Griinari 2003).

High levels of RO inclusion in iso-energetic diets 
decreased milk concentrations of C18:2n-6 and 

C18:3n-3, despite a higher intake of these FA and a 
higher forage to concentrate ratio. This was in agree-
ment with Ferlay et al. (2013), who tested the effect of 
increasing doses of linseed (rich in C18:3n-3 and 
C18:2n-6) on milk FA composition. These authors 
showed a negative exponential relationship between 
C18:2n-6 or C18:3n-3 intake and their transfer effi-
ciency from the feed to milk, suggesting that the 
ruminal biohydrogenation rate increased with the 
availability of the substrate (Ferlay et al. 2013). 
However, a saturation effect by increased dietary 18- 
carbon FA towards the mammary gland may have lim-
ited the uptake of plasma FA (Ferlay et al. 2017). Both 
of these hypotheses can also be supported by the lack 
of differences in milk concentration of C18:1c9 (and 
consequently of MUFA) for RO-medium and RO-high 
compared to RO-low diets.

Compromise between enteric methane emissions, 
dairy performance, and milk fatty acid 
composition

Figure 1 clearly shows the advantages of changing the 
nature of energy (lipids vs. carbohydrates) by introduc-
ing different levels of RO in substitution of starch in 
dairy cow diets in terms of decreasing eCH4 increasing 
milk yield and feed efficiency, and improving milk FA 
profile (higher concentrations of MUFA and C18:1c9, 
and lower concentration of SFA) beneficial for human 
health.

With the highest levels of RO inclusion, we 
observed negative effects on dairy performance 
(decreased milk yield and feed efficiency with RO- 
high), including MFD and changes in milk FA profile 
unfavourable for human health (decreased n-3 and n- 
6 FA concentration, and increased trans FA concentra-
tion, in particular that of C18:1t10) with both RO- 
medium and RO-high. Consequently, in our experi-
mental conditions, the change of the nature of energy 
(lipids vs. carbohydrates) by including low RO (1.5% 
DM) in iso-energetic grass silage-based diets resulted 
in the best compromise for matching a significant 
reduction in eCH4 (–15% in g/d, � 12% in g/kg DMI, 
� 21% in g/kg milk) in dairy cows, increasing dairy per-
formance, and significantly improving milk FA com-
position for human health.

Conclusion

This study highlighted that including different levels 
of RO (1.5 to 4.5% of DM) in substitution of starch in 
grass silage-based diets reduced eCH4 from dairy cows 
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(-19% g/d, � 13% g/kg DMI, � 21% g/kg milk, on aver-
age). Furthermore, RO inclusion increased milk con-
centration of unsaturated FA (including oleic acid), 
and reduced the concentration of SFA. However, MFD 
occurred for the higher levels (> 3% of dietary DM) of 
RO inclusion in the diets. Thus, a low level of RO 
(1.5% of dietary DM) in iso-energetic grass-silage 
based diets resulted in the best compromise to 
decrease eCH4 and maintain or improve dairy perform-
ance and milk nutritional quality for human health.
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