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This study evaluated the effects of barley and four oat cultivars differing in lipid content, including one high-oil
cultivar, and the replacement of rapeseed meal (RSM) with cold-pressed rapeseed cake (RSC), on in vitro ruminal
fermentation, degradability, and methane (CH4) production. An in vitro gas production experiment was con-
ducted using a 5 x 3 factorial arrangement of treatments with four 48-h runs. Treatments included a barley
mixture [22.6 g crude fat/kg dry matter (DM)] and the oat cultivars Sonja, Niklas, Perttu, and the high-oil oat
cultivar Fatima (41.2, 53.7, 58.5, and 81.2 g crude fat/kg DM, respectively), each combined with three levels of
RSC (0, 50, and 100 % of protein feed). The basal diet consisted of grass silage (550 g/kg diet DM). Dynamic
rumen models were applied to in vitro gas data to predict in vivo CH4 production. Predicted CH4 production (mL/
g DM) was 8.3, 9.0, and 12.6 % lower, respectively, for Niklas, Perttu, and Fatima compared with barley (P <
0.01), and was also lower for Fatima than for Sonja and Niklas (P < 0.01). Replacing RSM with RSC linearly
reduced predicted CH4 production by 4.3 % (P < 0.01). In vitro ruminal DM and organic matter degradability
were lower for all oat cultivars compared with barley (P < 0.01), and further reduced for Perttu and Fatima
compared with Sonja (P < 0.04). Acetate proportion was higher for Sonja, Niklas, and Perttu than for barley and
Fatima (P < 0.02), while propionate was higher for Perttu and Fatima than for barley, at the expense of butyrate
(P < 0.02). In conclusion, high-oil oats and RSC each reduced predicted in vivo CHy, with additive effects when
combined. However, high-oil oats also lowered in vitro ruminal degradability. Further in vivo studies are required
to evaluate effects on digestibility, CH4 production, and animal performance.

1. Introduction g crude fat/kg DM [8]. These so-called high-oil oat cultivars have not yet

been evaluated for their effects on enteric CH4 production.

Ruminants play a vital role in food security by supplying protein
through milk and meat for human consumption. However, enteric
fermentation of feed in the rumen produces methane (CHy), a potent
greenhouse gas that contributes to climate change [1]. Numerous di-
etary strategies to mitigate enteric CH4 emissions from ruminants have
been explored. One promising approach is dietary lipid supplementa-
tion, which can be achieved by adding lipid sources such as linseed oil
[2], or rapeseed oil [3], or by substituting common dietary ingredients
with alternatives that have a higher lipid content [4,5].

Among cereal grains, oats (Avena sativa) contain more lipid than
barley (Hordeum vulgare). Replacing barley with oats has been shown to
decrease enteric CH4 production in dairy cows, although much of the
reduction is attributed to the lower digestibility of oats [5-7]. The lipid
content of previously evaluated oat cultivars ranged from 40 to 55 g
crude fat/kg dry matter (DM), although some cultivars contain up to 90
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Rapeseed meal (RSM) and cold-pressed rapeseed cake (RSC) are by-
products of oil extraction from rapeseed (Brassica napus). Because of its
high crude protein (CP) content, RSM is widely used as a protein feed in
many countries. However, RSC contains substantially more lipid
(100-200 g crude fat/kg DM) than RSM (40-50 g/kg DM). Partial or
complete replacement of RSM with RSC has been shown to decrease
enteric CH4 production without negatively affecting organic matter
(OM) digestibility in dairy cows [4,9]. While a recent in vivo study [5]
investigated the combination of a conventional oat cultivar with RSC,
the effects of high-oil oat cultivars, either alone or in combination with
RSC, have not yet been studied.

In vitro experiments allow investigation of the underlying fermen-
tation of different feeds. Therefore, the objective of this study was to
evaluate the effects of barley and four oat cultivars differing in lipid
content, including one high-oil cultivar, combined with varying levels of
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RSC as a replacement for RSM, on in vitro ruminal fermentation, de-
gradability, and CH4 production. Using an in vitro gas production sys-
tem, we tested 15 dietary treatments to assess their potential for CHy
reduction. We hypothesized that oat cultivars with higher lipid content
would produce less CHy4 than barley and low-lipid oat cultivars, and that
increasing dietary inclusion of RSC would further reduce CHy
production.

2. Materials and methods
2.1. Animal ethics

The in vitro experiment was carried out in the laboratory at the
Department of Applied Animal Science and Welfare, Swedish University
of Agricultural Sciences, Umed, Sweden. All experimental procedures
were approved by the Swedish Ethics Committee on Animal Research
(Dnr A 6-2021 Umed, Sweden) and were in accordance with Swedish
laws and regulations regarding EU Directive 2010/63/EU on animal
research.

2.2. Feeds

The grain cultivars included a mixture of common feed barley cul-
tivars (1), the oat cultivar Sonja (2), the oat cultivar Niklas (3), the oat
cultivar Perttu (4), and the high-oil oat cultivar Fatima (5). The barley
mixture and Niklas were obtained from Fodercentralen (Sweden), Sonja
and Perttu from Boreal Plant Breeding Ltd (Finland), and Fatima from
Lantménnen (Sweden). Rapeseed meal was obtained from Fodercen-
tralen and RSC from Saby Gard (Sweden). The grass silage was produced
from primary growth perennial leys of timothy (Phleum pretense). Prior
to incubation, all feeds were dried at 60 °C for 48 h and ground through
a 1.0-mm screen (Retsch SM2000; Rheinische, Haan, Germany). The
chemical composition of the feeds and the fermentation quality of the
silage are presented in Table 1.

2.3. Experimental design and treatments

The in vitro gas production experiment consisted of four 48-h runs,
during which feed samples were incubated as a total mixed ration (TMR)
in buffered rumen fluid. Each run included two replicates per treatment
and six blank samples containing only buffered rumen fluid. The
experiment followed a 5 x 3 factorial design, comprising five grain
treatments (one barley cultivar mixture and four oat cultivars) and three
levels of RSM replacement with RSC. The replacement levels were 100 %
RSM in protein feed, 50 % RSM and 50 % RSC, and 100 % RSC on a DM
basis, with replacements adjusted to be isonitrogenous.

The incubated TMR contained 550 g/kg grass silage, 290-330 g/kg
experimental grain, and 120-160 g/kg experimental protein feed (DM
basis). A total of 1.00 £+ 0.002 g of substrate (DM basis) was weighed
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into 250-mL glass serum bottles (Schott, Mainz, Germany) to formulate
the TMR described above.

2.4. In vitro incubations

Rumen fluid was collected 2 h after morning feeding from two can-
nulated Nordic Red dairy cows in lactation. The donor cows were fed a
TMR of grass silage and concentrate (600:400 g/kg DM) ad libitum.
Rumen fluid was sampled from the dorsal sac, the intermediate region,
and the ventral sac, and filtered through four layers of cheese cloth into
two pre-warmed steel thermoses, previously flushed with carbon diox-
ide (CO3) to maintain anaerobic conditions. The pH of the rumen fluid
was 6.53 + 0.257 (mean + SE), measured using a pH meter (744 pH
Meter; Metrohm Ltd., Herisau, Switzerland).

The rumen fluid was delivered to the laboratory within 15 min after
collection and immediately filtered through four layers of cheesecloth
into a measuring cylinder continuously flushed with CO,. A total of 483
mL of rumen fluid was then transferred through a funnel into another
measuring cylinder containing 2415 mL of buffered mineral solution
according to Menke [10]. The ratio of buffer solution to rumen fluid in
the final buffered rumen fluid was 1:1. Finally, 2 g of peptone
(pancreatic digested casein; Merck, Darmstadt, Germany) was added.
The buffered rumen fluid was maintained at 39 °C with constant stirring
and continuous CO» flushing to maintain anaerobic conditions.

To initiate incubation, 60 mL of buffered rumen fluid was added to
each of the 36 bottles, which had been flushed with CO,. Bottles were
placed in a water bath at 39 °C and continuously agitated at 40 rpm for
48 h.

2.5. Measurements and sampling

Total gas was measured using the fully automated gas production
technique described by Cone et al. [11]. The in vitro system recorded
total gas volume at 0.2-h intervals, corrected for standard atmospheric
pressure (101.3 kPa). Gas samples were collected from each bottle
through a rubber suba-seal septum (Z124567-100 EA, 13, Sigma-
—Aldrich) using a gas-tight syringe (Hamilton, Bonaduz, Switzerland) at
2, 4, 8, 24, and 48 h of incubation. After each sampling, the septum was
sealed with Blu Tack (Bostik, Leicester, UK) to maintain an airtight
system. Gas samples (0.2 mL) were analyzed for CH4 concentration
using a gas chromatograph (Thermo Scientific™ TRACE 1300™ Series
Gas Chromatograph, Thermo Fisher Scientific S.p.A. Milan, Italy)
equipped with a thermal conductivity detector. Argon served as the
carrier gas at a flow rate of 32 mL/min. Gas peaks were identified by
comparison with a standard gas. The standard gas contained 900
mmol/mol CO; and 100 mmol/mol CH4 (AGA Gas AB, Sundbyberg,
Sweden). The gas sampling procedure took approximately 35-45 min,
ensuring consistent fermentation times across all bottles.

At 48 h of incubation, a 0.5 mL aliquot of residual buffered rumen

Table 1

Chemical composition of feeds used in the in vitro gas production experiment (g/kg of DM, unless specified).
Parameter” Grass silage” Barley mixture Oats Oats Oats Oats RSM RSC

Sonja Niklas Perttu Fatima

DM (g/kg of fresh weight) 236 897 911 898 918 906 909 921
Ash 76.5 25.6 20.3 28.3 33.1 319 75.8 62.9
CP 200 105 109 106 120 129 329 270
aNDFom 512 172 215 269 276 199 323 361
iNDF 95.5 37.9 103 152 152 159 166 140
pdNDF 417 134 112 117 124 40.1 157 221
Starch 14.0 526 513 471 407 349 30.0 22.0
Crude fat 66.6 22.6 41.2 53.7 58.5 81.2 29.7 178

@ RSM, rapeseed meal; RSC, cold-pressed rapeseed cake; DM, dry matter; CP, crude protein; aNDFom, neutral detergent fiber free of residual ash; iNDF, indigestible

NDF; pdNDF, potentially digestible NDF, calculated as NDF — iNDF.

b Concentration of ammonia N was 28.8 g/kg N, lactic acid 59.2 g/kg DM, acetic acid 11.7 g/kg DM, propionic acid 1.0 g/kg DM, butyric acid 0.3 g/kg DM, and pH

3.93.
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fluid was collected from each bottle for volatile fatty acid (VFA) analysis.
Samples were pooled by treatment, combined, and stored in Eppendorf
tubes at —18 °C until analysis. The pH of each bottle was also measured
using a 744 pH Meter (Metrohm Ltd., Herisau, Switzerland).

2.6. In vitro ruminal degradability

In vitro ruminal degradability was assessed as described by Fant and
Ramin [12]. Briefly, the incubation residue from each bottle was
transferred to pre-weighed 07-11/5 Sefar Petex in situ nylon bags (11
pm pore size; Sefar AG, Heiden, Switzerland), according to Krizsan et al.
[13]. Excess liquid was removed by filtration through the bag pores. To
determine in vitro true DM degradability (DMD) and organic matter
degradability (OMD), the nylon bags containing the residues were
boiled for 1 h in a neutral detergent solution supplemented with
heat-stable a-amylase and sodium sulfite (NaSO3). The bags were then
dried at 60 °C for 48 h and weighed to calculate in vitro DMD (g/kg DM)
according to the following equation:

DMD = [Incubated DM (g) — neutral detergent fiber (NDF) residue
corrected for blank (g)] / Incubated DM (g) x 1000

In vitro OMD (g/kg OM) was determined by combustion of the incuba-
tion residues (excluding bags) at 500 °C for 4 h, and calculated according
to the following equation:

OMD = [Incubated OM (g) — NDF residue corrected for blank and ash
()] / Incubated OM (g) x 1000

2.7. Chemical analysis

All feed samples (grass silage, cereal grains, RSM, and RSC) were
analyzed for DM, ash, crude fat, CP, neutral detergent fiber free of re-
sidual ash (aNDFom), indigestible NDF (iNDF), and starch. Dry matter
concentration was determined by oven drying at 105 °C for 16 h, fol-
lowed by ash determination through combustion at 500 °C for 4 h [14].
Crude fat concentration was assessed through ether extraction and
HCl-hydrolysis according to AOAC method 954.02 [14], and starch was
analyzed with a YSI Analyzer (YSI 2950D-1 Biochemistry Analyzers) at
the Dairy One Forage Laboratory (Ithaca, NY, USA). Total nitrogen
concentration was assessed using the Kjeldahl method, and CP concen-
tration was calculated as total nitrogen x 6.25.

The aNDFom concentration was determined according to Mertens
[15], using heat stable a-amylase and sodium sulfite in an ANKOM200
digestion unit (ANKOM Technology Corp., Macedon, NY, USA),
expressed exclusive of residual ash. Indigestible NDF concentration was
assessed according to Krizsan et al. [13]. Briefly, 2 g of feed samples
were placed in 11 pm pore size nylon bags and incubated for 288 h in
three rumen-cannulated lactating dairy cows (one replicate per cow) fed
a TMR of grass silage and concentrate (600:400 g/kg DM) ad libitum.
Indigestible NDF concentration was expressed exclusive of residual ash.

Silage samples were initially frozen, then thawed and compressed.
Silage juice was diluted 1:1 with distilled water for analysis of ammonia
nitrogen using a Kjeltec 2100 Distillation Unit (Foss Analytical Ltd.) and
for pH measurement. Lactic acid and VFA concentrations were analyzed
as outlined by Ericson and André [16], and silage DM was adjusted for
volatile losses as described by Huida et al. [17]. Volatile fatty acid
concentrations in residual buffered rumen fluid were measured by
high-performance liquid chromatography using a Waters Acquity sys-
tem (Waters, Milford, MA) following the procedure of Puhakka et al.
[18].

2.8. Calculations

In vivo CH4 production was predicted from data obtained in the in
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vitro gas production experiment, following the method of Ramin and
Huhtanen [19]. At each 0.2-h interval, cumulative CH4 production
(Vcrq) was calculated as:

Verq (mL) = Vs (mL) x CH4 (mL/mL) + Vgp (mL) X A x CH4 (mL/mL),

where Vyg represents the headspace volume, CHy represents the CHy
concentration in the headspace; Vp is the gas production volume, and A
is a coefficient (0.55) that reflects the ratio of CH4 concentration in
outflow gas to the headspace, derived from a mechanistic model [19].
Methane concentration at each 0.2-h interval was estimated by fitting a
logarithmic regression to the measured CHy4 values collected at five time
points.

To estimate kinetic parameters for total gas and CH4 production, data
from the 0.2-h intervals were fitted to the two-pool Gompertz model of
Schofield et al. [20]:

Vi= V7 x Exp{—Exp[1 — k; x (t — L)1} + V2 x Exp{—Exp[1 —kz x (t —
L)1},

where Vt is the total gas or CH4 volume at time t; V3, k1, and L; represent
the asymptotic cumulative gas production (mL/g of DM), rate constant
(1/h), and lag time (h) for the rapid pool, respectively; V,, kg, and Ly
represent the same parameters for the slower pool. Modeling was per-
formed using the NLIN procedure in SAS version 9.4 (SAS Institute Inc.,
Cary, NC).

To predict the proportion of asymptotic CH4 production occurring
during feed residence in the rumen, the kinetic parameters were further
applied to a dynamic, mechanistic two-pool rumen model [21], with
modifications described by Ramin and Huhtanen [19]. Simulations
assumed a mean rumen retention time of 50 h, representing intake level
at maintenance. Predicted in vivo CH4 production (mL/g of DM) was
calculated as CH4 = proportion of asymptotic CH4 production x
asymptotic CH4 production (mL/g of DM).

Volatile fatty acid concentrations (mmol/L) in rumen fluid residues
were calculated by subtracting the average VFA concentration in blank
samples from that in treatment samples. Total VFA production (mmol/g
DM) was determined by multiplying this difference (sample — blank) by
the sample volume (60 mL).

2.9. Statistical analysis

All data were tested for normality using the Shapiro-Wilk test and for
homoscedasticity of residuals prior to statistical analysis. Data on total
gas and predicted in vivo CH4 production, in vitro ruminal degradability,
and pH were analyzed by ANOVA using the MIXED procedure in SAS
according to the following model:

Yijxi = B + Gi + Lj + R + by + Gi x Lj + g

where Yjj; is the dependent variable, u is the overall mean, G;is the fixed
effect of cultivar (i = 5), L; is the fixed effect of RSC inclusion level (j =
3), Ry is the fixed effect of run (k = 4), b; is the random effect of bottle
(position in the water bath), G; x L; is the interaction effect between
cultivar and RSC inclusion level, and ey is the random residual error.
Because samples for total VFA production and VFA molar proportions
were pooled by treatment within each in vitro run (n = 4), these data
were analyzed according to the following model:

Yik = p + Gi + Lj + re + Gi X Lj + gk

where Yy is the dependent variable,  is the overall mean, G; is the fixed
effect of cultivar (i = 5), L; is the fixed effect of RSC inclusion level (j =
3), 1y is the random effect of run (k = 4), G; x L; is the interaction effect
between cultivar and RSC inclusion level, and ¢;j is the random residual
error.

Least square means were obtained using the LSMEANS statement in
SAS. Differences were declared significant at P < 0.05, and 0.05 < P <
0.10 was considered a tendency. When the overall P-value for cultivar
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was significant, Tukey’s test was used for multiple comparisons. Linear
and quadratic orthogonal contrasts were included to assess the effect of
RSC inclusion level.

3. Results
3.1. Chemical composition of experimental diets

The chemical composition of the experimental diets is presented in
Table 2. The diet containing the high-oil oat cultivar Fatima with 100 %
RSC had the highest numerical crude fat concentration (88.7 g/kg DM),
while the diet containing the barley mixture with 100 % RSM had the
lowest (47.7 g/kg DM). The aNDFom concentration ranged from 377 to
419 g/kg DM, with the highest value observed in the diet with Perttu
and 100 % RSC and the lowest in the barley mixture with 100 % RSM.
The iNDF concentration ranged from 85.0 to 125 g/kg DM, with the
highest value in the diet with Fatima and 100 % RSM and the lowest
with the barley mixture and 100 % RSM. The average CP concentration
across all diets was 187 g/kg DM, with minimal variation (2.91 g/kg
DM), ensuring consistent nitrogen levels.

3.2. Predicted total gas and methane production

Predicted in vivo total gas production (mL/g DM) was lower for the
oat cultivars Niklas, Perttu, and Fatima compared with the barley
mixture (P < 0.01), with Fatima producing less total gas than the oat
cultivar Sonja (P < 0.01; Table 3). Predicted in vivo CH4 production (mL/
g DM) was lower for Niklas, Perttu, and Fatima than for the barley
mixture and Sonja (P < 0.01) and it was also lower for Fatima compared
with Niklas (P = 0.04). Replacing RSM with RSC resulted in a slight
linear reduction in predicted in vivo CH4 production (P < 0.01). Addi-
tionally, an interaction between cultivar and RSC inclusion level was
observed for the CH4 production rate (P = 0.01; Table 3).

3.3. In vitro ruminal degradability and fermentation

In vitro ruminal OMD was lower for all oat cultivars compared with
the barley mixture (P < 0.01; Table 4). Moreover, OMD was lower for
Perttu and Fatima than for Sonja (P < 0.04), and lower for Fatima than
for Niklas (P < 0.01). Replacing RSM with RSC caused a slight linear
reduction in OMD (P = 0.01; Table 4). Cultivar affected total VFA pro-
duction (mmol/g DM; P = 0.01), but after correction with Tukey’s test,
only tendencies were observed (P > 0.07; Table 4).

The molar proportion of acetate (mmol/mol VFA) was higher for
Sonja, Niklas, and Perttu, than for the barley mixture and Fatima (P <
0.02). Perttu and Fatima had higher propionate proportions than the
barley mixture (P < 0.02), with Fatima exceeding Sonja and Niklas (P <
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0.01). The molar proportion of butyrate was lower for all oat cultivars
compared with the barley mixture (P < 0.01) and was lower for Fatima
than for Sonja and Niklas (P < 0.01). Replacing RSM with RSC led to a
linear reduction in acetate and a linear increase in butyrate molar pro-
portions (P < 0.01; Table 4).

4. Discussion
4.1. Total gas and methane production

Predicted in vivo CH4 production (mL/g DM) was 8.3, 9.0, and 12.6 %
lower for the oat cultivars Niklas, Perttu, and Fatima, respectively,
compared with the barley mixture. This reduction may be primarily
explained by the lower in vitro ruminal OMD of these cultivars. Since
enteric CHy is produced from digested matter, decreased ruminal de-
gradability is expected to reduce CH4 production [22]. However, the
observed reductions in in vitro OMD were relatively small (2.6, 3.1, and
4.0 % for Niklas, Perttu, and Fatima, respectively), suggesting involve-
ment of additional CH4 mitigating mechanisms. Moreover, when
expressed relative to in vitro OMD (mL/g digested OM), predicted in vivo
CH4 production was 4-5 % lower for Perttu and Fatima compared with
barley, although this difference was not statistically significant (P =
0.11).

A minor contributor to the observed CH4 reduction (mL/g DM) could
be the higher dietary lipid content, particularly in the high-oil oat
cultivar Fatima. Dietary lipid supplementation is well known to decrease
enteric CH4 production [23]. In this study, fermentable substrate
(mainly starch) was partially replaced with non-fermentable fatty acids,
reducing hydrogen availability in the rumen. As the ratio of CHy to total
gas was unaffected by cultivar, this suggests that the effect of lipids was
primarily due to reduced fermentation and hydrogen availability.
Notably, the high-oil cultivar Fatima showed 9.9 and 4.8 % lower pre-
dicted in vivo CH4 production compared with the oat cultivars Sonja and
Niklas, respectively. These findings indicate that differences in CHy
production potential exist not only between cereal species but also
among cultivars differing in fiber and oil content.

In the case of replacing RSM with RSC, the decrease in CHy4 pro-
duction can be primarily attributed to the higher crude fat content of
RSC, as effects on OMD were small. These results are consistent with
previous studies. An in vitro study by Garcia-Rodriguez et al. [24] re-
ported a 6-12 % decrease in CH4 production (mmol/d) depending on the
level of RSC inclusion in the concentrate. In our study, predicted in vivo
CH4 production (mL/g DM) was 4.3 % lower with the RSC100 diet
compared with the RSM100 diet, corresponding to a 1.9 % decrease per
percentage of crude fat added by RSC. Although it is difficult to compare
in vitro results with the results of in vivo studies due to the differences in
environments, in vivo studies have reported a wide range of responses to

Table 2
Chemical composition of the experimental diets (g/kg of DM, unless specified).
Parameter” Treatment”
Barley mixture Oats Sonja Oats Niklas Oats Perttu Oats Fatima
RSM RSM RSC RSM RSM RSC RSM RSM RSC RSM RSM RSC RSM RSM RSC
100 50 100 100 50 100 100 50 100 100 50 100 100 50 100
DM (g/kg of fresh weight) 883 884 885 885 886 887 884 885 886 895 895 895 904 904 903
Ash 59.6 59.7 59.6 57.9 58.1 58.0 60.5 60.6 60.3 62.1 62.0 61.7 61.7 61.7 61.4
CP 184 185 184 186 186 185 184 185 184 189 189 188 192 192 190
aNDFom 377 383 389 391 396 402 409 413 417 411 415 419 386 391 397
iNDF 85.0 85.7 85.9 106 106 105 123 121 119 123 121 119 125 123 121
pdNDF 292 297 304 285 291 297 287 292 299 289 294 301 261 268 276
Starch 185 174 164 181 170 160 167 157 148 146 138 129 126 120 112
Crude fat 47.7 58.2 71.7 53.8 63.9 77.1 57.9 67.8 80.7 59.5 69.3 82.1 67.0 76.3 88.7

2 DM, dry matter; CP, crude protein; aNDFom, neutral detergent fiber free of residual ash; iNDF, indigestible NDF; pdNDF, potentially digestible NDF, calculated as

NDF — iNDF.

5 RSM100, 100 % rapeseed meal in protein feed; RSM50, 50 % rapeseed meal and 50 % cold-pressed rapeseed cake in protein feed; RSC100, 100 % cold-pressed

rapeseed cake in protein feed (120-160 g/kg of diet DM).



Table 3
Effects of cultivar (barley and four oat cultivars) and level of cold-pressed rapeseed cake on predicted in vivo total gas and methane production.
Parameter” Treatment” SEM* P-value®
Barley mixture Oats Sonja Oats Niklas Oats Perttu Oats Fatima C Lin Quad Cx
RSM RSM 50 RSC RSM RSM RSC RSM RSM RSC RSM RSM RSC RSM RSM 50 RSC L
100 100 100 50 100 100 50 100 100 50 100 100 100
Total gas
Asymptotic gas 289" 284° 259" 278" 270"  263%" 264" 256" 256" 255" 261" 254" 261¢ 228° 242" 8.2 <0.01 <0.01 055 0.10
(mL/g DM)
Rate (1/h) 0.101 0.097 0.124 0.105 0.106 0.119 0.094 0.107 0.117 0.120 0.107 0.109 0.099 0.121 0.142 0.014 0.57 0.02 0.43 0.66
Predicted gas 265° 259° 240" 25540 2480 24530 23gbc  23ebc  239¢  237°¢  241%¢  232b¢ 239° 222¢ 227° 7.6 <0.01 001 093 045
(mL/g DM)
CH,4
Asymptotic CHy 54.0" 50.8" 48.2% 51.2%" 48.8%" 47.90 49.4>¢ 45.25¢ 45.15¢ 43.6° 46.3¢ 45.5¢ 46.0° 43.2° 42.5° 1.65 <0.01 <0.01 0.50 0.12
(mL/g DM)
Rate (1/h) 0.065 0.067 0.069 0.067 0.068 0.070 0.064 0.070 0.071 0.079 0.069 0.069 0.067 0.069 0.076 0.0029 0.12 0.09 0.40 0.01
Predicted CH4 46.1° 43.6" 41.5% 43.9" 41.9" 41.4" 41.7° 39.1° 39.2° 38.4>¢ 40.0"¢ 39.15¢ 39.5° 37.0° 37.2¢ 1.19 <0.01 <0.01 0.40 0.26
(mL/g DM)
Predicted CHy 49.3 48.0 45.4 50.2 49.7 45.5 47.7 44.7 43.9 42.4 46.2 48.0 44.6 47.3 45.3 2.07 0.12 0.24 0.30 0.08
(mL/g DM
digested)
Predicted CHy 48.8 47.7 44.9 49.7 49.3 45.0 47.2 44.1 43.4 41.9 45.8 47.4 44.1 46.8 44.7 2.50 0.11 0.23 0.30 0.10
(mL/g OM
digested)
CHy/Total gas 0.174 0.168 0.175 0.172 0.169 0.169 0.176 0.165 0.164 0.165 0.167 0.169 0.165 0.170 0.164 0.0042 0.29 0.36 0.45 0.39

@ DM, dry matter; OM, organic matter; Predicted gas and CHy, predicted in vivo total gas and CH4 production based on observed values corrected for a mean ruminal retention time of 50 h; CH,/Total gas, predicted in vivo
CH4 (mL/g DM) divided by predicted in vivo total gas (mL/g DM).

b RSM100, 100 % rapeseed meal in protein feed; RSM50, 50 % rapeseed meal and 50 % cold-pressed rapeseed cake in protein feed; RSC100, 100 % cold-pressed rapeseed cake in protein feed (120-160 g/kg diet DM).

¢ SEM, standard error of the mean.

4 Within a row, cultivar means without a common superscript differ significantly (Tukey’s test, P < 0.05). C, main effect of cultivar; Lin, linear effect of RSC level; Quad, quadratic effect of RSC level; C x L, interaction
effect between cultivar and RSC level.
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S £ rapeseed lipid supplementation. Similar to our results, Moate et al. [25]
x 833 SE8RTBRG E g found a 1.9 % decrease in CH4 yield (g/kg of DM intake) for each per-
o cees ceseess o} % centage of lipid added in the form of cold-pressed canola meal, whereas
K] N © N O 0 YOO A E" el Brask et al. [9] reported an average of 4.4 % decrease in CHy4 yield for
3 sddse sd3383838 P j every percentage of dietary lipid added in different forms of rapeseed,
g o including rapeseed cake.
3382 32283538 4 B
A cees L A g 8 4.2. In vitro ruminal degradability and fermentation
< B L 3 3
g g g = g § § g g 2383 “E § In agreement with previous in vitro [6,26] and in vivo studies [5,7,
sl o ey “‘15'2 g 27], OMD was lower for all oat cultivars compared with barley. The
5 R mownS E* ; differences in in vitro ruminal OMD between the oat cultivars and the
& e233 P g = ‘o | barley mixture, as well as among the oat cultivars themselves, can
§ FCE largely be explained by variations in dietary iNDF content and by vari-
< o 9h o PR Sy g _:: ations in the dietary NDF-to-starch ratio [28]. Additionally, the higher
§ § g § N § g § SRS g g crude fat content in oat cultivars compared with barley, and among the
g 2 oat cultivars, may have contributed to reduced ruminal OMD by
s |2 u®mo 5o 9 0 < b ?,,J, % impairing the activity of cellulolytic bacteria responsible for fiber
Zgl282 8882:5s3 £ g degradation [29,30].
g é g & Interestingly, molar proportion of propionate was higher for the
g £ a T :‘-f s S high-oil oat cultivar Fatima than for barley and the oat cultivars Sonja
é 212338588 22358 ¢ 4 i § and Niklas, resulting in a lower acetate-to propionate ratio, which is
.5 clEmEEer pemmene % = ; associated with reduced CH4 production [31]. This shift was accompa-
§ - R E g E nied by a lower proportion of butyrate. Since acetate afld butyrate
g § 8 E % § E 388 § é ; E g g = production generates hydrogen, whereas propionate formation acts as a
& £~ :1 hydrogen sink, these results indicate a shift in the balance between
g ! 2% o o4 S E g hydrogen-producing and hydrogen utilizing-VFA pathways [31],
o 5 2 g 5 § E § § E § E E E Z“ g E consistent with the reduction in CHg. '
= B S5 B The slight reduction (—0.7 %) in in vitro ruminal OMD observed
;E &t) 5 =2 G u L. f-: 5 E when replacing RSM with RSC is likely due to the higher crude fat
2 gl2g {g NERE I i E _a:.» kS content of RSC (57.2 vs. 80.0 g crude fat/kg diet DM in RSM100 and
g clEme®ew pamemma s 8 'g RSC100, respectively). Fiber content, particularly iNDF, was similar
%0 L. A - A i g 5. across the different RSC inclusion levels (112 vs. 110 g 'iNDF/kg DM in
E 23 _S‘;—% ] CnedLY ; 8 & RSM100 and RSC100, respectively), ir%dlcatlng tha.t fiber was not. a
g S Lame o 9 E 2 contributing factor. The reduction is minor and unlikely to be of bio-
E T B s 5 g v logical significance, especially as lower ruminal degradability may be
g E_|mems xRy Y2y g £ & compensated for in post-ruminal digestion processes [32]. Consistent
8 L BB 8BS Lamea=a E s 3 with this interpretation, Brask et al. [9] and Bayat et al. [4] reported no
8 g . . A 2 effect of replacing RSM with RSC on in vivo apparent total-tract OM
2 |z 2580 Limaexes |£2 % digestibility.
—E S 5 g g g S gRfgsnsg % E é gGiven the minor effect of increased dietary RSC inclusion on in vitro
p ) ® E T*: ruminal OMD, similar total VFA production (mmol/g DM) across
§ VolLmq® RN é" g ;:3 different inclusion levels is expected.v The rnode.st linear decref'ise in
3 2R|B&8cs PID DI B 2 'éo acetate proportion (0.7 %) resulted in a reduction (—1.4 .%) in t.he
g . § 2 @ acetate-to-propionate ratio, a shift which is generally associated with
& = 2,2, - % N D@ o 9 g % reduced enteric CH4 production [33]. However, this decrease was
% 235833 BR2389S 5 = accompanied by an increase in butyrate and no change in propionate
“; % %f 3 'g proportion. Notably, Ungerled et al. [31] s]};owed that inh(ilbi]zintg CIt—I4
e A a a3 258 oN o s 838 & redirected hydrogen toward propionate, but not toward butyrate.
b 8 5 § 3 g % § % g 5 § g g E % % 3 Although RSC significantly affected VFA molar proportions, the
E é‘: § magnitude of these effects was small, and the observed shifts in
g volbndn By G % B 9 g fermentation are unlikely to explain the reduction in CHy. This is further
2 235|129 33 oo odsl kR G supported by the findings of Bayat et al.. [41, w}.10 rfsported no effects on
B ) é" g %‘ the major VFA when replacing RSM with RSC in vivo.
g <, g% Wb aamnn |BScET
; g 5 HE § % § =) § g 5 § 2 E E é % § E 5 4.3. Method strengths and limitations
& E = g E o S5
% é ; = s s o E e 55 0% < %:-53 g % E In vitro gas production experim(?nts provi(.ie a u§eful first sFep for
FIEEl g 8183392 EZd8agwn % S5 8¢ screening diets for their CH4 production potential. This approach is cost-
_‘E g ‘ig £ 3 £ effective, requires relatively little labor, and reduces the need fo.r
et P z £oT ;« % experimental animals. However, the in vitro system and the values it
E E % .§ g g g E % "'2 2 g produces do not account for the dynamics of ruminal digestion, whic.h
E 5 & £ % E £, % . f’é - g E‘% g E % play a critical role in CH4 production. To addre'ss this limitation, Ramin
+ o8 f ‘;3 2 EE “Ef ,é ‘g Z ‘g 2 % ? S E E = % and Huhtanen [19] developed a mod.el Fhat‘ incorporates ru-men d}.l—
% gl & SScg Egg¢gcs 2 G 3 g A== 9 namics, such as passage rate, to predict in vivo CH4 production. Thils
S5 AeRs oassss R model was applied in the present study, as it has been shown to be in
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good agreement with measured in vivo values [34].

Danielsson et al. [34] evaluated 49 diets with varying nutrient
compositions and compared predicted in vivo CH4 production with
values measured in respiration chambers or with the GreenFeed system
(C-Lock Inc., Rapid City, SD). The predictions showed strong agreement
with measured values (R2 = 0.96) with a relatively low prediction error
(9.5 % of observed mean). Residual analysis indicated that the model
performed well across diets differing in DM intake, digestibility, and
dietary concentrations of fat and starch, but less well across diets
differing in concentrate proportions. Under the conditions of the current
experiment, the model is appropriate, as most of the CH4-mitigating
effect was driven by digestibility and crude fat, with concentrate in-
clusion levels being similar across treatments.

Recently, Fant and Ramin [12] compared predicted in vivo CHy
production with GreenFeed measurements for barley and oat diets and
found that the predicted diet rankings matched the measured values,
supporting the validity of the model. Nevertheless, it is important to note
that the prediction method is standardized to maintenance-level of feed
intake, which does not reflect feed intake levels typical of lactating cows.
Using a 35-h rumen retention time (lactation) improved R? and reduced
error compared with 50-h [12]. Therefore, while the in vitro system and
CH4 prediction model are valuable for initial evaluation of feeds and
diets [35], further validation of high-oil oats and RSC under
production-level intake conditions is recommended.

5. Conclusion

Compared with barley, the oat cultivars Niklas, Perttu, and the high-
oil cultivar Fatima reduced predicted in vivo methane production by 8.3,
9.0, and 12.6 %, respectively, while also reducing in vitro organic matter
degradability by 2.6, 3.1, and 4.0 %, respectively. Furthermore, Fatima
reduced predicted methane production by 4.8 and 9.9 % compared with
the oat cultivars Niklas and Sonja, respectively. Replacing rapeseed meal
with cold-pressed rapeseed cake reduced predicted methane production
by 4.3 %, irrespective of cultivar. Although methane production was
predicted from measured in vitro gas data using a validated modeling
approach, further in vivo research is required to evaluate effects on feed
intake, production performance, and methane emissions under practical
feeding conditions.

CRediT authorship contribution statement

Petra Fant: Writing — review & editing, Writing — original draft,
Visualization, Investigation, Formal analysis, Data curation, Conceptu-
alization. Juana C.C. Chagas: Writing — review & editing, Funding
acquisition, Conceptualization. Mohammad Ramin: Writing — review
& editing, Project administration, Methodology, Investigation, Funding
acquisition, Conceptualization.

Declaration of competing interest

The authors state that they have no conflicts of interest.
Acknowledgements

This study was funded by Stiftelsen Seydlitz MP bolagen foundation
(grant number: 25412000) and conducted using data and material from
Robacksdalen, SITES (Swedish Infrastructure for Ecosystem Science), a
national coordinated infrastructure, supported by the Swedish Research
Council. The authors would like to thank Sofie Liedgren for the care of
the cannulated cows at the Robéacksdalen dairy research barn, Umea,
Sweden.

Data availability

Data will be made available on request.

Journal of Agriculture and Food Research 24 (2025) 102385
References

[1] IPCC, Climate Change 2021: the Physical Science Basis. Contribution of Working
Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change, Cambridge University Press, 2021.

[2] C. Benchaar, F. Hassanat, R. Martineau, R. Gervais, Linseed oil supplementation to
dairy cows fed diets based on red clover silage or corn silage: effects on methane
production, rumen fermentation, nutrient digestibility, N balance, and milk
production, J. Dairy Sci. 98 (2015) 7993-8008, https://doi.org/10.3168/jds.2015-
9398.

[3] A.Razzaghi, H. Leskinen, S. Ahvenjarvi, H. Aro, A.R. Bayat, Energy utilization and
milk fat responses to rapeseed oil when fed to lactating dairy cows receiving
different dietary forage to concentrate ratio, Anim. Feed Sci. Technol. 293 (2022)
115454, https://doi.org/10.1016/j.anifeedsci.2022.115454.

[4] A.R. Bayat, J. Vilkki, A. Razzaghi, H. Leskinen, H. Kettunen, R. Khurana, T. Brand,
S. Ahvenjarvi, Evaluating the effects of high-oil rapeseed cake or natural additives
on methane emissions and performance of dairy cows, J. Dairy Sci. 105 (2022)
1211-1224, https://doi.org/10.3168/jds.2021-20537.

[5] S.E. Réisanen, p.H. Sigurdardoéttir, A. Halmemies-Beauchet-Filleau, O. Pitkanen,
A. Vanhatalo, A. Sairanen, T. Kokkonen, Ruminal methane emission and lactational
performance of cows fed rapeseed cake and oats on a grass silage-based diet,

J. Dairy Sci. 107 (2024) 6732-6741, https://doi.org/10.3168/jds.2023-24437.

[6] P. Fant, M. Ramin, S. Jaakkola, A. Grimberg, A.S. Carlsson, P. Huhtanen, Effects of
different barley and oat varieties on methane production, digestibility, and
fermentation pattern in vitro, J. Dairy Sci. 103 (2020) 1404-1415, https://doi.org/
10.3168/jds.2019-16995.

[7] M. Ramin, P. Fant, P. Huhtanen, The effects of gradual replacement of barley with
oats on enteric methane emissions, rumen fermentation, milk production, and
energy utilization in dairy cows, J. Dairy Sci. 104 (2021) 5617-5630, https://doi.
org/10.3168/jds.2020-19644.

[8] A. Alvenis, Antioxidants (avenanthramides, tocopherols and tocotrienols) in
different oat (Avena sativa) cultivars before and after malting. Department of
Molecular Sciences, Swedish University of Agricultural Sciences, Uppsala, Sweden,
2017. MS thesis.

[9] M. Brask, P. Lund, M.R. Weisbjerg, A.L.F. Hellwing, M. Poulsen, M.K. Larsen,

T. Hvelplund, Methane production and digestion of different physical forms of
rapeseed as fat supplements in dairy cows, J. Dairy Sci. 96 (2013) 2356-2365,
https://doi.org/10.3168/jds.2011-5239.

[10] K.H. Menke, Estimation of the energetic feed value obtained from chemical
analysis and in vitro gas production using rumen fluid, Anim. Res. Dev. 28 (1988)
7-55.

[11] J.W. Cone, A.H. Van Gelder, G.J.W. Visscher, L. Oudshoorn, Influence of rumen
fluid and substrate concentration on fermentation kinetics measured with a fully
automated time related gas production apparatus, Anim. Feed Sci. Technol. 61
(1996) 113-128.

[12] P. Fant, M. Ramin, Relationship between predicted in vivo and observed in vivo
methane production from dairy cows fed a grass-silage based diet with barley, oats,
or dehulled oats as a concentrate supplement, Anim. Feed Sci. Technol. 311 (2024)
115955, https://doi.org/10.1016/j.anifeedsci.2024.115955.

[13] S.J. Krizsan, M. Rinne, L. Nyholm, P. Huhtanen, New recommendations for the
ruminal in situ determination of indigestible neutral detergent fibre, Anim. Feed
Sci. Technol. 205 (2015) 31-41, https://doi.org/10.1016/j.
anifeedsci.2015.04.008.

[14] AOAC International, Official Methods of Analysis, seventeenth ed., 2000.
Gaithersburg, MD, USA.

[15] D.R. Mertens, Gravimetric determination of amylase-treated neutral detergent fiber
in feeds with refluxing in beakers or crucibles: collaborative study, J. AOAC Int. 85
(2002) 1217-1240.

[16] B. Ericson, J. André, HPLC - applications for agricultural and animal science, in:
Proc. 1st Nordic Feed Sci. Conf., The Swedish University of Agricultural Sciences,
Uppsala Sweden, 2010, pp. 23-26. Uppsala, Sweden.

[17] L. Huida, H. Vaatainen, M. Lampila, Comparison of dry matter contents in grass
silages as determined by oven drying and gas chromatographic water analysis,
Ann. Agric. Fenn. 25 (1986) 215-230.

[18] L. Puhakka, S. Jaakkola, I. Simpura, T. Kokkonen, A. Vanhatalo, Effects of
replacing rapeseed meal with fava bean at 2 concentrate crude protein levels on
feed intake, nutrient digestion, and milk production in cows fed grass silage-based
diets, J. Dairy Sci. 99 (2016) 7993-8006, https://doi.org/10.3168/jds.2016-
10925.

[19] M. Ramin, P. Huhtanen, Development of an in vitro method for determination of
methane production kinetics using a fully automated in vitro gas system-A
modelling approach, Anim. Feed Sci. Technol. 174 (2012) 190-200, https://doi.
org/10.1016/j.anifeedsci.2012.03.008.

[20] P. Schofield, R.E. Pitt, A.N. Pell, Kinetics of fiber digestion from in vitro gas
production, J. Anim. Sci. 72 (1994) 2980-2991.

[21] P. Huhtanen, A. Seppala, M. Ots, S. Ahvenjarvi, M. Rinne, In vitro gas production
profiles to estimate extent and effective first-order rate of neutral detergent fiber
digestion in the rumen, J. Anim. Sci. 86 (2008) 651-659, https://doi.org/10.2527/
jas.2007-0246.

[22] M. Ramin, P. Huhtanen, Development of equations for predicting methane
emissions from ruminants, J. Dairy Sci. 96 (2013) 2476-2493, https://doi.org/
10.3168/jds.2012-6095.

[23] K.A. Beauchemin, S.M. McGinn, C. Benchaar, L. Holtshausen, Crushed sunflower,
flax, or canola seeds in lactating dairy cow diets: effects on methane production,
rumen fermentation, and milk production, J. Dairy Sci. 92 (2009) 2118-2127,
https://doi.org/10.3168/jds.2008-1903.


http://refhub.elsevier.com/S2666-1543(25)00756-2/sref1
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref1
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref1
https://doi.org/10.3168/jds.2015-9398
https://doi.org/10.3168/jds.2015-9398
https://doi.org/10.1016/j.anifeedsci.2022.115454
https://doi.org/10.3168/jds.2021-20537
https://doi.org/10.3168/jds.2023-24437
https://doi.org/10.3168/jds.2019-16995
https://doi.org/10.3168/jds.2019-16995
https://doi.org/10.3168/jds.2020-19644
https://doi.org/10.3168/jds.2020-19644
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref8
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref8
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref8
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref8
https://doi.org/10.3168/jds.2011-5239
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref10
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref10
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref10
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref11
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref11
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref11
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref11
https://doi.org/10.1016/j.anifeedsci.2024.115955
https://doi.org/10.1016/j.anifeedsci.2015.04.008
https://doi.org/10.1016/j.anifeedsci.2015.04.008
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref14
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref14
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref15
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref15
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref15
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref16
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref16
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref16
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref17
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref17
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref17
https://doi.org/10.3168/jds.2016-10925
https://doi.org/10.3168/jds.2016-10925
https://doi.org/10.1016/j.anifeedsci.2012.03.008
https://doi.org/10.1016/j.anifeedsci.2012.03.008
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref20
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref20
https://doi.org/10.2527/jas.2007-0246
https://doi.org/10.2527/jas.2007-0246
https://doi.org/10.3168/jds.2012-6095
https://doi.org/10.3168/jds.2012-6095
https://doi.org/10.3168/jds.2008-1903

P. Fant et al.

[24]

[25]

[26]

[27]

[28]

[29]

A. Garcia-Rodriguez, C. Pineda-Quiroga, N. Mandaluniz, R. Ruiz, In vitro enteric
methane production as affected by the inclusion of cold-pressed rapeseed cake in
the concentrate formulation. Conference: Livestock, Climate Change and Food
Security, 2014. At: Madrid.

P.J. Moate, S.R.O. Williams, C. Grainger, M.C. Hannah, E.N. Ponnampalam, R.

J. Eckard, Influence of cold-pressed canola, brewers grains and hominy meal as
dietary supplements suitable for reducing enteric methane emissions from lactating
dairy cows, Anim. Feed Sci. Technol. 166-167 (2011) 254-264, https://doi.org/
10.1016/j.anifeedsci.2011.04.069.

A.F. Mustafa, D.A. Christensen, J.J. McKinnon, Chemical characterisation and
ruminal nutrient degradability of hulled and hull-less oats, J. Sci. Food Agric. 77
(1998) 449-455.

A. Vanhatalo, T. Gaddnas, T. Heikkild, Microbial protein synthesis, digestion and
lactation responses of cows to grass or grass-red clover silage diet supplemented
with barley or oats, Agric. Food Sci. 15 (2006) 252-267, https://doi.org/10.2137/
145960606779216236.

J.L. Beckman, W.P. Weiss, Nutrient digestibility of diets with different fiber to
starch ratios when fed to lactating dairy cows, J. Dairy Sci. 88 (2005) 1015-1023,
https://doi.org/10.3168/jds.S0022-0302(05)72769-7.

T.C. Jenkins, Lipid metabolism in the rumen, J. Dairy Sci. 76 (1993) 3851-3863,
https://doi.org/10.3168/jds.S0022-0302(93)77727-9.

[30]

[31]

[32]

[33]

[34]

[35]

Journal of Agriculture and Food Research 24 (2025) 102385

M. Maia, L. Chaudhary, L. Figueres, R.J. Wallace, Metabolism of polyunsaturated
fatty acids and their toxicity to the microflora of the rumen, Antonie Leeuwenhoek
91 (2007) 303-314, https://doi.org/10.1007/s10482-006-9118-2.

E.M. Ungerfeld, Shifts in metabolic hydrogen sinks in the methanogenesis-
inhibited ruminal fermentation: a meta-analysis, Front. Microbiol. 6 (2015) 37,
https://doi.org/10.3389/fmicb.2015.00037.

K.J. Harvatine, M.S. Allen, Effects of fatty acid supplements on ruminal and total
tract nutrient digestion in lactating dairy cows, J. Dairy Sci. 89 (2006) 1092-1103,
https://doi.org/10.3168/jds.S0022-0302(06)72177-4.

P.H. Janssen, Influence of hydrogen on rumen methane formation and
fermentation balances through microbial growth kinetics and fermentation
thermodynamics, Anim. Feed Sci. Technol. 160 (2010) 1-22, https://doi.org/
10.1016/j.anifeedsci.2010.07.002.

R. Danielsson, M. Ramin, J. Bertilsson, P. Lund, P. Huhtanen, Evaluation of a gas in
vitro system for predicting methane production in vivo, J. Dairy Sci. 100 (2017)
8881-8894, https://doi.org/10.3168/jds.2017-12675.

J.C. Chagas, M. Ramin, S.J. Krizsan, In vitro evaluation of different dietary methane
mitigation strategies, Animals 9 (2019) 1120, https://doi.org/10.3390/
ani9121120.


http://refhub.elsevier.com/S2666-1543(25)00756-2/sref24
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref24
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref24
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref24
https://doi.org/10.1016/j.anifeedsci.2011.04.069
https://doi.org/10.1016/j.anifeedsci.2011.04.069
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref26
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref26
http://refhub.elsevier.com/S2666-1543(25)00756-2/sref26
https://doi.org/10.2137/145960606779216236
https://doi.org/10.2137/145960606779216236
https://doi.org/10.3168/jds.S0022-0302(05)72769-7
https://doi.org/10.3168/jds.S0022-0302(93)77727-9
https://doi.org/10.1007/s10482-006-9118-2
https://doi.org/10.3389/fmicb.2015.00037
https://doi.org/10.3168/jds.S0022-0302(06)72177-4
https://doi.org/10.1016/j.anifeedsci.2010.07.002
https://doi.org/10.1016/j.anifeedsci.2010.07.002
https://doi.org/10.3168/jds.2017-12675
https://doi.org/10.3390/ani9121120
https://doi.org/10.3390/ani9121120

	Fermentation characteristics and methane production of rations with high-lipid feed alternatives in vitro
	1 Introduction
	2 Materials and methods
	2.1 Animal ethics
	2.2 Feeds
	2.3 Experimental design and treatments
	2.4 In vitro incubations
	2.5 Measurements and sampling
	2.6 In vitro ruminal degradability
	2.7 Chemical analysis
	2.8 Calculations
	2.9 Statistical analysis

	3 Results
	3.1 Chemical composition of experimental diets
	3.2 Predicted total gas and methane production
	3.3 In vitro ruminal degradability and fermentation

	4 Discussion
	4.1 Total gas and methane production
	4.2 In vitro ruminal degradability and fermentation
	4.3 Method strengths and limitations

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


