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Abstract: The objective of this research was to evaluate the ruminal fermentation parameters and
in vitro Greenhouse gas (GHG) production derived from the fermentation of a balanced sheep diet
with the addition of vegetable oils (canola, corn, safflower, and sunflower) or glycerol at different
proportions (0, 20, and 40 g/kg of dry matter, DM). The fermentations showed that the highest Gmax

was obtained with the addition of 40 g/kg of sunflower oil and 20 g/kg of glycerol with values of
180.97 and 179.95 mL/g DM, respectively. The treatment with 40 g/kg DM of corn oil showed the
lowest values in CH4 production (7.15 mL/g DM when compared to the control) and it seemed to be
a potential feeding strategy for reducing GHG emissions without affecting gas production. However,
the N-NH3 content for this treatment in both doses (1.90 and 1.88 mg/dL) indicated that some toxicity
for the animal could be expected.

Keywords: fermentation process; methane production (CH4); enteric emissions; feed ingredients;
ruminant diets

1. Introduction

Greenhouse gases (GHG) such as CO2, CH4, and N2O absorb infrared radiation and
consequently impact global warming [1]. The enteric production of CH4 by livestock
is considered an important source of GHG emissions from the agricultural sector, with
ruminant livestock being responsible for the annual global production of approximately
80 million tons of CH4, which represents nearly 33% of anthropogenic CH4 emissions and
is implicated as a driver of global climate change [2–4]; furthermore, the livestock sector is
responsible for GHG emissions of 5.6–7.5 GtCO2e/year [5].

Methane has a 100 year global warming potential that is twenty-five times greater
than the equivalent amount of CO2, whereas enteric methane is an end product of the
microbial fermentation of food generated within the gastrointestinal tract, particularly
in the rumen [6]. Ruminal degradation of food also produces short-chain fatty acids (in
particular acetic, propionic, and butyric acids), as well as CO2 and H2, which are converted
into CH4 by methanogenic bacteria. It is estimated that 6–18% of the gross energy intake
is wasted as ruminal methane [7]; for this reason, the formation of CH4 also represents a
loss of energy from the animal’s diet. Therefore, the development of mitigation strategies
to reduce CH4 emissions from ruminants is currently the subject of scientific and public
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interest [3]. Studies indicate that an improvement in the quality of diet will reduce the
emissions of CH4 [8]. However, several factors influence ruminal production, such as
the consumption of dry matter, lipids supply, a fiber-free carbohydrate diet, ingredient
digestibility, and forage/concentrate ratios [7]. Some research indicates that the addition of
vegetable oils improves the mechanisms involved in the antimethanogenic effects in the
rumen [6], since lipids have been recognized as effective dietary additives to reduce enteric
methane production [9]. Corn, canola, sunflower, and safflower oils have different profiles
of polyunsaturated fatty acids. Canola oil is rich in monounsaturated oleic acid and has a
relatively high proportion of polyunsaturated linoleic acid (omega-6) and a low proportion
of alpha-linolenic acid (omega-3). Sunflower oil has a higher proportion of linoleic acid
and a low proportion of oleic acid. Corn oil has a high proportion of linoleic acid and a low
proportion of oleic acid. Safflower oil has a relatively high proportion of linoleic acid and a
low proportion of oleic acid, similar to sunflower oil [9].

The polyunsaturated fatty acids present in vegetable oils have a toxic effect on ciliated
protozoa, which are the rumen microorganisms involved in the production of H2 (the main
substrate for the enteric production of CH4); hence, a reduction in the number of ruminal
protozoa is generally associated with a decrease in CH4 production due to a reduction in
H2 availability in the rumen [10].

On the other hand, glycerol or crude glycerin is a by-product of biodiesel, which can be
used as a feed ingredient in ruminant diets without affecting the performance of beef cattle
in fattening diets [11]. Additionally, it could inhibit the degradation of fats by bacteria and
promote the ruminal passage of the total lipid content, thus providing higher proportions
of beneficial unsaturated fats. Moreover, an excess of glycerol can be absorbed by both the
ruminal and intestinal mucosa, as it is a direct gluconeogenic source for the ruminant [12].
The gross energy of glycerin varies from 13 to 25 MJ/kg, depending on its composition [13].

The final products of ruminal fermentation depend on the ingredients of the diet,
which are volatile fatty acids (VFA) mainly composed of acetate, propionate, and butyrate
with a lower acetate:propionate (A/P) ratio for concentrates compared to fibrous feeds.
VFA supply an important part of the energy and carbon requirements of the ruminants
and are largely absorbed through the rumen wall [3,7]. The higher amount of propionate
formed during ruminal fermentation allows H2 capture, thus restricting the formation of
CO2, which does not favor methanogenic bacteria. The production of acetate and butyrate
releases CO2 and H2, which are precursors of CH4 in the ruminal environment [7]. Any
glycerol that is not absorbed through the rumen epithelium increases the concentration of
propionate, butyrate, and valerate in the rumen whilst decreasing acetate [4].

Ruminant nutrition studies are aimed at establishing diets that maximize microbial
protein production in the rumen since they reduce the need to supplement animal feed
with non-degradable protein sources in the rumen. From an ecological point of view,
the increase in carbon fixation in microbial biomass reduces carbon losses in the form
of CO2 and CH4 [14]. N-NH3 in the rumen is one of the most important variables that
determine ruminal proper functioning [15], since it is essential for bacterial multiplication.
An adequate amount of N-NH3 in the ruminal fluid is needed by the bacteria, mainly for
the synthesis of their body proteins [16]. The availability of fermentable carbohydrates in a
ruminal environment and maintaining optimal levels of N-NH3 in the ruminal medium
during most of the day optimize the use of energy for microbial growth and increase
metabolizable proteins [17–19]. It has been stated that the maximum microbial efficiency
occurs when the concentration of ruminal N-NH3 is between 5 and 8 mg/100 mL since the
synthesis of protein in the rumen reaches a maximum at such a range [20].

Livestock production must be considered by the global scientific community when
addressing the challenge of climate change [5]. Limiting the increase in emissions from the
livestock sector is certainly a challenge. However, there are opportunities to simultaneously
increase productivity and decrease the intensity of emissions in such a manner that the
economy and livelihoods in rural areas will not be hampered [21]. Therefore, the study
of the intake in ruminants is becoming increasingly important in the search to improve
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the understanding of the digestive processes that occur in the previously mentioned multi-
compartment system.

The current challenge is to increase the productivity of ruminants without negatively
affecting the environment [2], which is why, in the present work, the effect of vegetable oils
(canola, corn, safflower, and sunflower) or glycerol was evaluated (0, 20 and 40 g/kg DM) in
an extruded diet based on the consumption of alfalfa for sheep by considering its response
on the ruminal fermentation parameters (N-NH3 concentration and VFA production), the
accumulated gas production, and the gaseous fraction using in vitro techniques.

2. Materials and Methods

The data obtained from in vitro gas production kinetics, methane, and CO2 production,
as well as ruminal fermentation parameters were analyzed using a completely randomized
design with doses [20 and 40 g/kg DM] and additives [corn, canola, safflower, sunflower,
and glycerol] as factors. Each treatment was randomly selected and subjected to each
analysis as a triplicate. The treatments consisted of a diet composed of 500 g/kg of a
previously designed extrudate [22], 300 g/kg of corn, 190 g/kg of alfalfa, and 10 g/kg of
minerals, to which were added 0, 20, and 40 g/kg of vegetable oils (canola, corn, safflower,
and sunflower) in DM basis or crude glycerin. After extrusion processing, treatments were
dried in a forced-air oven at 55 ◦C for 48 h and crushed in a Wiley-TP4274E70024 mill
(Thomas Scientific, Morelia, Michoacán, México) with a 1 mm sieve looking for uniformity
in particle size.

Three Suffolk breed sheep (80.5 ± 3.7 kg body weight) provided with a ruminal
cannula were used as ruminal fluid donors. The sheep were housed in individual pens and
fed twice a day (9:00 and 16:00 h) with a maintenance diet based on corn silage. Whole
rumen contents were collected before the morning feeding and strained through a polyester
monofilament fabric (250 µm mesh aperture) to remove solids. Inocula were obtained by
mixing equal parts of rumen fluid from all animals, and 10 mL were immediately inoculated
into 120 mL vials containing 30 mL of an anaerobic buffer solution kept at 39 ◦C [23]. The
vials were incubated anaerobically at 39 ◦C for up to 24 h. The vials without substrate were
used as controls.

The laboratory analyses were carried out within the hour of recollection according
to [24], where the buffered mineral solution was prepared and kept at 39 ◦C under continu-
ous CO2 gassing as an anaerobic medium. Gas production was determined according to
the methodology described by [25].

One gram of sample was added to each flask with 120 mL of ruminal fluid and a
nutrient solution mixture in a 1:2 v/v ratio [26]; three replicates per treatment (thirty in
total) and three fermentation flasks were used as blanks (containing ruminal fluid, nutrient
solution, and one gram of the compound diet) and were incubated using a DaysiII incubator
(ANKOM Technology, Macedon, NY, USA) for 96 h.

In vitro accumulated gas pressure was measured automatically for 96 h using a piece
of automatic gas measurement equipment (ANKOM RF Gas Production System) equipped
with a pressure transducer connected to each cylinder that transmits the gas cumulative
pressure values by radiofrequency to a computer, and readings were taken at 0, 0.5, 1, 2, 3,
6, 12, 24, 36, 48, 72, and 96 h after inoculation. The obtained gas production profiles were
adjusted to the Gompertz sigmoidal equation of three parameters [27]:

PG = Gmax e−Ae−kt
(1)

where PG = gas production (mL/g DM), Gmax = maximum gas production (mL/g DM),
A = lag or adaptation phase (h), t = time (h), and k = gas production rate (h−1).

The gas samples of the fermenters were obtained from the headspace at 12 h to
calculate the gas fraction (CO2 and CH4) using the Biogas 5000 equipment (Landtec, Dexter,
MI, USA); the liquid samples were centrifugated at 2500 rpm for 5 min and filtered for the
analysis of N-NH3 and VFA [28], and frozen immediately afterward. VFA were analyzed
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on a 6890 N gas chromatograph (Agilent Technologies, Wilmington, DE, USA) equipped
with a flame ionization detector and an HP-Innowax polyethylene glycol capillary column
(30 m × 0.32 mm × 0.15 µm, J&W Scientific, Folsom, CA, USA). The oven temperature
was set from 80 ◦C (held for 1 min) to 120 ◦C at a rate of 20 ◦C/min to 205 ◦C at a rate of
10 ◦C/min and held for 2 min. Hydrogen was the carrier gas at a constant flow rate of
40 mL/min and 1 µL of the sample was injected in no split mode. The peaks were identified
by comparing retention times with VFA standards. The results were expressed as mmol of
each VFA per 100 mmol of total VFA detected.

The ruminal environment was evaluated with N-NH3, of which the samples were
analyzed using a Genesys 10S VIS UV visible spectrophotometer (Thermo ScientificTM,
Madison, WI, USA) at a wavelength of 630 nm [28].

The data obtained from animal performance were analyzed using a completely ran-
domized design with a generalized linear model. Experimental data were adjusted to
quadratic models and regression coefficients were obtained. Statistical significances of the
regression terms were examined by variance analyses (ANOVA) for the three parameters
of the Gompertz sigmoidal equation (p < 0.05).

The gas production of fermentations, composition of the generated gas, N-NH3, and
VFA production were analyzed using the MIXED procedure of the statistical package SAS
(SAS Institute, Inc., Cary, NC, USA), and the comparison of means (p < 0.05) and variance
were performed using least-squares differences.

3. Results and Discussion

The formulation of the diet consisted of 12 g 100 g−1 soybean meal, 15 g 100 g−1

dried distillers’ grains with solubles (30% protein), 7 g 100 g−1 molasses, 30 g 100 g−1

nixtamalized corn (NC), and 27:9 g of cottonseed meal (Gossypium hirsutum L.): g of NC
100 g−1. The chemical composition of the evaluated diet is shown in Table 1.

Table 1. Proximal chemical analysis of balanced optimal diet for sheep [22].

Sample Moisture [%] Total Dry
Matter [%]

g 100 g−1

Crude
Protein Crude Fat Crude Fiber Nitrogen

Free Extract Ashes

Optimal food 8.66 91.34 27.25 4.24 12.21 46.95 9.35
Requirement * - 90 14.5 3 10 52 7.5

* Nutritional requirements for sheep less than 1 year old [29].

Total gas production after inoculation of all treatments is shown in Figure 1. These
results might be attributed to an increment of amylolytic bacteria since some oils are toxic
to cellulolytic bacteria and protozoa [30]. The differences among treatments could be the
result of the type and amount of oils [9].

The fermentation kinetics of feed can be determined by the gas production and by
the storage of short-chain volatile fatty acids [12]; therefore, to carry out the ruminal
degradation of the substrate, it must undergo a colonization time or lag time that allows the
enzymes to reach the substrate (lag or adaptation phase, A). In this research, the inclusion
of different oils at different levels showed no significant differences (p > 0.05) for any
treatment (Table 2), which could indicate that the gas production kinetics from the in vitro
fermentation of vegetable oils or glycerol might not be affected by the colonization of
microorganisms in the rumen [12]. Regarding the gas production profiles, an increase was
obtained for all treatments compared to the control. The highest gas productions obtained
were 180.97 and 179.95 mL/g DM for sunflower (at a rate of 40 g/kg DM) and glycerol (at
a rate of 20 g/kg DM), respectively, thus representing a 40% increment compared to the
control. For the glycerol treatment, the results obtained might indicate the presence of non-
structural carbohydrates associated with glycerin, which are rapidly metabolized (between
4 and 6 h), thus providing greater synchronism with fast nitrogen sources degradation
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and, consequently, increased gas production [12]. Ref. [7] evaluated ruminal fermentation
with added glycerin that showed a rapid fermentation during the first 12 h of incubation.
However, in this research, in terms of the gas production rate (k), similar values with
the control were obtained, except for the safflower (20 g/kg DM) and glycerol (20 and
40 g/kg DM) treatments, which resulted in a decrement of 38% compared to the control
(0.11 h−1), indicating a longer time to achieve maximum gas production. Safflower oil is
rich in polyunsaturated fatty acids and is a rich source of linoleic acid (0.76 of the total fatty
acids) [31] with availability in the carbon chain that could be saturated with H2.
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Figure 1. Total gas production after inoculation.

Table 2. Parameters of the Gompertz model.

Treatment Control Canola Corn Safflower Sunflower Glycerol
EE

Dose 0% 2% 4% 2% 4% 2% 4% 2% 4% 2% 4%

A 2.50 a 2.50 a 2.49 a 2.48 a 2.57 a 2.47 a 2.51 a 2.61 a 2.65 a 2.51 a 2.67 a 0.030
Gmax 128.85 d 132.55 d 140.45 c 139.20 c 152.30 b 157.05 b 151.45 b 177.80 a 180.97 a 179.95 a 173.20 a 2.133

k 0.18 a 0.19 a 0.17 a 0.16 a 0.13 a 0.11 b 0.14 a 0.16 a 0.17 a 0.11 b 0.11 b 0.007

EE: Standard error of the mean for Dose; a–d: Equal letters indicate no statistically significant difference (p > 0.05);
A: lag or adaptation phase (h); Gmax: maximum gas production (mL); k: gas production rate (h−1).

Table 3 indicates that the linear coefficients of the dose and all the vegetable oils and
the glycerol had a negative significant effect (p < 0.05) on the lag phase, except for glycerol
and sunflower. Regarding the maximum gas production and gas production rate, all the
linear coefficients and their interactions with the dose showed a significant effect (p < 0.05).
Such effects could also be attributed to the different profiles of the polyunsaturated fatty
acids of the used oils and glycerol [6,9]. Canola and corn oil showed a negative significant
effect (p < 0.05) on maximum gas production, which could be attributed to changes in the
microbial community of rumen fluid and digesta associated to the total VFA concentration,
the molar proportions of acetate, isobutyrate, butyrate, and total protozoa [32].
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Table 3. Regression coefficients of responses of gas production parameters.

Intercept Dose Canola Corn Safflower Glycerol Sunflower Dose*Canola Dose*Corn Dose*Safflower Dose*Glycerol Dose*Sunflower R2

A 2.539 0.026 −0.038 −0.017 −0.049 0.052 0.092 −0.029 0.016 −0.007 0.051 −0.005 0.728
Gmax 153.551 0.985 −17.051 −7.801 0.699 23.024 25.832 2.965 5.565 −3.785 −4.3597 0.599 0.974

k 0.152 0.0001 0.031 −0.006 −0.029 −0.039 0.012 −0.009 −0.012 0.016 0.001 0.003 0.875

Bold values indicate significant effect p < 0.05. A: lag or adaptation phase (h); Gmax: maximum gas production
(mL); k: gas production rate (h−1).

The production of CH4 and CO2, as well as the CH4/CO2 ratio (Table 4), yielded
13.09 mL (50% increment, compared to the control) and 73.70 mL (34% increment, compared
to the control) of CH4 and CO2, respectively, as maximum values with the 40 g/kg DM
sunflower treatment. However, CH4/CO2 ratio presents values with significant differences
for all treatments, showing the highest values for the safflower treatment 20 g/kg DM
(0.190), representing an increment of 20% compared to the control. Additionally, it was
observed that the treatments with added corn oil in both doses presented the lowest
CH4 production, indicating decreases of 7 and 18% for 20 and 40 g/kg DM treatments,
respectively, compared to the control. A lower H2 production per unit of fermented
feed resulting in a lower CH4 formation might have occurred, which is associated with
an increase in the amount of propionate among the final fermentation products in the
rumen [3].

Table 4. Gas fraction resulting from the in vitro gas production kinetics (mL).

Treatment Control Canola Corn Safflower Sunflower Glycerol
EE

Dose 0% 2% 4% 2% 4% 2% 4% 2% 4% 2% 4%

CH4 8.73 b 10.18 b 9.08 b 8.19 b 7.15 c 10.89 b 8.88 b 11.74 b 13.09 a 10.61 b 9.65 b 0.357
CO2 55.01 c 62.04 b 56.40 b 55.64 b 49.96 c 57.35 b 53.68 c 73.38 a 73.70 a 61.18 b 55.59 b 2.101

CH4/CO2
ratio 0.1587 i 0.1641 f 0.1609 g 0.1472 j 0.1431 k 0.1900 a 0.1655 e 0.159 h 0.1777 b 0.1734 d 0.1737 c 0.00003

EE: Standard error of the mean for Dose; a–k: Equal letters indicate no statistically significant difference (p > 0.05).

According to [7,9], increasing the propionate amount and decreasing the A/P ratio
results in lower H2 production in the rumen and, therefore, lower CH4 production due to
the net consumption of H2 in propionate synthesis, possibly improving the efficiency of the
energy use of feed.

The VFA obtained values are presented in Table 5. The highest value of acetic acid
was registered for the sunflower treatment of 40 g/kg DM with an increase of 41% com-
pared to the control, with an acetate yield as the end product of the fermentation that
exceeded propionate production. However, the obtained results indicate that for both
glycerol concentrations, acetate and butyrate values increased compared to the control,
while propionate concentrations decreased, which is consistent with an increase in CH4
production [33]. In the case of propionic acid, all treatments resulted in values below the
control. Yet, the highest values correspond to the treatment of corn 40 g/kg DM (18.35%)
and safflower 20 g/kg DM (17.18%); consequently, from the obtained values of acetic and
propionic acid, the A/P ratio showed the lowest values for both corn 40 g/kg DM (3.41%)
and safflower 20 g/kg DM (3.61%) treatments without significant differences (p > 0.05) to
the control. The 40 g/kg DM corn treatment presented the lowest values both in the A/P
ratio and in CH4/CO2 ratio (in this case, obtaining the lowest value even below the control).
On the other hand, the 20 g/kg DM safflower treatment presented the second lowest value
in the A/P ratio, but also showed the highest amount of CH4 per mL of CO2 produced.
Regarding butyric acid, no significant differences (p > 0.05) were found among treatments.
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Table 5. Volatile fatty acid concentrations (%).

Treatment Control Canola Corn Safflower Sunflower Glycerol
EE

Dose 0% 2% 4% 2% 4% 2% 4% 2% 4% 2% 4%

Acetic 55.59 c 73.82 a 72.24 a 70.95 a 62.10 b 61.38 b 72.77 a 73.45 a 78.29 a 70.13 a 74.90 a 2.100
Propionic 18.99 a 12.61 b 13.86 b 14.71 b 18.35 a 17.18 a 12.87 b 12.58 b 10.75 b 13.99 b 12.57 b 0.896
Butyric 6.01 a 7.22 a 7.12 a 6.85 a 8.80 a 9.42 a 7.59 a 7.36 a 6.13 a 8.34 a 7.02 a 0.615
TVFA
(mM) 70.49 b 75.70 b 69.34 b 44.59 c 33.54 d 29.42 d 76.45 b 78.80 b 103.40 a 65.28 b 77.45 b 2.625
A/P
ratio 2.95 c 6.10 b 5.38 b 5.34 b 3.41 c 3.61 c 5.87 b 6.27 b 7.83 a 5.17 b 6.28 b 0.568

EE: Standard error of the mean for Dose; TVFA: Total volatile fatty acids; a–d: Equal letters indicate no statistically
significant difference (p > 0.05).

The optimal N-NH3 concentrations of 5.06 and 5.15 mg/dL (Table 6) were obtained
with the 20 g/kg DM safflower and 40 g/kg DM sunflower treatments, respectively. In
contrast, 20 g/kg DM (1.90 mg/dL) and 40 g/kg DM (1.88 mg/dL) corn oil treatments
showed lower concentrations than those registered for the control treatment. N-NH3
maximum concentration was generally reached approximately two hours after the protein
intake provided by feeding [20]. Samples were analyzed 12 h after fermentation. In in vitro
experimentation, N-NH3 concentration is an indicator of protein degradability because
there is no nitrogen uptake or recycling compared to those obtained using in vivo ruminal
media [29], as indicated by [13]. Something similar could have occurred with the obtained
N-NH3 values from the other treatments since the protein had been mostly degraded by
the time the analysis sample was collected. The authors of [30] obtained values ranging
from 10.8 to 13.8 mg/dL of ammonia nitrogen in ruminal fermentations with organic oils
added at three levels to their evaluated diets: 2% fish oil; 2% fish oil and 1.5% soybean oil;
and 2% fish oil and 3% soybean oil, which were higher than the levels and results from
this research.

Table 6. Ammoniacal nitrogen concentrations (mg/dL).

Treatment Control Canola Corn Safflower Sunflower Glycerol
EE

Dose 0% 2% 4% 2% 4% 2% 4% 2% 4% 2% 4%

Concentration 3.34 c 3.74 b 2.97 c 1.90 d 1.88 d 5.06 a 4.18 b 3.89 b 5.15 a 4.11 b 4.15 b 0.152

EE: Standard error of the mean for Dose; a–d: Equal letters indicate no statistically significant difference (p > 0.05).

4. Conclusions

In this research, an effective ruminal fermentation process was presented with an
adaptation phase without significant differences among the treatments tested herein, and
with an increase in gas production which was favorable for all treatments compared to the
control. The obtained values were consistent with the gaseous fraction observed due to
GHG production and showed a decrease of 7 and 9.5% in the methane ratio for each mL
of CO2 for the treatments with 20 g/kg and 40 g/kg of added corn oil, respectively. The
treatment with corn oil showed the lowest value in CH4 production, which could represent
a potential feeding strategy for reducing GHG emissions without affecting gas production.
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