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a b s t r a c t

This study was investigated to determine the synergistic effect of dietary oils (safflower and fish oils) and
yeast on in vitro biogases emission from horses fed with concentrate forage. Fecal from adult English
Thoroughbred horses were used as inoculums source in this study. Oils of safflower and fish were
supplemented at two different concentrations (2.4 and 4.8% v/w), while Saccharomyces cerevisiae was
supplemented at 4 mg/g dry matter (DM) into the diet. The asymptotic gas production (GP), rate of GP,
and lag period were not affected due to the supplementation of safflower oil, fish oil, and S. cerevisiae.
The oil level � S. cerevisiae interaction showed significant (P ¼ 0.047) mitigation of asymptotic methane
(CH4) emission. In contradictory, additives revealed no influence on asymptotic, rate, and lag time of
carbon dioxide (CO2) and hydrogen (H2) productions. The fermentation pH was unaffected, while dry
matter degradability (DMD) was decreased (P < 0.05) due to the supplementation of additives. Further,
additives increased (P < 0.05) in vitro GP up to 48 h. The safflower oil, fish oil, and S. cerevisiae revealed
significant (P < 0.05) impact on mitigating CH4 emission. Both the oils and S. cerevisae showed non-
significant influence on CO2 emission (mL/0.5 g DM incubated), while CO2 emission (mL/0.5 g DM
degraded) was reduced (P � 0.05) due to oil type � S. cerevisiae and oil level � S. cerevisiae interactions.
Likewise, oil type � S. cerevisiae interaction revealed significant (P < 0.05) mitigation in H2 production
(mL/0.5 g DM degraded) up to 12 h of incubation. Concisely, dietary oils and yeast can be implied as
dietary manipulation strategy for mitigating in vitro CH4, CO2, and H2 emission from horses. The com-
bination of safflower oil, fish oil, and yeast could undeniably be a prominent feeding approach for
livestock towards the maintenance of cleaner ecosystem.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

At present, climate change is a colossal ecological concern for
mankind which is influenced either directly or indirectly by live-
stock through the emission of disparate detrimental greenhouse
gases (GHG), particularly methane (CH4), carbon dioxide (CO2), and
hydrogen (H2) into the environment. As a matter of fact, livestock
industries represent about 18e20% of global GHG emission, thereby
elevating the ecological temperature at alarming rate. Surprisingly,
.Y. Elghandour).
the global demand for animal’s derived products is assumed to be
increased in future because of exponential growth in human pop-
ulation (Bodirsky et al., 2015). Non-ruminants produce high quality
foods and revamp their metabolism by utilizing discrete edible feed
resources through anaerobic digestive mechanism. In general, the
carbohydrate components of feed include plant fibres that have
been degraded anaerobically by microbiota with the release of CO2
and H2. Considering the predominant pathway of CH4 emission,
methanogens use CO2 and H2 as pivotal component (Haque, 2018).

Over the past few decades, plethora of strategies has been
implemented to mitigate the emission of GHG from livestock pro-
duction system. Above all, improvement in the forage digestibility
by changing the fermentation pathway is considered as one of the
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highly recommended nutritional practices towards reducing the
GHG emission in non-ruminants (Boadi and Wittenberg, 2002). In
this regard, dietary manipulation or supplementation of feed ad-
ditives is ensured as an idealistic and pragmatic approach in order
to boost animal productivity as well as reduction in detrimental
gases production. In fact, the supplementation of propitious addi-
tives into animal’s feed leads to subsequent reduction of the sub-
strate availability for methanogenesis by altering metabolic
pathways (Haque, 2018).

In recent years, dietary oils are being used not only to enhance
the energy level but also manipulate the feed fermentative process
of animals. Interestingly, oils are considered persuasive nutritional
feed additives for depressing the methanogenesis without influ-
encing other adequate factors (Wanapat et al., 2013). In fact, the use
of oils as an emphatic alternative to carbohydrates causes less
fermentation, and thus the reduced emission of GHG is acquired.
The GHG mitigation process is achieved by the decreased fermen-
tation level of organic matters and fibres digestibility, reduced
methanogenic pathway, and direct inhibition of methanogens via
the hydrogenation of unsaturated fatty acids (Johnson and Johnson,
1995). On the other hand, yeasts are also known to affect the
metabolic activities of microbiota, thereby affecting animal’s per-
formances. In addition, yeasts reduce the harmful GHG production
from livestock by decreasing the protozoa counts, improving the
butyrate or propionate yield, and promoting acetogenesis to co-
metabolize H2 with methanogens (Ingale et al., 2013). Yeasts have
the unique potentiality to induce fermentation of substantial
nutritional components indispensable for microbial growth and
bioactivity (Polyorach et al., 2014; Patra, 2012).

Despite the utilization of distinct oils and few yeasts as promi-
nent additives year after year, the supplementation of safflower oil
(vegetable source), fish oil (animal source), and yeast (Saccharo-
myces cerevisiae) in animal’s feed for reducing the emission of
detrimental biogases is scanty, probably undetermined in non-
ruminants. From this point of view, the current context was
investigated to determine the synergistic role of safflower oil, fish
oil, and S. cerevisiae in livestock industries as imperative dietary
additives for mitigating the emission of CH4, CO2, and H2 from
horses as decisive alternative to existing conventional agents for
achieving a cleaner ecosystem.

2. Materials and methods

2.1. Substrate and yeast culture

Rations were formulated in the first trial and used as substrates.
Table 1 shows ingredients of diets and the composition of dietary
oils used. Steam rolled corn was substituted by safflower and fish
oils (Ol�eico® Coral Internacional, S.A. de C.V., San Luis Potosí,
M�exico) at the concentrations of 0 (control), 2.4, and 4.8% v/w.
Similarly, rations were formulated as above in the second trial and
implied as substrates by substituting steam rolled cornwith fish oil
at the concentrations of 0 (control), 2.4, and 4.8% v/w. Yeast culture
i.e. Procreatin 7 (Safmex/Fermex S.A. de C.V., Toluca, Mexico) at
0 and 4 mg/g dry matter (DM) constituting 1 � 1010 cells was
supplemented into each ration.

2.2. In vitro incubations and chemical analyses

Rectum of four adult English Thoroughbred horses (agee 8 to 10
years old, weight e 490 ± 21.1 kg) was used for collecting fecal as
inoculums source. Experiments were carried out in Hospital de
Grandes Especies de la Facultad deMedicina Veternaria y Zootecnia,
Universidad Aut�onoma del Estado de M�exico, Mexico. Horses were
fed 4 kg of concentrate diet every day (HORSE POWER Alimento
Roladopara Caballo, ALPLA Mexico) and oat hay ad libitum. Fecal
sample was collected with rectal grab of horse. Further, feces were
homogenized by mixing with Goering and Van Soest (1970) buffer
solution (devoid of trypticase). Further, cheesecloth was used for
straining the mixture using O2-free headspace. The mixture was
then kept into serum bottles constituting 1 g of DM substrate.

In this experiment, 93 bottles were taken, filled, and flushed
with CO2. Bottles were closed properly, mixed, and incubated at
39 �C. Gas production and CO2 emission were estimated up to 48 h
using the Pressure Transducer Technique (Extech instruments,
Waltham) as per the methods of Theodorou et al. (1994). Further-
more, CH4, CO2, and H2 amount were estimated by gas detector (AIR
QUALITY MONITOR YesAIR, Critical Environment Technologies
Canada Inc., Delta, BC, V4G 1M3, Canada).

Bottles were uncapped after the completion of the experiments,
and the measurement of pH was carried out using pH meter
(Conductronic pH15, Puebla, Mexico). Content of the bottle was
filtered through sintered glass crucibles (coarse porosity no. 1 pore
size 100e160 mm; Pyrex, Stone, UK). The apparent dry matter de-
gradability (DMD) was calculated after drying the residues over-
night at 105 �C.

2.3. Calculations

In order to calculate GP kinetic parameters, GP results (mL/g
DM) were fit as per NLIN option of SAS (2002), following France
et al. (2000) equation:

A ¼ b � [1 � e�c(t�L)] [1]

where: A ¼ volume of GP at time t; b ¼ asymptotic GP (mL/g DM);
c ¼ rate of GP (/h), and L (h) ¼ discrete lag time prior to GP.

The gas yield per 0.5 g DM degraded was calculated according to
the following equation:

[Gas volume (ml gas per 0.5 g DM incubated � Weight of sample
DM degraded]/ Weight of sample DM incubated [2]

2.4. Statistical analyses

Experiments were performed in triplicate and mean values
were calculated. In vitro GP data as well as feces fermentative re-
sults were estimated using PROC GLM option of SAS (2002) as per
the below equation:

Yijk ¼ m þ Ri þ Aj þ (R � A)ij þ Eijk [3]

where: Yijk ¼ observation of the ith total mixed ration (TMR) (Ri)
with jth yeast dose (Aj); m ¼ general mean; (R � A)ij ¼ interaction
between ration type and yeast dose; Eijk ¼ experimental error.
Significant level was observed at P � 0.05.

3. Results

3.1. Faecal total gas, CH4, CO2, and H2 kinetics

Table 2 shows the effect of safflower and fish oils (two different
concentrations) in combination with S. cerevisiae as feed additives
on in vitro fecal total gas, CH4, CO2, and H2 kinetics of total mixed
rations fed to horses. The asymptotic GP, rate of GP, and lag period
were not affected due to the supplementation of safflower oil, fish
oil, and S. cerevisiae. Oil type and S. cerevisiae, oil type and oil level,
and oil level and S. cerevisiae interactions also exhibited no impact
on asymptotic GP, rate of GP, and lag period. However, the



Table 1
Diets ingredients and composition of oils.

Control Safflower oil Fish oil

Low High Low High

Ingredients (%)
Oats 12.0 12.0 12.0 12.0 12.0
Steam rolled corn 25.0 22.6 20.2 22.6 20.2
Steam rolled barley 25.0 25.0 25.0 25.0 25.0
Wheat bran 12.0 12.0 12.0 12.0 12.0
Corn gluten feed 5.0 5.0 5.0 5.0 5.0
Soybean meal 5.0 5.0 5.0 5.0 5.0
Type of oil 0.0 2.4 4.8 2.4 4.8
Molasses 6.0 6.0 6.0 6.0 6.0
Vit/Min 0.1 0.1 0.1 0.1 0.1
Soybean hulls 10.0 10.0 10.0 10.0 10.0
Chemical ration composition (%)
Dry matter 86.45 86.51 86.57 86.51 86.57
Crude fiber 9.43 9.37 9.31 9.37 9.31
Crude protein 13.4 13.18 12.97 13.18 12.97
Digestible energy (Mcal/kg) 3.38 3.5 3.62 3.51 3.64
Digestible crude protein (g/kg DM) 98.41 96.75 95.1 96.75 95.1
Ca 1.77 1.85 1.84 1.85 1.84
P 3.54 3.92 3.85 3.92 3.85
Mg 1.56 1.68 1.65 1.68 1.65
Na 0.31 0.32 0.32 0.32 0.32
K 8.46 9.01 8.93 9.01 8.93
Cl 0.68 0.82 0.8 0.82 0.8
Zn 18.54 21.98 21.53 21.98 21.53
Cu 4.73 5.85 5.8 5.85 5.8
Fe 140.4 139.63 138.86 139.63 138.86

Oils Compositiona Safflower oil Fish oil

Energy (kcal) 884 902
Total fat (g) 100 100
Polyunsaturated fatty acids (g) 14.28 16
Monounsaturated fatty Acids (g) 78.57 57
Saturated fatty acids (g) 7.14 21

a Provided by the manufacture Ol�eico® Coral Internacional, S.A. de C.V., San Luis Potosí, M�exico.

Table 2
Effect of safflower and fish oils in combination with S. cerevisiae as feed additives on in vitro fecal total gas, CH4, CO2 and H2 kineticsa.

Oil type Oil level SC Total gas CH4 CO2 H2

b c Lag b c Lag b c Lag b c Lag

Control 0 e 96.6 0.060 2.77 8.6 0.209 15.47 62.8 0.036 6.87 8.2 0.036 9.58
þ 107.3 0.046 2.12 11.4 0.037 17.18 76.7 0.033 7.17 15.5 0.059 10.07

Safflower oil Low e 81.7 0.061 1.26 6.7 0.030 14.24 53.0 0.061 6.94 13.8 0.117 8.83
þ 88.6 0.046 1.35 12.2 0.033 18.30 52.2 0.028 7.13 20.0 0.039 11.29

High e 108.4 0.052 1.35 15.6 0.035 20.24 76.0 0.034 7.46 17.8 0.034 10.43
þ 103.8 0.064 3.28 10.5 0.039 17.50 61.7 0.034 10.41 9.5 0.039 9.53

Fish oil Low e 62.5 0.062 1.09 1.1 0.005 12.32 38.9 0.033 7.32 6.2 0.124 11.23
þ 106.3 0.033 3.81 16.6 0.028 13.76 75.7 0.037 7.68 11.3 0.042 10.36

High e 95.3 0.043 2.96 5.0 0.029 15.77 57.6 0.032 5.79 16.1 0.033 9.91
þ 98.8 0.048 1.88 3.8 0.023 18.52 70.1 0.037 6.90 8.7 0.045 9.32

Pooled SEMb 33.03 0.0180 1.503 6.45 0.0752 2.966 20.91 0.0097 2.056 8.47 0.039 1.476

Additive effectc:
Oil type (OT) 0.729 0.316 0.333 0.173 0.925 0.115 0.989 0.328 0.300 0.360 0.877 0.800
Oil level (OL) 0.239 0.883 0.446 0.907 0.958 0.035 0.272 0.266 0.716 0.963 0.078 0.392
SC 0.275 0.205 0.355 0.186 0.667 0.218 0.205 0.193 0.253 0.730 0.316 0.770
OT � SC 0.428 0.582 0.881 0.304 0.985 0.643 0.125 0.038 0.682 0.996 0.966 0.304
OT � OL 0.770 0.714 0.418 0.238 0.989 0.626 0.638 0.312 0.140 0.500 0.950 0.450
OL � SC 0.361 0.101 0.447 0.047 0.961 0.378 0.362 0.089 0.391 0.190 0.066 0.295

0 ¼ No additive, Low ¼ 2.4% v/w, High ¼ 4.8% v/w, - ¼ 0 mg/g DM, þ ¼ 4 mg/g DM, SC ¼ S. cerevisiae.
a b is the asymptotic GP (mL/g DM); c is the rate of GP (/h); Lag is the initial delay before GP begins (h).
b SEM is standard error of mean.
c Value of the interaction among three experimental factors was non-significant (P > 0.05).
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Table 3
Effect of safflower and fish oils in combination with S. cerevisiae as feed additives on in vitro fecal fermentation parameters as well as total GP at different incubation period.

Oil type Oil level SC Fermentation
parameters

Gas production mL/0.5 g dry matter
incubated

Gas production mL/0.5 g dry matter
degraded

pH DMDa 8 12 24 48 8 12 24 48

Control 0 e 6.5 19.7 29.3 53.3 75.1 102.0 11.4 21.1 30.2 41.1
þ 6.6 21.1 34.4 59.2 82.5 112.2 14.6 25.0 34.8 46.7

Safflower oil Low e 6.4 22.2 28.8 48.6 71.7 84.4 12.6 21.5 32.6 38.5
þ 6.5 22.0 27.8 46.9 63.2 93.7 12.1 20.7 27.5 40.6

High e 6.6 37.8 34.1 65.0 84.6 118.3 26.5 51.1 66.5 92.9
þ 6.5 20.0 28.2 52.7 83.2 110.9 11.6 21.7 34.3 45.1

Fish oil Low e 6.5 20.7 20.9 37.9 55.6 65.9 9.2 16.6 25.3 29.9
þ 6.6 26.9 28.6 47.7 77.2 107.0 16.9 27.4 42.1 57.7

High e 6.6 22.6 30.7 48.6 79.8 100.3 14.1 22.6 37.6 47.1
þ 6.6 17.7 31.5 54.5 82.9 104.5 11.0 19.7 29.7 37.1

Pooled SEMb 0.14 5.60 9.50 16.75 28.36 33.49 6.47 12.21 19.16 23.52

Additive effectc:
Oil type (OT) 0.229 0.121 0.660 0.376 0.873 0.606 0.257 0.131 0.364 0.217
Oil level (OL) 0.383 0.484 0.263 0.155 0.184 0.155 0.226 0.132 0.162 0.132
SC 0.537 0.143 0.568 0.699 0.593 0.306 0.621 0.438 0.507 0.635
OT � SC 0.876 0.035 0.351 0.284 0.459 0.452 0.055 0.048 0.113 0.085
OT � OL 0.876 0.024 0.668 0.866 0.948 0.740 0.165 0.090 0.160 0.092
OL � SC 0.370 0.003 0.357 0.289 0.286 0.231 0.017 0.029 0.077 0.020

0 ¼ No additive, Low ¼ 2.4% v/w, High ¼ 4.8% v/w, - ¼ 0 mg/g DM, þ ¼ 4 mg/g DM, SC ¼ S. cerevisiae.
a DMD is dry matter degradability (%).
b SEM is standard error of mean.
c Value of the interaction among three experimental factors was non-significant (P > 0.05).
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supplementation of oil and S. cerevisiae revealed increment in the
lag period from 2.77 to 3.28 h and 3.81 h for safflower oil and fish
oil, respectively (Table 2). The oil level � S. cerevisiae showed sig-
nificant (P ¼ 0.047) mitigation in asymptotic CH4 emission. The
interaction between oil type and S. cerevisiae, and oil type and oil
level exhibited non-significant impact on the rate of CH4 emission.
On the other hand, safflower oil and fish oil at 2.4 and 4.8% v/w
showed significant (P ¼ 0.035) influence on lag period of CH4
production (Table 2). The oil type � S. cerevisiae, oil type � oil level,
and oil level � S. cerevisiae interactions showed no effect on
asymptotic and lag time of CO2 and H2 productions (Table 2).
Table 4
Effect of safflower and fish oils in combination with S. cerevisiae as feed additives on in v

Oil type Oil level SC mL CH4/0.5 g dry matter incubated mL

8 12 24 48 8

Control 0 e 0.00 0.77 2.12 5.86 0.0
þ 0.00 1.02 3.55 10.40 0.0

Safflower oil Low e 0.00 1.23 3.05 5.57 0.0
þ 0.00 1.08 3.41 10.90 0.0

High e 0.00 0.33 3.57 13.63 0.0
þ 0.00 0.93 3.25 9.26 0.0

Fish oil Low e 0.00 0.33 0.72 1.29 0.0
þ 0.00 0.61 1.51 3.38 0.0

High e 0.00 0.84 2.40 4.97 0.0
þ 0.00 0.32 1.13 3.51 0.0

Pooled SEMa 0.000 0.803 1.708 3.873 0.0

Additive effectb:
Oil type (OT) 0.00 0.312 0.015 0.002 0.0
Oil level (OL) 0.00 0.569 0.577 0.203 0.0
SC 0.00 0.698 0.546 0.291 0.0
OT � SC 0.00 0.630 0.858 0.967 0.0
OT � OL 0.00 0.383 0.750 0.743 0.0
OL � SC 0.00 0.978 0.358 0.101 0.0

0 ¼ No additive, Low ¼ 2.4% v/w, High ¼ 4.8% v/w, - ¼ 0 mg/g DM, þ ¼ 4 mg/g DM, SC
a SEM standard error of mean.
b Value of the interaction among three experimental factors was non-significant (P >
3.2. In vitro fermentation profile and GP

The fermentation pH was unaffected due to the supplementa-
tion of safflower oil, fish oil, and S. cerevisiae at distinct concen-
trations. Oil type and S. cerevisiae, oil type and oil level, and oil level
and S. cerevisiae interactions also showed no impact on pH level. In
contrary, the oil type � S. cerevisiae, oil type � oil level, and oil
level � S. cerevisiae interactions showed reduction (P < 0.05) on
DMD (Table 3).

Fig. 1 depicts in vitro GP (mL/0.5 g DM incubated) at different
incubation periods as influenced by different feed additives.
itro fecal CH4 production at different incubation period.

CH4/0.5 g dry matter degraded % of CH4 production

12 24 48 8 12 24 48

0 0.30 0.84 2.34 0.00 1.35 2.68 5.34
0 0.45 1.53 4.33 0.00 1.78 4.46 9.55
0 0.61 1.49 2.65 0.00 2.47 3.67 6.07
0 0.53 1.59 4.99 0.00 2.10 5.23 11.50
0 0.27 2.50 9.43 0.00 0.50 4.43 12.30
0 0.42 1.34 3.63 0.00 1.53 4.07 9.13
0 0.16 0.34 0.60 0.00 0.83 1.27 2.13
0 0.34 0.85 1.91 0.00 1.07 1.73 3.07
0 0.42 1.18 2.39 0.00 1.80 2.76 4.76
0 0.11 0.43 1.28 0.00 0.57 1.37 3.38

00 0.412 0.884 1.865 0.000 1.342 1.812 3.536

0 0.249 0.007 0.0001 0.00 0.341 0.003 0.001
0 0.546 0.421 0.070 0.00 0.398 0.818 0.331
0 0.793 0.922 0.987 0.00 0.885 0.351 0.246
0 0.796 0.582 0.306 0.00 0.495 0.507 0.697
0 0.485 0.812 0.235 0.00 0.223 0.632 0.893
0 0.703 0.092 0.005 0.00 0.978 0.239 0.123

¼ S. cerevisiae.

0.05).
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In vitro GP (mL/0.5 g DM incubated) was estimated to be
increased due to the supplementation of oils and yeast. The oil
type � S. cerevisiae, oil type � oil level, and oil
level � S. cerevisiae interactions also showed non-significant
increment towards in vitro GP (mL/0.5 g DM incubated) with
increase (P < 0.05) in incubation period from 8 to 48 h. On the
other hand, oil level � S. cerevisiae interaction revealed significant
(P < 0.05) impact on in vitro GP (mL/0.5 g DM degraded) up to
48 h of incubation period (Table 3).
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Fig. 3. Horse fecal CO2 production (mL/0.5 g DM) at different incubation period as affected by the dietary inclusion of (a) Safflower (SF) and Fish (FI) oils with respect to control (CO),
(b) lower and higher doses of oils, (c) S. cerevisiae (SC), and (d) combination of oils and SC. Low dose ¼ 2.4% v/w, high dose ¼ 4.8% v/w, eSC ¼ 0 mg/g DM, and þSC ¼ 4 mg/g DM.
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3.3. Effect of additives on CH4 emission

Fig. 2 exhibits in vitro CH4 emission (mL/0.5 g DM incubated)
with increase in incubation period due to dietary inclusion of ad-
ditives. There was complete lack of CH4 production up to 10 h of
incubation period. However, the safflower oil and fish oil had effect
(P < 0.05) on mitigating CH4 emission with respect to control diet.
Similarly, in vitro CH4 emission (mL/0.5 g DM degraded) was
reduced (P ¼ 0.005) due to oil level � S. cerevisiae interaction. The
proportional CH4 emissionwas influenced (P < 0.05) at 24 and 48 h
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because of the supplementation of safflower and fish oils. The in-
teractions between rations � doses showed non-significant impact
towards proportional CH4 emission (Table 4).

3.4. Effect of additives on CO2 emission

In vitro CO2 emission (mL/0.5 g DM incubated) with increase in
incubation period due to dietary inclusion of additives is shown in
Fig. 3. Both the ration type and S. cerevisae had no effect on CO2
emission (mL/0.5 g DM incubated) with respect to control. In
contrary, CO2 emission (mL/0.5 g DM degraded) was reduced
(P � 0.05) due to oil type � S. cerevisiae and oil level � S. cerevisiae
interactions. In like manner, proportional CO2 emission was influ-
enced (P < 0.05) up to 48 h due to oil type� S. cerevisiae interaction
(Table 5).

3.5. Effect of additives on H2 emission

Fig. 4 exhibits in vitroH2 emission (mL/0.5 g DM incubated) with
increase (P < 0.05) in incubation period due to dietary inclusion of
additives. In vitro H2 production (mL/0.5 g DM incubated) was
slightly increased at treatment levels with respect to control. On
the other hand, oil type � S. cerevisiae interaction revealed signif-
icant (P < 0.05) mitigation in H2 production (mL/0.5 g DM
degraded) only at 8 and 12 h of incubation. Proportional H2 emis-
sionwas not influenced due to oils and S. cerevisiae at all incubation
periods (Table 6).

4. Discussion

Enhancing the efficiency and productivity of livestock through
influential dietary manipulation are considered as substantial
approach towards the mitigation of GHG from animals. In fact, a
high fraction of energy in animals is directed towards the yield of
invaluable products due to improved production efficiency, thereby
reducing the detrimental gases emission per unit product (Kataria,
2015). The quality of forage is known to affect the GHG yield in
livestock. In general, high quality forage consists of fermentable
saccharides and reduced level of neutral detergent fibre, which
Table 5
Effect of safflower and fish oils in combination with S. cerevisiae as feed additives on in v

Oil type Oil level SC mL CO2/0.5 g dry matter incubated m

8 12 24 48 8

Control 0 e 5.55 20.09 34.47 62.81 2
þ 6.37 24.04 41.23 74.27 2

Safflower oil Low e 4.84 19.06 40.28 57.54 2
þ 4.85 16.02 25.00 50.27 2

High e 5.48 23.45 43.64 76.91 3
þ 3.34 15.58 33.25 58.70 1

Fish oil Low e 2.41 12.07 21.15 38.09 1
þ 6.66 22.56 46.08 76.82 3

High e 5.98 19.44 36.29 59.07 2
þ 6.71 22.12 44.35 72.58 2

Pooled SEMa 2.263 7.257 14.897 21.778 1

Additive effectb:
Oil type (OT) 0.404 0.870 0.831 0.939 0
Oil level (OL) 0.482 0.399 0.352 0.283 0
SC 0.321 0.526 0.522 0.308 0
OT � SC 0.074 0.067 0.063 0.065 0
OT � OL 0.252 0.816 0.946 0.788 0
OL � SC 0.151 0.328 0.655 0.382 0

0 ¼ No additive, Low ¼ 2.4% v/w, High ¼ 4.8% v/w, - ¼ 0 mg/g DM, þ ¼ 4 mg/g DM, SC
a SEM standard error of mean.
b Value of the interaction among three experimental factors was non-significant (P >
leads to high digestibility as well as passage rate, therebymitigating
the production of CH4, CO2, and H2 emission by changing the
fermentative pathways (Beever et al., 1986). Variations in chemical
composition of various feed are also responsible for reducing the
production of GHG in animals. Currently, in developing countries,
livestock are fed with diets that are low in digestibility and nutri-
tional composition. Undoubtedly, it represents global implications
and leads to increased emission of GHG. Considering the above
mentioned facts, in the present study, safflower and fish oil with
high digestible energy, digestible crude protein, and energy level
were used as dietary additives in feed not only to improve effi-
ciency but also reducing the production of GHG in horses. On the
other hand, yeasts are known to enhance total count of hindgut
microbiota, which results into the improved digestibility of forage
(Morgan, 2006). In view of this, we further attempted to evaluate
the feed fermentation capability of oils along with varied doses of
S. cerevisiae.

The asymptotic GP, rate of GP, and lag period were not affected
by supplementing safflower oil, fish oil, and S. cerevisiae. Oil type
and S. cerevisiae, oil type and oil level, and oil level and S. cerevisiae
interactions also exhibited non-significant impact on asymptotic
GP, rate of GP, and lag period. The microbial growth and release of
digestive enzymes affect the fermentative potency of diverse con-
stituents of feed (Getachew et al., 2004). Ferraro et al. (2016)
showed increased GP rate due to glycerol, propylene glycol, and
molasses supplementation. The increased lag time for GP by sup-
plementing oils and S. cerevisiae suggests the delayed adaptive
strategies of microbiota towards diets. Our results agree with
Ferraro et al. (2016) who demonstrated that energy supplements in
livestock diet stimulated the microbial adaptation and reduced the
lag period.

The oil level � S. cerevisiae interaction showed significant
reduction in asymptotic CH4 production. Oil type and S. cerevisiae,
and oil type and oil level interactions exhibited non-significant
impact on CH4 emission rate. On the other hand, safflower oil and
fish oil at 2.4 and 4.8% v/w showed significant influence on lag
period of CH4 production. Observation more or less similar to our
results was reported by Elghandour et al. (2016a) who revealed lack
of ration impact on CH4 emission rate and lag period of emission.
itro fecal CO2 production at different incubation period.

L CO2/0.5 g dry matter degraded % of CO2 production

12 24 48 8 12 24 48

.15 7.97 13.89 25.35 19.54 37.87 45.94 61.78

.66 9.96 17.04 30.30 19.17 40.42 49.23 65.64

.14 8.50 18.76 26.66 18.67 40.33 54.67 67.00

.20 7.24 10.95 21.85 17.67 34.33 39.77 53.77

.96 18.58 33.22 58.84 16.67 36.00 52.33 66.00

.40 6.51 13.90 23.99 11.33 28.87 37.53 51.90

.10 5.33 9.49 17.33 11.33 30.67 39.73 57.73

.84 12.65 25.36 42.11 24.67 48.33 60.67 72.20

.74 8.99 17.00 27.69 17.70 36.37 42.70 56.03

.19 7.46 15.27 25.51 22.33 43.00 55.00 70.67

.205 4.922 9.607 15.250 6.423 7.545 8.983 7.887

.929 0.413 0.511 0.425 0.295 0.163 0.400 0.325

.610 0.317 0.318 0.234 0.699 0.480 0.656 0.737

.808 0.615 0.629 0.728 0.363 0.289 0.611 0.677

.022 0.018 0.008 0.011 0.034 0.007 0.000 0.003

.609 0.167 0.180 0.088 0.269 0.447 0.909 0.984

.005 0.015 0.05 0.019 0.245 0.364 0.601 0.969

¼ S. cerevisiae.

0.05).
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Fig. 4. Horse fecal H2 production (mL/0.5 g DM) at different incubation period as affected by the dietary inclusion of (a) Safflower (SF) and Fish (FI) oils with respect to control (CO),
(b) lower and higher doses of oils, (c) S. cerevisiae (SC), and (d) combination of oils and SC. Low dose ¼ 2.4% v/w, high dose ¼ 4.8% v/w, eSC ¼ 0 mg/g DM, and þSC ¼ 4 mg/g DM.
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Further, authors revealed lack of effect of ration type � dose
interaction on CO2 production. In this study, the oil
type � S. cerevisiae, oil type � oil level, and oil level � S. cerevisiae
interactions showed lack of effect on not only the asymptotic, rate,
and lag time of CO2 but also H2 emission. Currently, no reports are
available investigating the synergistic role of safflower oil, fish oil,
and S. cerevisiae on CO2 and H2 kinetics in livestock; therefore, the
comparison between our findings and previous reports could not
be discussed.

The supplementation of safflower oil, fish oil, and S. cerevisiae at
distinct concentrations showed no significant impact on pH level
and DMD. Elghandour et al. (2016a) and Lattimer et al. (2007) who



Table 6
Effect of safflower and fish oils in combination with S. cerevisiae as feed additives on in vitro fecal H2 production at different incubation period.

Oil type Oil level SC mL H2/0.5 dry matter incubated mL H2/0.5 g dry matter degraded % of H2 production

8 12 24 48 8 12 24 48 8 12 24 48

Control 0 e 0.29 2.59 4.52 8.45 0.11 1.00 1.78 3.35 1.00 5.17 6.25 8.42
þ 0.41 3.45 9.66 16.02 0.17 1.44 4.52 7.38 1.17 6.00 11.67 14.92

Safflower oil Low e 0.29 5.09 10.03 14.61 0.13 2.43 4.87 7.09 1.00 10.33 12.00 14.67
þ 0.28 6.07 11.57 20.31 0.12 2.86 5.46 9.40 1.00 12.00 18.00 22.00

High e 0.34 5.03 8.58 17.71 0.26 3.58 6.00 12.16 1.00 8.00 10.67 16.00
þ 0.28 2.96 5.68 9.79 0.12 1.21 2.32 3.95 1.00 5.67 6.67 8.67

Fish oil Low e 0.21 2.61 4.49 7.01 0.09 1.07 1.95 3.05 1.00 6.67 8.33 11.00
þ 0.29 3.29 6.69 11.73 0.17 2.03 3.94 6.74 1.00 7.00 9.33 11.33

High e 0.31 5.13 10.96 16.99 0.14 2.46 5.31 8.17 1.00 10.00 12.00 15.00
þ 0.32 2.81 5.68 9.25 0.11 0.96 1.99 3.23 1.00 5.33 7.00 9.00

Pooled SEMa 0.107 2.343 5.931 8.894 0.068 1.274 3.286 4.872 0.039 4.065 6.852 7.934

Additive effectb:
Oil type (OT) 0.765 0.147 0.592 0.422 0.322 0.072 0.506 0.341 1.000 0.277 0.550 0.479
Oil level (OL) 0.441 0.752 0.900 0.997 0.290 0.921 0.942 0.917 1.000 0.277 0.526 0.625
SC 0.414 0.739 0.798 0.753 0.916 0.409 0.987 0.973 0.458 0.603 0.716 0.821
OT � SC 0.522 0.879 0.908 0.971 0.091 0.476 0.830 0.696 1.000 0.567 0.737 0.789
OT � OL 0.769 0.153 0.393 0.492 0.222 0.674 0.678 0.868 1.000 0.112 0.434 0.519
OL � SC 0.626 0.099 0.427 0.232 0.035 0.009 0.247 0.113 1.000 0.164 0.372 0.323

0 ¼ No additive, Low ¼ 2.4% v/w, High ¼ 4.8% v/w, - ¼ 0 mg/g DM, þ ¼ 4 mg/g DM, SC ¼ S. cerevisiae.
a SEM standard error of the mean.
b Value of the interaction among three experimental factors was non-significant (P > 0.05).

A.E. Vel�azquez et al. / Journal of Cleaner Production 256 (2020) 12046010
obtainednoalteration in thepHandDMDbysupplementingyeast in
high concentrate diet depicted similar observations. In contrary to
this, Hernandez et al. (2017) demonstrated significant reduction in
pH and in vitro DMD by supplementing garlic oil into the diet. The
variation observed in this contextmight be due to the high buffering
trait of fermentativemechanism and differentmode of action of oils
as well as S. cerevisiae on the microbiota (Elghandour et al., 2016b).

The effectual feed degradation ismeasured by estimating in vitro
GP. Generally, the high gas values are indication of better nutri-
tional availability to microbiota (Elghandour et al., 2017, 2018;
Pedraza-Hern�andez et al., 2019). In this investigation, in vitro GP
(mL/0.5 g DM incubated) was estimated to be increased due to the
supplementation of oils and yeast. The oil type � S. cerevisiae, oil
type� oil level, and oil level� S. cerevisiae interactions also showed
increment in in vitro GP with increase in incubation period. Find-
ings of the present study coincide with the report of Hernandez
et al. (2017) who demonstrated significant enhancement in
in vitro GP because of the addition of S. cerevisiae into high
concentrate diet of dairy calves.

Oil supplements are implemented into the diet not only to
achieve the high-energy requirements but also reducing CH4 pro-
duction in animals (Martin et al., 2010). In previous report,
Hollmann et al. (2012) demonstrated the unique potency of lauric
and myristic acids in mitigating CH4 emission in dairy cows. Like-
wise, the supplementation of plant oils enriched with mono-
unsaturated fatty acids or polyunsaturated fatty acids depicted
significant reduction in CH4 production in growing cattle
(Beauchemin and McGinn, 2006) and lactating cows (Martin et al.,
2010). In the present context, we undertook further attempt to
evaluate the potentiality of safflower and fish oil to reduce the
production of CH4 in horse. Findings exhibited the significant
synergistic effect of safflower oil, fish oil, and S. cerevisae in miti-
gating CH4 emissionwith respect to control diet in horse. Therewas
complete lack of CH4 production up to 10 h of incubation period.
Elghandour et al. (2016c) reported similar observation too who
estimated negligible CH4 emission in the beginning of incubation
period due to additive supplementation. In another study, the
supplementation of sunflower oil into the diet of cattle exhibited
22% reduction in CH4 production (McGinn et al., 2004). The
variation in the mitigation rate of CH4 emission might be due to the
reduced digestibility of organic matter (OM), high propionic acid
formation, type and composition of oils, and growth inhibition of
microbiota (Martin et al., 2010).

In the present study, ration type and S. cerevisae revealed no
significant impact on CO2 emission (mL/0.5 g DM incubated) with
respect to control. In contrary, CO2 emission (mL/0.5 g DM
degraded) was mitigated due to oil type � S. cerevisiae and oil
level � S. cerevisiae interactions. Our reports agree partially with
the findings of Hernandez et al. (2017) who observed higher CO2 in
control diet than that of oil treatments. The tendency towards
reduction of CO2 emission at varied incubation periodmight be due
to the stimulation of survival ability of propionate producing mi-
crobes. In fact, yeasts shift H2 utilization from methanogenesis to
reduce acetogenesis by homoacetogenic microbes that releases
acetate from CO2 and H2 (Mwenya et al., 2004), thus decreasing CO2
production. In contrary, Elghandour et al. (2016b) demonstrated
that yeast at different doses had no significant influence on CO2
emission. Further, in our investigation, oil type � S. cerevisiae
interaction exhibited significant reduction in H2 production (mL/
0.5 g DM degraded) up to 12 h of incubation. Considering the lack of
studies investigating the pivotal synergistic role of oils and yeast in
mitigating H2 production from horse, results obtained in this
context could not be compared in the limelight of previous reports.

5. Conclusions

In summary, safflower oil, fish oil, and S. cerevisiae exhibited no
significant effect on asymptotic GP, rate of GP, and lag period. The
asymptotic CH4 production was reduced due to oil
level � S. cerevisiae interaction. Additives showed no influence on
asymptotic, rate, and lag time of CO2 and H2 emissions. Further, the
safflower oil, fish oil, and S. cerevisiae revealed significant impact on
mitigating CH4, CO2, and H2 emission. Concisely, dietary oils (2.4
and 4.8% v/w) and yeast (4 mg/g DM) can be implied for mitigating
in vitro CH4, CO2, and H2 emission from horses. Further in vivo
studies are certainly required to depict paramount efficiency of
these supplements for maintaining huge concern of greenhouse
gases emission from livestock.
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