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Abstract: An in vitro and an in vivo study were conducted to investigate the effects of a
blend of cinnamaldehyde, eugenol, and capsicum oleoresin (CEC) on rumen fermentation
parameters, animal performance, and methane (CHy4) emissions in dairy cows. Contin-
uous culture fermenters (CCF) were utilized to test one of two treatments: (1) CON; no
supplementation and (2) CEC supplemented at 0.0125 g/d. The basal diet consisted of
grass hay and concentrate (50:50). Supplementation with CEC increased (p < 0.01) total
volatile fatty acids (VFA; mM) and decreased (p = 0.02) CH, concentration compared with
CON in vitro. Additionally, protozoa abundance tended (p = 0.07) to decrease in CEC
compared with CON. The in vivo experiment utilized forty Holstein-Friesian dairy cows
(32% primiparous and 68% multiparous) averaging 163 £ 48 days in milk (DIM) and
38 £ 6.2 kg/d of milk yield (MY). Cows were blocked by parity and randomly assigned
to one of two treatments: (1) CON; no supplementation and (2) CEC supplemented at
1.2 g/cow/d. The basal diet consisted of grass hay and concentrate (40:60). Individual CHy
emissions were recorded using the sniffer technique. Dry matter intake (DMI) and eating
rate were increased (p < 0.01; 3.6% and 5.2%, respectively), while feed efficiency decreased
(p < 0.05) in CEC compared with CON. Additionally, CEC decreased (p = 0.02) CHy yield by
16.4% and tended to reduce daily CHy production (p = 0.09) and CHy intensity (p = 0.08) by
13.4% and 14.0%, respectively. Supplementing CEC decreased CH,4 concentration in vitro
and CHj yield in vivo without negatively impacting performance parameters.

Keywords: enteric methane; additives; greenhouse gas; dairy cow; phytogenic compounds

1. Introduction

Climate change is at the forefront of political and public interest. Thus, greenhouse gas
(GHG,) emissions arising from anthropogenic activities are under critical review. Livestock
emissions account for approximately 32% of global anthropogenic methane (CH,) emis-
sions [1], and this is largely due to microbial-mediated fermentation by ruminant animals.
Unlike carbon dioxide (CO,) that persists in the atmosphere over centuries, CHy has an
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atmospheric lifetime of approximately 12 years with 28 times greater Global Warming
Potential (GWPj() [2]. Though large-scale combustion of fossil fuels remains the largest
contributor to climate change, even a moderate reduction of CHy in the near term would sig-
nificantly increase the feasibility of limiting warming to 1.5-2.0 °C [3]. Consequently, there
is increasing interest in research to reduce enteric CH, emissions from ruminant animals.

A recent meta-analysis identified feed additives as the most promising strategy for
reducing enteric methane emissions in ruminants [4]. Due to their antimicrobial proper-
ties, plant-derived extracts such as essential oils, tannins, saponins and other flavonoid-
containing components are of particular interest. Indeed, a range of essential oils have been
reported to decrease CHy production in vitro [5]. Previous research has demonstrated that
certain essential oils can effectively reduce methane emissions by altering rumen microbial
activity [6]. For instance, in an in vitro study evaluating clove oil, eucalyptus oil, garlic
oil, origanum oil, and peppermint oil, each individual essential oil decreased methane
production, with origanum oil achieving the greatest reduction of 87% at a dose of 1.0 g/L.
However, the study also noted that higher doses could negatively impact feed digestion
and fermentation, highlighting the importance of optimizing concentrations to balance
methane mitigation with overall rumen function. Additionally, essential oils vary in their
effectiveness depending on dose, combination, and interactions with rumen microbiota,
with certain formulations showing methane inhibition in vitro but displaying inconsis-
tent results in vivo [7]. For example, studies on cinnamaldehyde supplementation have
reported methane reductions of up to 5% in dairy cattle, but higher concentrations may
negatively impact fiber digestion and fermentation balance [8].

Recently, a commercial blend of cinnamaldehyde, eugenol, and capsicum (CEC) has
demonstrated CHy4 reduction capabilities in vivo. The CEC blend decreased CHy yield in
Holstein [9] and Nordic-Red [10] dairy cows 3.4% and 4.2%, respectively, but it had no
impact on animal performance. Inhibiting methanogenesis could theoretically improve
energy use efficiency in the rumen by redirecting hydrogen (H;) towards more valuable
fermentation pathways. However, this does not always translate to increased animal per-
formance [11]. Such outcomes may be attributed to a variety of confounding factors such
as diet, parity, stage of lactation, or dosage [12]. Additionally, current knowledge on the
effects of CHy inhibitors on rumen metabolites and microbial abundance is limited [13],
highlighting the need for further research. To address this gap, our study uniquely in-
tegrates both in vitro and in vivo approaches, enabling a comprehensive assessment of
how CEC influences rumen fermentation dynamics, microbial abundance, and CHy miti-
gation across experimental settings. Overall, this study aimed to address (1) the effects of
CEC on in vitro rumen fermentation parameters and (2) the effects of CEC on enteric CHy
emissions and lactation performance of dairy cows. We hypothesized that supplementing
CEC blend would (1) decrease CH4 production and modify rumen microbial abundance
and fermentation parameters in vitro and (2) decrease enteric CH4 emissions and improve
lactation performance in vivo. The in vivo study was conducted as a combined efficacy
and animal safety trial in which four doses of CEC were evaluated. However, only data
from the control and the recommended CEC dose (1.2 g/d/cow) will be presented and
discussed in the present study:.

2. Results
2.1. Experiment 1 (In Vitro)

Supplementing CEC decreased (p = 0.02; Table 1) in vitro CH, concentration compared
with CON. However, total gas production (p = 0.12) and CH, production (p = 0.26) were not
affected by treatment. The abundance of bacteria, archaea, and fungi were not affected by
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treatment (p > 0.05; Table 2). However, there was a tendency (p = 0.07) for CEC to decrease
the abundance of protozoa when compared with CON.

Table 1. Effect of CEC on in vitro methane emissions.

Treatement ! p-Value
CON CEC SEM Trt
Gas Production (mL) 16.5 17.5 0.35 0.12
CH4 Concentration (mL/100 mL gas) 0.16 0.14 0.042 0.02
CH, Production 2 (mL) 26.8 247 0.83 0.26
CH,4:VFA 3 0.28 0.24 0.012 0.08

1 CON = no supplementation; CEC = 0.0125 g/d of Xtract Ruminant (XTRACT RUMINANT, Rolle, Switzerland).
2 CH,4 Production = Gas Production x CH4 Concentration. 3 CHy:VFA = mL methane/mM total VFA.

Table 2. Effect of CEC on in vitro rumen microbial abundance.

Treatement ! p-Value
CON CEC SEM Trt
Microbial abundance 2
Bacteria 8.50 8.42 0.061 0.42
Archaea 5.09 5.08 0.079 0.97
Protozoa 6.34 6.17 0.049 0.07
Fungi 451 4.45 0.092 0.69

1'CON = no supplementation; CEC = 0.0125 g/d of Xtract Ruminant (XTRACT RUMINANT, Rolle, Switzerland).
2 Microbial concentration based in qPCR in log10 DNA copies/mg DM.

While molar proportions of individual VFA were unaffected by treatment (p > 0.05),
total VFA concentration (mM) increased (p < 0.01; Table 3) due to CEC supplementation. Ad-
ditionally, CEC increased (p = 0.02) lactic acid concentration (mg/100 mL) when compared
with CON.

Table 3. Effect of CEC on in vitro rumen fermentation parameters.

Treatement ! p-Value
CON CEC SEM Trt

Total VFA, mM 95.6 102.5 0.64 <0.01
Proportions, %

Acetate 58.2 57.5 1.01 0.63

Propionate 22.0 23.3 1.12 0.45

Butyrate 13.6 13.0 0.33 0.26

Isobutyrate 1.21 1.20 0.051 0.87

Valerate 2.18 211 0.055 0.47
Isovalerate 2.80 2.90 0.341 0.85
Acetate:propionate ratio 2.69 2.53 0.139 0.45
Lactic acid, mg/100 mL 29.8 39.7 1.74 0.02
Nitrogen fractions, mg/100 mL 2

NH3-N 8.71 6.12 1.139 0.18

Amino Acid-N 7.23 13.03 1.589 0.06

Peptide-N 20.88 18.28 3.001 0.57

1 CON = no supplementation; CEC = 0.0125 g/d of Xtract Ruminant (XTRACT RUMINANT, Rolle, Switzerland).
2 NH;-N = ammonia; Amino Acid-N = small peptides and amino acids; Peptide-N = large peptides.

Amino Acid-N tended to be greater (p = 0.06) due to CEC supplementation, while
Peptide-N (p = 0.57) and NH3-N (p = 0.18) were not affected by treatment.
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2.2. Experiment 2 (In Vivo)
2.2.1. Enteric Methane Emissions

Supplementation with CEC decreased (p = 0.02; Table 4) CHy yield by 16.4% compared
with CON. Additionally, supplementation with CEC tended to decrease CH4 production
(p = 0.09) by 13.4% and CHj intensity (p = 0.08) by 14% when compared with CON. No
weekly effect was observed (p > 0.05) for any of the CH4 measurements.

Table 4. Effect of CEC on methane exhalation of lactating dairy cows.

Treatment ! p-Value 2
CON CEC SEM Trt Week TxW
CH4 production, L/d 636 551 29.5 0.09 0.17 0.54
CHy intensity, L/kg of Milk 17.1 14.7 0.79 0.08 0.12 0.45
CH, yield, L/kg of DMI 25.6 21.4 1.22 0.02 0.13 0.49
1 CON = no supplementation; CEC = cows received 1.2 g/d of (XTRACT RUMINANT, Rolle, Switzerland).
2 Trt = effect of treatment; Week = effect of week; T x W = interaction between treatment and week of study.
2.2.2. Animal Performance
The addition of CEC increased (p < 0.01; Table 5) DMI (kg/d) and eating rate (g/min)
by 3.6% and 5.2%, respectively. There were no differences (p > 0.05) in milk yield and
milk composition parameters between CON and CEC cows. However, there was a weekly
effect (p < 0.01) for body weight (BW), milk yield, milk fat, milk protein, milk solids nonfat,
and energy-corrected milk (ECM). As expected, BW increased over time whereas milk
yield, milk fat, and ECM decreased over time. Milk solids nonfat decreased in the first
3 weeks and increased during the rest of this study, while the opposite was observed for
milk protein. A treatment by week interaction (p < 0.01) was observed for BW, with BW
being greater in CEC cows in the first 3 weeks but decreasing during weeks 5-7 compared
with CON cows. Feed efficiency (relative to ECM) decreased (p < 0.05) in CEC cows.
Table 5. Effect of CEC on production characteristics of lactating dairy cows.
Treatment ! p-Value 2
CON CEC SEM Trt Week TxW
DML, kg/d 24.8 25.7 0.12 <0.01 0.87 0.57
Eating rate, g/min 115 121 1.1 <0.01 0.99 0.95
BW, kg 769 769 174 0.99 <0.01 <0.01
Milk yield, kg/d 38.7 38.6 1.04 0.96 <0.01 0.93
Milk fat, % 3.58 3.61 0.02 0.47 <0.01 0.96
Milk fat, kg/d 1.39 1.39 0.04 0.92 <0.01 0.89
Milk protein, % 3.21 3.23 0.02 0.57 <0.01 0.39
Milk protein, kg/d 1.24 1.25 0.03 0.94 <0.01 0.89
Milk lactose, % 3 4.89 4.99 0.04 0.26 0.06 0.33
Milk solids nonfat, % 3 8.85 8.99 0.05 0.19 <0.01 0.75
Milk SCC, x 103/mL 3 4.86 5.38 0.20 0.20 0.40 0.69
ECM, kg/d 4 39.5 39.6 1.02 0.96 <0.01 0.90
Feed efficiency, % 5 1.61 1.55 0.02 0.05 0.64 0.99
Abbreviations: DMI = dry matter intake; BW = body weight; Milk SCC = milk somatic cell count;

ECM = energy-corrected milk. ' CON = no supplementation; CEC = cows received 1.2 g/d of Xtract Ruminant
(XTRACT RUMINANT, Rolle, Switzerland). 2 Trt = effect of treatment; Week = effect of week; T x W = interaction
between treatment and week of study. 3 Determined at 13, 26, 41, and 56 d of study. 4 Calculated as 0.3246 x milk
yield (kg) + 12.86 x fat (kg) + 7.04 x protein (kg) (NRC 2001 [14]). 5 Calculated as ECM /DML

3. Discussion

This study aimed to provide a comprehensive evaluation of the effects of CEC on
rumen fermentation, CHy emissions, and animal performance by integrating both in vitro
and in vivo methodologies. We hypothesized that supplementing CEC would decrease
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CH,4 production and modify rumen microbial abundance and fermentation parameters
in vitro and decrease enteric CH4 emissions and improve lactation performance in vivo.
Although the in vitro and in vivo trials were not run in parallel with the same animals and
diets, they were both conducted with the same type of animal and compound and utilized
diets consisting primarily of grass hay, and concentrate. Thus, in vitro fermentation and
microbial abundance data will be used to support the discussion of the in vivo results,
providing insight into potential mechanisms of CEC effects on the cow.

3.1. Experiment 1 (In Vitro)

Total in vitro gas production was not affected by CEC supplementation, but there was
a decrease in CHy concentration and a numerical decrease in CHy4 production. Supplemen-
tation with plant extracts tends to decrease gas production due to the antimicrobial effects
that can alter rumen fermentation, of which gas is a byproduct [15,16]. The mechanism of
action of most plant extracts is related to their ability to disrupt microbial cell membranes
leading to decreased ATP synthesis and eventually cell death [5]. For example, eugenol
may cause leakage of the bacterial cell content, while cinnamaldehyde may disrupt the
transmembrane and affect cell stability [17]. The overall difference in the effects of different
plant extracts on rumen microbial fermentation may be the result of different sensitivities
of specific microbial populations to these compounds. Although plant extracts are effective
against Gram-positive and Gram-negative bacteria, the outer membrane of Gram-negative
bacteria provides a degree of protection, making them less sensitive to the presence of
essential oils [5]. A study in lambs fed a high-concentrate diet revealed significant differ-
ences in rumen microbial beta-diversity between lambs supplemented with CEC and a
control group [18]. Supplemented lambs had greater relative abundance of Synergistota
at the phyla level and Megasphaera at the genus level with both positively correlating to
increased butyrate production. In the current study, bacteria, archaea, and fungi abundance
were not affected by CEC supplementation, but protozoa abundance tended to decrease.
Another potential mechanism of CEC to decrease CHy is by suppressing the activity of
H,-producing microbes, therefore reducing the availability of the main substrate necessary
for CHy production in the rumen [19]. Previous studies show that CH, concentrations
decrease in defaunated animals likely due to the decrease in H, available for methano-
genesis [20,21]. Therefore, the decrease in protozoa abundance due to supplementation of
CEC in vitro could decrease the H; available for methanogenesis. Although H, was not
measured in the present study, a decrease in H, emissions due to CEC supplementation has
been observed previously in vivo [9,10]. Additionally, certain protozoa consume lactate
and engulf starch granules very rapidly competing with amylolytic bacteria that tend to
produce lactate in the rumen [21]. Thus, a decrease in protozoa abundance could lead to an
increase in lactate concentration or VFA, which agrees with the results in the current study.
However, the link remains speculative, and future research incorporating functional and
transcriptomic analyses such as measurements of hydrogen flux and mcrA gene expression
would be needed to confirm the proposed mechanism.

Nitrogen metabolism in the rumen can generally be divided into protein degradation
and microbial protein synthesis. In the present study, NH3-N was numerically decreased,
and AA-N significantly increased. Consistent with our findings, previous studies [18,22,23]
also reported a reduction in ruminal NH3-N concentrations following supplementation with
the same CEC blend. This could suggest CEC inhibits deamination or directly decreases
abundance of proteolytic and/or hyper-ammonia producing bacteria [24].
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3.2. Experiment 2 (In Vivo)

Similar to previous observations [9,10], CEC supplementation decreased CHy yield
(L/kg DMI) and tended to decrease CH, production (L/d) and CHj intensity (L/kg milk)
by 16.4%, 13.4%, and 14%, respectively. Although some of these effects did not meet
the threshold for statistical significance, the consistent direction and magnitude of the
responses suggest biologically meaningful reductions in methane emissions. Even modest
reductions align with mitigation targets and could contribute to improved environmental
sustainability when implemented at scale [25]. The magnitude of inhibition in the current
study is greater than previously reported, which could be attributed to differences in
diet, animal type, duration of study, or method of CHs measurement. Efficacy of anti-
methanogenic additives, like Asparagopsis spp. and 3-NOP, has been linked to nutrient
composition of the diet and, more specifically, to the levels of NDF [26]. The diet in the
present study had a lower NDF (and higher NFC) than the previous studies conducted
with CEC, which may explain the difference in CHy response. Additionally, the previous
studies used GreenFeed (GF) units over a period of 12 weeks to determine CEC effects on
CHy, while the current study used a “sniffer” technique for a duration of 8 weeks. These
different approaches in experimental design are highlighted in the recent review outlining
recommendations for testing anti-methanogenic additives [26]. Authors note that long-
term studies should be conducted to provide information on persistence of CHy mitigation
effects, but short-term studies can sufficiently provide evidence for the efficacy of CHy
mitigating additives. No treatment by time interactions were observed for CHy parameters
in the present study or previous studies [9,10], suggesting a stable response to CEC. The
challenge remains to identify essential oils that selectively inhibit rumen methanogenesis
across a range of diets, with persisting effects and without depressing rumen fermentation
and animal productivity. Overall, the consistent CH, inhibition response by CEC suggests
it could be a beneficial CHy inhibitor in the dairy industry.

Supplementing CEC in the current study improved feed intake in dairy cows, con-
firming previous work by van Gastelen et al. [9]. Indeed, aromatic herbs, spices, and
various plant extracts are often claimed to improve the flavor and palatability of feed,
thus increasing voluntary feed intake, resulting in improved performance [5]. When dairy
cows were fed capsicum extract, a strong correlation between water consumption and
dry matter intake was observed [27]. However, despite the increase in DMI in the cur-
rent study, MY was not improved and feed efficiency decreased in CEC cows compared
with CON. This reduction in feed efficiency may reflect altered nutrient partitioning or
metabolic shifts associated with increased intake. The additional nutrients may have been
directed toward maintenance energy, thermogenesis, or other physiological processes not
directly contributing to milk synthesis [28]. This could in part explain the treatment x week
interaction observed for BW where CEC cows exhibited greater BW during the first three
weeks. Essential oils and plant extracts can influence rumen fermentation and metabolic
activity, potentially affecting how nutrients are utilized. This interpretation aligns with
findings from a meta-analysis evaluating several essential oil combinations that did not
observe a significant impact on feed efficiency or milk yield, concluding that diet and
supplementation period may influence the impact of plant extracts on performance [29].
For instance, a blend of eugenol, coriander essential oil, and geranyl acetate supplemented
to dairy cows on a diet containing no silage had a reduction in feed efficiency [30], but
the same blend fed to dairy cows on a diet containing corn-silage had an increase in feed
efficiency [31].
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4. Materials and Methods

The in vitro experiment (Experiment 1) was conducted in continuous culture fer-
menters to assess the effects of CEC on rumen fermentation parameters and microbial
abundance. The in vivo experiment (Experiment 2) was conducted on Holstein dairy cows
to assess the effect of CEC on CH, emissions and animal performance.

4.1. Experiment 1 (In Vitro)
4.1.1. Experimental Design

The experiment was conducted at Estacién Experimental del Zaidin (EEZ-CSIC) in
Spain. The experimental diet consisted of a 50:50 grass hay/concentrate (Table 6). Each
fermenter was fed with 16 g of fresh matter per day of the basal diet ground at 1 mm,
divided into two equal portions given at 09:00 and 14:00 h, respectively. The vessels
were inoculated with pooled rumen fluid, and the flow through rate was maintained by
continuous infusion of buffer [32] at a rate of 40 mL/h. The stomach tubing technique [33]
was used to collect rumen fluid 3 h after feeding from 3 different dairy cows. Two vessels
per treatment were randomly allocated to (1) CON (no additive) or (2) CEC (0.0125 g/d)
and were incubated in two consecutive periods of 15 days (n = 4). The dose selected was
based on the dose given in vivo (1.2 g/cow/d) by assuming the volume of a typical rumen
(80 L) [34,35] and adjusting to the volume used in the fermenters (1 L). The first 5 days
served as adaptation for the rumen microbial environment and in vitro conditions [36],
and on day 6, treatments were applied. Fermentation vessels were sampled on day 14
and 15 two hours after morning feeding and divided into subsamples for analysis of VFA
concentration, nitrogen fractions, and microbial abundance.

Table 6. Ingredient and nutrient composition (DM basis) of the in vitro experimental diets !.

Ingredients, % DM Forage Concentrate
Alfalfa hay 50.0
Barley grain 29.5
Corn grain 10.0
Sunflower cake 10.0
Urea 0.5
Nutrients
Dry matter, % 91.6 89.4
Crude protein, % 7.1 17.7
NDE % 59.8 314
ADE% 34.8 10.4
Ether extract, % 14 2.5

1 CON = no supplementation; CEC = 0.0125 g/d of Xtract Ruminant (XTRACT RUMINANT, Rolle, Switzerland).

On day 16, contents from each vessel were used in a batch-culture in vitro trial [37] to
determine total gas production and CHy concentration over a 24 h period as previously
described by Martinez-Fernandez et al. [36]. Briefly, the contents from each fermenter were
filtered through two layers of cheesecloth and bubbled with CO,. Serum bottles (120 mL)
were filled with 60 mL of fermenter content and incubated with 500 mg of the same diet.
Three replicates and a blank control were used for each fermenter and treatment. The serum
bottles were sealed with rubber stoppers and aluminum caps and incubated at 39 °Cin a
water bath. At 24 h after inoculation, the total gas volume was measured in each bottle and
a sample of the gas was collected in a graduated syringe, transferred to a 5 mL vacuum tube
(Venoject, Terumo Europe N.V,, Leuven, Belgium) and kept at room temperature before
measurement of CHy concentration by gas chromatography.
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4.1.2. Fermentation Parameter Analyses

Concentrations of individual VFA (acetate, propionate, isobutyrate, butyrate, isovaler-
ate, and valerate) were determined by a gas chromatography system coupled with a flame
ionization detector (Auto-system Perkin-Elmer Corp., Shelton, CT, USA) as previously
described [38]. Lactate and ammonia concentrations were measured using the colorimetric
methods described previously [39,40].

Samples taken from the fermentation vessels on d 14 and d 15 of incubation were
analyzed for nitrogen content and fractionated into large peptides (Pep-N; between 3 and
10 AA), small peptides and amino acids (AA-N; <2 and 3 AA), and ammonia (NH3-N). The
amino acid and peptide nitrogen fractions were analyzed as described by Busquet et al. [41].
Briefly, a sample of filtered fermenter fluid was added to 10% (wt/vol) sodium tungstate
and 1.07 N sulfuric acid, incubated at 5 °C for 4 h, and then centrifuged at 9000x g for
15 min. The supernatant was analyzed for tungstic acid precipitable nitrogen (TA-N) by
the Kjeldahl procedure [42]. Next, trichloroacetic (TCA) solution was added to filtered
fermenter fluid, incubated at 5 °C for 4 h, and then centrifuged at 9000 x g for 15 min. The
supernatant was analyzed for TCA acid precipitable nitrogen (TCA-N) by the Kjeldahl
procedure. Results were used to calculate (1) large peptide N (LPep N; between 3 and
10 AA) = [TCA-N] — [TA-NJ; and (2) small peptide (between 2 and 3 AA) plus amino acid
N (Spep + AA N) = [TA-N] — [ammonia N] (in mg/100 mL) [43].

The in vitro CHy concentration was determined by gas chromatography with a
Hewlett-Packard 5890 Series II gas chromatograph (Waldbronn, Germany). A sample
of 0.5 mL of gas was injected into the chromatograph with a 1 mL Sample-Lock syringe
(Hamilton, Reno, NV, USA). The amount of CH4 produced in each fermenter was calculated
by multiplying the total gas produced by the concentration of CHy4 obtained [36].

4.1.3. Real-Time qPCR Analysis

Total genomic DNA was extracted from samples taken from the fermenter on d 14 and
d 15 and abundance of protozoa, bacteria, fungi, and archaea were determined by qPCR
as described in [36]. Briefly, samples were freeze-dried and thoroughly mixed by physical
disruption with a bead beater (Mini-bead Beater-8) for 1 min before using a QIAGEN
QIAamp DNA stool mini kit (Qiagen Ltd., Manchester, UK) according to the manufac-
turer’s instructions apart from a higher temperature (95 °C) used in the lysis incubation
step. The DNA samples were used as templates for quantifying the copy numbers of 165
rRNA (for bacteria), the methyl coenzyme M reductase A (mcrA) gene (for methanogenic
archaea), and 185 rRNA (for protozoa). Primer sets used were as follows: forward:
5'-GTG-STGCAYGGYTGTCGTCA-3' and reverse: 5'-ACGT-CRTCCMCACCTTCCTC-3'
for total bacteria ([44]; Table 7) and forward: 5'-GCTTTCGWTGGTAGT-GTATT-3' and
reverse: 5-CTTGCCCTCYAATCGT-WCT-3' for protozoa [45]. The primer sets for detection
and enumeration of methanogenic archaea (mcrA) were forward: 5'-TTCGGTGGATCD-
CARAGRGC-3" and reverse: 5-GBARGTCGWAWC-CGTAGAATCC-3' [46]. Real-time
PCR analyses were performed with an iQ5 multicolor Real-Time PCR Detection System
(BioRad Laboratories, Hercules, CA, USA). One microliter of DNA extract was added
to amplification reaction mixtures (25 uL) containing 0.2 uL of each primer (10 pM) and
12.5 uL of iQ SYBR Green Supermix (BioRad Laboratories). Cycling conditions were 95 °C
for 5 min, followed by 40 cycles at 95 °C for 15 s, 60 °C for 30 s, 72 °C for 55 s, and 72 °C for
1 min. The absolute amount of DNA for each microbial group, expressed as the number of
DNA copies per gram of fresh matter, was determined via a standard curve.
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Table 7. Primers used for qPCR.

Target Forward Primer Reverse Primer Reference
165 rRNA GTG-STGCAYGGYTGTCGTCA ACGT-CRTCCMCACCTTCCTC [44]
185 rRNA GCTTTCGWTGGTAGTGTATT CTTGCCCTCYAATCGTWCT [45]

mcrA TTCGGTGGATCDCARAGRGC GBARGTCGWAWCCGTAGAATCC [46]

4.2. Experiment 2 (In Vivo)
4.2.1. Animals, Design, and Diets

All experimental procedures were approved and supervised by the Animal Care Com-
mittee of IRTA (Barcelona, Spain, expedient number: CEEA 307/2022). The experiment
was conducted at Blanca from the Pyrenees in Spain. Forty lactating Holstein dairy cows
(32% primiparous and 68% multiparous) with an initial milk production of 38.0 + 6.2 kg/d,
live BW of 712 4+ 75 kg, and 163 + 48 DIM (mean £ SD) were blocked by parity and
randomly split in 2 treatments (1 = 20) following a complete randomized design. All cows
were housed in a single pen and received the same total mixed ration (TMR) ad libitum
during the adaptation period (10 d) consisting of 40% hay and 60% concentrate on a DM
basis (Table 8). During the experimental period (8 weeks), dietary treatments were applied
consisting of (1) CON—control with no supplementation or (2) CEC—supplementation of
1.2 g/cow/d of XTRACT Ruminant, X60-7065, a specific blend of essential oil compounds
manufactured by ADM (ADM International Sarl, Rolle, Switzerland). The blend is com-
posed of 9.5% eugenol, 5.5% cinnamaldehyde, and 3.5% capsicum oleoresin encapsulated
in hydrogenated oil (81.5%). Half of the daily CEC dose (0.6 g per portion and 1.2 g/d in
total) was added to 2 kg of soybean meal and incorporated in the TMR during morning and
evening feeding. The same amount of soybean meal without CEC was fed to control cows.

Table 8. Ingredient and nutrient composition (DM basis) of the experimental diet.

Item Ingredient
Ingredients, % DM

Alfalfa hay 7.57
Fescue hay 14.42
Rye grass hay 18.03
Straw 0.77
Soybean meal ! 11.68
Barley grain 1.51
Corn grain 21.09
Wheat grain 10.75
Soybean hulls 10.31
Palm oil 2.05
Calcium carbonate 0.82
Magnesium oxide 0.29
Salt 0.33
Mineral vitamin premix 2 0.37
Nutrients

Crude protein, % 16.1
NDE, % 345
ADE,% 23.8
Ash, % 7.5
Net energy, Mcal/kg 3 1.68
Ether extract, % 4.03
Non-fiber carbohydrate, % 37.9

L CON =no supplementation; CEC = cows received 1.2 g/d of XTRACT Ruminant, X60-7065, Rolle, Switzerland
via 2 kg of soybean meal. 2 Contained: 81.6 mg/kg of Zn; 11.5 mg/kg of Cu; 57.6 mg/kg of Mn; 9.86 mg/kg of
Co; 1.92 mg/kg of I; 0.34 mg/kg of Se; 58 mg/kg of S; 120,000 IU /kg of vitamin A; 28,800 IU/kg of vitamin D;
and 1920 IU/kg of vitamin E. 3 Net energy was estimated using NRC (2001) [14] equations.

4.2.2. Sample Collection and Chemical Analyses

Daily feed intake was recorded for individual cattle using electronic feed bins
(MooFeeder, MooSystems, Cortes, Spain) which only opened in response to the respective
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dietary treatments. Samples of TMR were obtained weekly, composited for subsequent
analysis of nutrient content, and stored at —20 °C. Individual body weights were recorded
twice daily upon exiting the milking parlor using electronic scales. Individual milk yield
was recorded using electronic milk meters (AfiMilk, Afikim Ltd., Kibbutz Afikim, Israel)
at every milking. Milk fat and milk protein contents were also determined after every
milking using the AfiLab system (Afikim Ltd., Kibbutz Afikim, Israel). Calibration was
performed by analyzing individual milk samples from every milk meter in the local DHI
laboratory (Allic, Barcelona, Spain) and then adjusting the meters to match the result from
the laboratory.

Moisture concentration of the forage, concentrate (Experiment 1), and TMR (Experi-
ment 2) was determined by heating at 103 °C for 24 h, ash content by heating at 550 °C for
4 h, N concentration following the method (988.05) of AOAC International [47] adapted
for an automatic distiller Kjeldahl (Kjeltec Auto 1030 Analyzer, Tecator, Hoganas, Sweden)
with copper sulfate/selenium as a catalyst instead of copper sulfate/titanium dioxide,
NDF concentration using sodium sulfite and heat-stable x-amylase, and ether extract as
described in method 920.39 of AOAC International [47] with petroleum ether used for
extraction. Energy-corrected milk was calculated as ECM (kg/d) = 0.3246 x milk yield (kg)
+12.86 X fat (kg) + 7.04 x protein (kg) [14]. Feed efficiency was calculated as the amount
of ECM divided by the amount of DMI [14].

4.2.3. Gas Emissions

Methane and CO, recordings were performed using a sniffer technique with NDIR
(Guardian NG Edinburg Instruments Ltd., Livingston, UK) as described by Bach et al. [30]
and validated by Rey et al. [48]. Methane production was calculated using carbon dioxide
as a tracer gas, estimating daily heat producing units for each animal based on BW and
ECM as described by Madsen et al. [49], and heat was converted into liters of carbon
dioxide following Pedersen et al. [50]. With this system, the typical CV for CH, production
(using CHy4 /CO; ratio) is <10% and repeatability > 80% [51]. Individual CHy4 exhalation
was determined on all cows exiting the milking parlor two days a week, alternating days
(i.e., Monday and Wednesday week 1; Tuesday and Thursday week 2), for 20 min a day
(10.02 + 1.83 min in the morning and evening) resulting in 32 sets of 10 min measures
for every cow in the study. Five measurement stations consisting of a feed bin and two
electronic meters each (one for CH4 and one for CO,) were used. These stations were
placed at the exit of the milking parlor, and cows were offered 100 g of soybean meal to
ensure that their head was placed inside the recording station. The stations sampled air at
1 L/min from the front of the cow’s head and pumped it into the electronic gas analyzer to
continuously measure CHy and CO; at 1 s intervals and persisted in a database. Baseline
CHy and CO, concentrations were calculated as mean CHy and CO, concentrations before
starting the measurements and subtracted from the subsequent measured data. Before
the start of the study, four measures of CHy and CO; exhalations were collected for each
animal on two separate collection days and later included as covariates in the statistical
analysis [30]. Twice daily, in the morning and in the afternoon, animals and housing
facilities were inspected to check the general health status, to ensure constant feed and
water supply, as well as to ensure adequate temperature and ventilation.

4.2.4. Statistical Analysis

Data were analyzed using the MIXED procedure of SAS (9.2, SAS Institute Inc., Cary,
NC, USA). Experiment 1 included the fixed effects of treatment, period, and their interaction,
with the random effect of fermenter vessel. Experiment 2 included the fixed effects of
treatment, week, and their interaction, with the random effects of animal and block (parity).
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All daily values were averaged by animal and week, and weekly means were used for
data analysis. The experimental unit was the animal. Week was used as a repeated
measure following a first order auto-regressive covariate structure, which yielded the
lowest Bayesian information criterion. For CHy and CO, exhalation data, the same model
was used but including the basal exhalations for each animal as a covariate. Least square
means =+ standard error of means (SEM) are reports with significance declared at p < 0.05
and tendency assumed for 0.05 < p < 0.10.

5. Conclusions

Supplementing CEC in vitro increased VFA concentration and decreased CH, con-
centration and protozoa abundance. When supplemented in vivo, CEC increased DMI by
3.6%, but milk yield and lactation characteristics were not affected. Notably, CEC decreased
CH, yield (L/kg DMI) by 16.4% and tended to decrease CH4 production and intensity by
13.4 and 14%, respectively. Further research evaluating persistence of CH, reduction due to
CEC supplementation and potential dietary interactions are warranted.

Author Contributions: Conceptualization, A.B. (Alexandra Blanchard), HK.-A., D.Y.-R., and A.B.
(Alejandro Belanche); methodology, A.B. (Alexandra Blanchard), HK.-A., A.B. (Alejandro Belanche),
D.Y-R, ] M.P-H.,, and G.E.; writing—original draft preparation, S.M.T. and H.K.-A.; writing—review
and editing, S.M.T., A.B. (Alexandra Blanchard), H.K.-A., A.B. (Alejandro Belanche), and D.Y.-R,;
funding, A.B. (Alexandra Blanchard), H.K.-A. and S.M.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by ADM International Sarl., Rolle, Switzerland.

Institutional Review Board Statement: The animal study protocol was approved and supervised by
the Animal Care Committee of IRTA (Barcelona, Spain, expedient number: CEEA 307/2022).

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The authors would like to acknowledge Elisabeth Jimenez and Antonio Ignacio
Martin-Garcia for their contributions to this work.

Conlflicts of Interest: The authors HK.-A., SSM.T., and A.B. (Alexandra Blanchard) were employed
by ADM International Sarl, Rolle, Switzerland. The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

References

1.

UNEP. United Nations Environment Programme and Climate and Clean Air Coalition, Global Methane Assessment: Benefits
and Costs of Mitigating Methane Emissions (United Nations Environment Programme, Nairobi, 2021). Available online:
https:/ /www.ccacoalition.org/resources/global-methane-assessment-full-report (accessed on 1 January 2025).

IPPC. Mitigation of Climate Change. In Climate Change 2022: Contribution of Working Group III to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change; Shukla, P.R., Skea, J., Slade, R., Al Khourdajie, A., van Diemen, R., McCollum, D.,
Pathak, M., Some, S., Vyas, P., Fradera, R., et al., Eds.; Cambridge University Press: Cambridge, UK, 2022.

Collins, W.].; Webber, C.P.,; Cox, PM.; Huntingford, C.; Lowe, J.; Sitch, S.; Chadburn, S.E.; Comyn-Platt, E.; Harper, A.B.; Hayman,
G.; et al. Increased importance of methane reduction for a 1.5 degree target. Environ. Res. Lett. 2018, 13, 054003. [CrossRef]
Arndt, C.; Hristov, A.N.; Price, W.J.; McClelland, S.C.; Pelaez, A.M.; Cueva, S.E; Oh, J.; Dijkstra, J.; Bannink, A.; Bayat, AR et al.
Full adoption of the most effective strategies to mitigate methane emissions by ruminants can help meet the 1.5 °C target by 2030
but not by 2050. Proc. Natl. Acad. Sci. USA 2022, 119, e2111294119. [CrossRef]

Calsamiglia, S.; Busquet, M.; Cardozo, PW.; Castillejos, L.; Ferret, A. Invited Review: Essential oils as modifiers of rumen
microbial fermentation. J. Dairy Sci. 2007, 90, 2580-2595. [CrossRef]

Patra, A.K.; Yu, Z. Effects of essential oils on methane production and fermentation by, and abundance and diversity of, rumen
microbial populations. Appl. Environ. Microbiol. 2012, 78, 4271-4280. [CrossRef]


https://www.ccacoalition.org/resources/global-methane-assessment-full-report
https://doi.org/10.1088/1748-9326/aab89c
https://doi.org/10.1073/pnas.2111294119
https://doi.org/10.3168/jds.2006-644
https://doi.org/10.1128/AEM.00309-12

Methane 2025, 4,13 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Smith, E; Spengler, K.; Reinicke, F.; Heider-van Diepen, C. Impact of essential oils on methane emissions, milk yield, and feed
efficiency and resulting influence on the carbon footprint of dairy production systems. Environ. Sci. Pollut. Res. 2023, 30,
48824-48836.

Hart, KJ.; Jones, H.G.; Waddams, K.E.; Worgan, H.J.; Zweifel, B.; Newbold, C.J. An essential oil blend decreases methane
emissions and increases milk yield in dairy cows. Open J. Anim. Sci. 2019, 9, 259-267. [CrossRef]

Van Gastelen, S.; Yanez-Ruiz, D.; Khelil-Arfa, H.; Blanchard, A.; Bannink, A. Effect of a blend of cinnamaldehyde, eugenol, and
capsicum oleoresin on methane emission and lactation performance of Holstein-Friesian dairy cows. J. Dairy Sci. 2023, 107,
857-869. [CrossRef]

Tondini, S.M.; Bayat, A.R.; Khelil-Arfa, H.; Blanchard, A.; Yanez-Ruiz, D.R. Effect of a blend of cinnamaldehyde, eugenol and
capsicum oleoresin on methane emission and lactation performance of Nordic Red dairy cows fed grass silage-based diets. Livest.
Sci. 2024, 284, 105494. [CrossRef]

Ungerfeld, E.M. Inhibition of rumen methanogenesis and ruminant productivity: A meta-analysis. Front. Vet. Sci. 2018, 5, 113.
[CrossRef]

Hegarty, R.S.; Passetti, R.A.C.; Dittmer, K.M.; Wang, Y.; Shelton, S.W.; Emmet-Booth, J.; Wollenberg, E.K.; McAllister, T.; Leahy, S.;
Beauchemin, K.; et al. An Evaluation of Emerging Feed Additives to Reduce Methane Emissions from Livestock, 1st ed.; Climate Change,
Agriculture and Food Security (CCAFS) and the New Zealand Agricultural Greenhouse Gas Research Centre (NZAGRC), Global
Research Alliance (GRA): Palmerston North, New Zealand, 2021.

Morgavi, D.P,; Cantalapiedra-Hijar, G.; Eugene, M.; Martin, C.; Noziere, P.; Popova, M.; Ortigues-Marty, I.; Mufioz-Tamayo,
R.; Ungerfeld, E.M. Review: Reducing enteric methane emissions improves energy metabolism in livestock: Is the tenet right?
Animal 2023, 17 (Suppl. S3), 100830. [CrossRef]

NRC (National Research Council). Nutrient Requirements of Dairy Cattle, 7th ed.; National Academic Press: Washington, DC, USA,
2001.

Benchaar, C.; Greathead, H. Essential oils and opportunities to mitigate enteric methane emissions from ruminants. Anim. Feed.
Sci. Technol. 2011, 166, 338-355. [CrossRef]

Bodas, R.; Prieto, N.; Garcia-Gonzélez, R.; Andrés, S.; Girdldez, EJ.; Lopez, S. Manipulation of rumen fermentation and methane
production with plant secondary metabolites. Anim. Feed. Sci. Technol. 2012, 176, 78-93. [CrossRef]

Nourbakhsh, E,; Lotfalizadeh, M.; Badpeyma, M.; Shakeri, A.; Soheili, V. From plants to antimicrobials: Natural products against
bacterial membranes. Phytother. Res. 2022, 36, 33-52. [CrossRef]

Wang, W.; Wang, Y.; Guo, T,; Gao, C.; Yang, Y.; Yang, L.; Cui, Z.; Mao, J.; Liu, N.; An, X,; et al. Blend of Cinnamaldehyde,
Eugenol, and Capsicum Oleoresin Improved Rumen Health of Lambs Fed High-Concentrate Diet as Revealed by Fermentation
Characteristics, Epithelial Gene Expression, and Bacterial Community. Animals 2023, 13, 1663. [CrossRef]

Ungerfeld, E.M. Metabolic hydrogen flows in rumen fermentation: Principles and possibilities of interventions. Front. Microbiol.
2020, 11, 589. [CrossRef]

Kreuzer, M.; Kirchgessner, M.; Miiller, H.L. Effect of defaunation on the loss of energy in wethers fed different quantities of
cellulose and normal or steamflaked maize starch. Anim. Feed. Sci. Technol. 1986, 16, 233-241. [CrossRef]

Newbold, C.J.; de la Fuente, G.; Belanche, A.; Ramos-Morales, E.; McEwan, N.R. The role of ciliate protozoa in the rumen. Front.
Microbiol. 2015, 6, 1313. [CrossRef]

Cardozo, PW.; Calsamiglia, S.; Ferret, A.; Kamel, C. Effects of alfalfa extract, anise, capsicum, and a mixture of cinnamaldehyde
and eugenol on ruminal fermentation and protein degradation in beef heifers fed a high-concentrate dietl. J. Anim. Sci. 2006, 84,
2801-2808. [CrossRef]

Geraci, ].I; Garciarena, A.D.; Gagliostro, G.A.; Beauchemin, K.A.; Colombatto, D. Plant extracts containing cinnamaldehyde,
eugenol and capsicum oleoresin added to feedlot cattle diets: Ruminal environment, short term intake pattern and animal
performance. Anim. Feed. Sci. Technol. 2012, 176, 123-130. [CrossRef]

Chaves, A.; He, M.; Yang, W.; Hristov, A.; Mcallister, T.; Benchaar, C. Effects of essential oils on proteolytic, deaminative and
methanogenic activities of mixed ruminal bacteria. Can. J. Anim. Sci. 2008, 88, 117-122. [CrossRef]

Bacéninaité, D.; Dzermeikaité, K.; Antanaitis, R. Global warming and dairy cattle: How to control and reduce methane emission.
Animals 2022, 12, 2687. [CrossRef] [PubMed]

Hristov, A.N.; Bannink, A.; Battelli, M.; Belanche, A.; Sanz, M.C.C.; Fernandez-Turren, G.; Garcia, F,; Jonker, A.; Kenny, D.A;
Lind, V.; et al. Feed additives for methane mitigation: Recommendations for testing enteric methane-mitigating feed additives in
ruminant studies. J. Dairy Sci. 2025, 108, 322-355. [CrossRef] [PubMed]

Rodriguez-Prado, M.; Ferret, A.; Zwieten, J.; Gonzalez, L.; Bravo, D.; Calsamiglia, S. Effects of dietary addition of capsicum
extract on intake, water consumption, and rumen fermentation of fattening heifers fed a high-concentrate diet. J. Anim. Sci. 2012,
90, 1879-1884. [CrossRef]

Kirkland, R.M.; Gordon, EJ. The effects of milk yield and stage of lactation on the partitioning of nutrients in lactating dairy cows.
J. Dairy Sci. 2001, 84, 233-240. [CrossRef]


https://doi.org/10.4236/ojas.2019.93022
https://doi.org/10.3168/jds.2023-23406
https://doi.org/10.1016/j.livsci.2024.105494
https://doi.org/10.3389/fvets.2018.00113
https://doi.org/10.1016/j.animal.2023.100830
https://doi.org/10.1016/j.anifeedsci.2011.04.024
https://doi.org/10.1016/j.anifeedsci.2012.07.010
https://doi.org/10.1002/ptr.7275
https://doi.org/10.3390/ani13101663
https://doi.org/10.3389/fmicb.2020.00589
https://doi.org/10.1016/0377-8401(86)90114-8
https://doi.org/10.3389/fmicb.2015.01313
https://doi.org/10.2527/jas.2005-593
https://doi.org/10.1016/j.anifeedsci.2012.07.015
https://doi.org/10.4141/CJAS07061
https://doi.org/10.3390/ani12192687
https://www.ncbi.nlm.nih.gov/pubmed/36230428
https://doi.org/10.3168/jds.2024-25050
https://www.ncbi.nlm.nih.gov/pubmed/39725501
https://doi.org/10.2527/jas.2010-3191
https://doi.org/10.3168/jds.S0022-0302(01)74473-6

Methane 2025, 4,13 13 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Khiaosa-Ard, R.; Zebeli, Q. Meta-analysis of the effects of essential oils and their bioactive compounds on rumen fermetnaiton
charactersistics and feed efficiency in ruminants. J. Anim. Sci. 2013, 91, 1819-1830. [CrossRef]

Bach, A.; Elcoso, G.; Escartin, M.; Spengler, K.; Jouve, A. Modulation of milking performance, methane emissions, and rumen
microbiome on dairy cows by dietary supplementation of a blend of essential oils. Animal 2023, 17, 100825. [CrossRef]

Elcoso, G.; Zweifel, B.; Bach, A. Effects of a blend of essential oils on milk yield and feed efficiency of lactating dairy cows. Appl.
Anim. Sci. 2019, 35, 304-311. [CrossRef]

Muetzel, S.; Lawrence, P.; Hoffmann, E.M.; Becker, K. Evaluation of a stratified continuous rumen incubation system. Anim. Feed.
Sci. Technol. 2009, 151, 32-43. [CrossRef]

Ramos-Morales, E.; Arco-Perez, A.; Martin-Garcia, A.L; Yanez-Ruiz, D.R. Use of stomach tubing as an alternative to rumen
cannulation to study ruminal fermentation and microbiota in sheep and goats. Anim. Feed. Technol. 2014, 198, 57-66. [CrossRef]
Moloney, A.P.; McHugh, T.V.; Moloney, B.C. Volume of liquid in the rumen of Friesian steers offered diets based on grass silage.
Ir. . Agric. Food Res. 1993, 32, 133-145.

Reynolds, C.K.; Durst, B.; Lupoli, B.; Humphries, D.].; Beever, D.E. Visceral tissue mass and rumen volume in dairy cows during
transition from late gestation to early lactation. J. Dairy Sci. 2004, 87, 961-971. [CrossRef] [PubMed]

Martinez-Fernandez, G.; Abecia, L.; Martin-Garcia, A.l.; Ramos-Morales, E.; Denman, S.E.; Newbold, C.J.; Molina-Alcaide, E.;
Yanez-Ruiz, D.R. Response of the rumen archaeal and bacterial populations to anti-methanogenic organosulphur compounds in
continuous-culture fermenters. FEMS Microbiol. Ecol. 2015, 91, fiv079. [CrossRef] [PubMed]

Theodorou, M.K.; Williams, B.A.; Dhanoa, M.S.; McAllan, A.B.; France, J. A simple gas production method using a pressure
transducer to determine the fermentation kinetics of ruminant feeds. Anim. Feed. Sci. Technol. 1994, 48, 185-197. [CrossRef]
Arco-Pérez, A.; Ramos-Morales, E.; Yafiez-Ruiz, D.; Abecia, L.; Martin-Garcia, A. Nutritive evaluation and milk quality of
including of tomato or olive by-products silages with sunflower oil in the diet of dairy goats. Anim. Feed Sci. Technol. 2017, 232,
57-70. [CrossRef]

Barker, S.B.; Summerson, W.H. The colorimetric determination of lactic acid in biological material. J. Biol. Chem. 1941, 138,
535-554. [CrossRef]

Weatherburn, M.W. Phenol-hypochlorite reaction for determination of ammonia. Anal. Chem. 1967, 39, 971-974. [CrossRef]
Busquet, M.; Calsamiglia, S.; Ferret, A.; Cardozo, PW.; Kamel, C. Effects of cinnamaldehyde and garlic oil on rumen microbial
fermentation in a dual flow continuous culture. J. Dairy Sci. 2005, 88, 2508-2516. [CrossRef]

AOAC (Association of Official Analytical Chemists). Official Methods of Analysis, 15th ed.; Association of Official Analytical
Chemists: Washington, DC, USA, 1990.

Licitra, G.; Hernandez, T.M.; Van Soest, P.J. Standardization of procedures for nitrogen fractionation of ruminant feeds. Anim.
Feed. Sci. Technol. 1996, 57, 347-358. [CrossRef]

Maeda, H.; Fujimoto, C.; Haruki, Y.; Maeda, T.; Kokeguchi, S.; Petelin, M.; Arai, H.; Tanimoto, I.; Nishimura, F.; Takashiba,
S. Quantitative real-time PCR using TagMan and SYBR Green for Actinobacillus actinomycetemcomitans, Porphyromonas
gingivalis, Prevotella intermedia, tetQ gene and total bacteria. FEMS Immunol. Med. Microbiol. 2003, 39, 81-86. [CrossRef]
Sylvester, ].T.; Karnati, S.K.; Yu, Z.; Morrison, M.; Firkins, J.L. Development of an assay to quantify rumen ciliate protozoal
biomass in cows using real-time PCR. J. Nutr. 2004, 134, 3378-3384. [CrossRef]

Denman, S.E.; Tomkins, N.W.; McSweeney, C.S. Quantitation and diversity analysis of ruminal methanogenic populations in
response to the antimethanogenic compound bromocholoromethane. FEMS Microbiol. Ecol. 2007, 62, 313-322. [CrossRef]
AOAC (Association of Official Analytical Chemists). Official Methods of Analysis, 16th ed.; Association of Official Analytical
Chemists: Washington, DC, USA, 1999.

Rey, J.; Atxaerandio, R.; Ruiz, R.; Ugarte, E.; Gonzélez-Recio, O.; Garcia-Rodriguez, A.; Goiri, I. Comparison Between Non-Invasive
Methane Measurement Techniques in Cattle. Animals 2019, 9, 563. [CrossRef]

Madsen, J.; Bjerg, B.S.; Hvelplund, T.; Weisbjerg, M.R.; Lund, P. Methane and carbon dioxide ratio in excreted air for quantification
of the methane production from ruminants. Livest. Sci. 2010, 129, 223-227. [CrossRef]

Pedersen, S.; Blanes-Vidal, V.; Joergensen, H.; Chwalibog, A.; Haeussermann, A.; Heetkamp, M.J.W.; Aarnink, A.J.A. Carbon
dioxide production in animal houses: A literature review. Agric. Eng. Int. CIGR ]. 2008, 10, 1-19.

Huhtanen, P.; Cabezas-Garcia, E.H.; Utsumi, S.; Zimmerman, S. Comparison of methods to determine methane emissions from
dairy cows in farm conditions. J. Dairy Sci. 2015, 98, 3394-3409. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2527/jas.2012-5691
https://doi.org/10.1016/j.animal.2023.100825
https://doi.org/10.15232/aas.2018-01825
https://doi.org/10.1016/j.anifeedsci.2008.11.001
https://doi.org/10.1016/j.anifeedsci.2014.09.016
https://doi.org/10.3168/jds.S0022-0302(04)73240-3
https://www.ncbi.nlm.nih.gov/pubmed/15259230
https://doi.org/10.1093/femsec/fiv079
https://www.ncbi.nlm.nih.gov/pubmed/26183917
https://doi.org/10.1016/0377-8401(94)90171-6
https://doi.org/10.1016/j.anifeedsci.2017.08.008
https://doi.org/10.1016/S0021-9258(18)51379-X
https://doi.org/10.1021/ac60252a045
https://doi.org/10.3168/jds.S0022-0302(05)72928-3
https://doi.org/10.1016/0377-8401(95)00837-3
https://doi.org/10.1016/S0928-8244(03)00224-4
https://doi.org/10.1093/jn/134.12.3378
https://doi.org/10.1111/j.1574-6941.2007.00394.x
https://doi.org/10.3390/ani9080563
https://doi.org/10.1016/j.livsci.2010.01.001
https://doi.org/10.3168/jds.2014-9118

	Introduction 
	Results 
	Experiment 1 (In Vitro) 
	Experiment 2 (In Vivo) 
	Enteric Methane Emissions 
	Animal Performance 


	Discussion 
	Experiment 1 (In Vitro) 
	Experiment 2 (In Vivo) 

	Materials and Methods 
	Experiment 1 (In Vitro) 
	Experimental Design 
	Fermentation Parameter Analyses 
	Real-Time qPCR Analysis 

	Experiment 2 (In Vivo) 
	Animals, Design, and Diets 
	Sample Collection and Chemical Analyses 
	Gas Emissions 
	Statistical Analysis 


	Conclusions 
	References

