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In vitro screening of
anti-methanogenic additives for
use in Australian grazing systems

Mariano C. Parra1†, Daniel L. Forwood1†, Alex V. Chaves2†

and Sarah J. Meale1*†

1School of Agriculture and Food Science, The University of Queensland, Gatton, QLD, Australia, 2School of
Life and Environmental Sciences, Faculty of Science, The University of Sydney, Sydney, NSW, Australia
Despite considerable effort to develop and optimise additives to reduce methane

emissions from cattle, little information on additive effectiveness exists for cattle

under grazing scenarios. As the majority of Australian cattle production occurs on

grazing land it is pertinent to report on the use of additives under simulated

conditions. The current study evaluated the addition of nine additives to Rhodes

grass hay under in vitro conditions, to estimate their impact on methane (CH4), gas

production, and rumen fermentation parameters (volatile fatty acids, rumen pH and

in vitro dry matter digestibility [IVDMD]). Citral extract at 0.1% of rumen media

decreased all CH4 production parameters, but reduced gas production and

digestibility, compared to a 100% hay control. Similarly, Sandalwood essential oil

decreased CH4 production at 48 h, IVDMD and gas production, compared to the

control. Biochar + nitrates at 5 and 8% DM, and Biochar + Asparagopsis at 5% DM

decreased cumulative CH4 production (15.6%, 25.9%, 23.8%, respectively; P < 0.01),

compared to the control. No changes in IVDMD and gas productionwere observed.

As such, the biochar additives were considered the most promising additives from

those evaluated with a substrate designed to replicate Australian grazing systems.

KEYWORDS

in vitro batch culture fermentation, methane, anti-methanogenic additives, rumen

fermentation, forage-based diet
Introduction

To understand the magnitude of reducing enteric methane (CH4) emissions from

Australian grazing systems, it is necessary to understand the composition of the beef cattle

industry in Australia. Beef cattle systems account for ~55% of the agricultural sector

(Greenwood et al., 2018). Grazing systems are responsible for 1,152.61 gigagrams of CH4,

corresponding to 79.5% of total emissions from cattle population, 59.8% of total domestic

ruminants, and 53.2% of total Australian agricultural emissions in 2019 (AGEIS, 2019).

Consumers are becoming increasingly aware of the carbon cycle and the contribution of

enteric CH4 emissions from cattle. When coupled with the primary goal of producing high-

quality protein, systems which can mitigate emissions and sequester carbon are becoming

increasingly desirable. For this reason, the Australian RedMeat Industry set the ambitious target
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to be carbon neutral by 2030. To achieve such a status within the given

timeframe, adoption of commercially ready strategies must be a target.

As such, this study aimed to screen commercially available, and novel

feed compounds with the potential for immediate commercialisation, for

their ability to reduce CH4 without affecting rumen fermentation

parameters. Rapid in vitro screening allows the evaluation of multiple

treatments and variables at the same time, by simulating ruminal

digestion kinetics and restricting ambient influence, but considering

variability in rumen fluid conditions (Cabezas-Garcia et al., 2021).

Anti-methanogenic additives selected for the current study, had

previously shown direct modes of action against CH4 production, by

promoting synthesis of bacteriocin-like compounds (Deng et al.,

2018), limiting the synthesis of isoprenoids units, transmembrane

proteins and adhesion-like proteins which are important on

methanogens cell wall (Busquet et al., 2005), inhibiting subunits

genes (Mtr and Eha) involved in methanogenesis (Zhou et al.,

2018) and suppression of electron transfer in the reduction of

methyl coenzyme M into CH4 (Kung et al., 2003). Similarly, these

compounds have also shown indirect modes of action including

damage of bacterial integrity as well as enzymatic activity (Wanapat

et al., 2008; Oskoueian et al., 2013), creation of an alternative

hydrogen sink (e.g. propionate) (Patra and Yu, 2012; Joch et al.,

2016), or development of microbial biofilms (Thies and Rillig, 2012).

Unfortunately, despite promising reductions in CH4, some evidence

suggests anti-methanogenic additivesmay have adverse effects on rumen

fermentation parameters and nutrient digestion, as well as ruminal

microbial adaptation. Therefore, the objective of this study was to

evaluate the capacity of four commercial additives and three non-

commercial compounds to reduce CH4 concentration and production

at 24 and 48 hours under in vitro conditions, as well as their influence on

rumen fermentation parameters at the end of the incubation.
Materials and methods

Rumen fluid collections were conducted in accordance with the

Australian Code of Practice for the Care and Use of Animals for

Scientific Purposes with approval from The University of Queensland

Animal Ethics Committee (SA2019/08/707).
Animals and rumen fluid collection

The location of this study was at UQ Gatton research Dairy, the

University of Queensland, Gatton campus. Three cannulated Holstein

steers, fed exclusively with Rhode grass hay, were used for rumen fluid

collection. These collections occurred two to three hours after

morning feeding. Rumen fluid samples were collected from the

dorsal, anterior ventral, medium ventral, posterior dorsal and

posterior ventral regions of the rumen and transferred into a pre-

warmed thermos. In the laboratory, rumen fluid was purged under

constant CO2 and stored at 39°C until in vitro incubations.
Batch culture in vitro fermentation

Forall in vitro incubationsRhodegrasshaywasusedas the substrate to

mimicNorthernQueensland grazing conditions. The haywas dried at 60°
Frontiers in Animal Science 02
C for 48 h and ground through a 1-mmsieve (Retsch ZM200;Haan,NW,

Germany) for chemical composition analysis and in vitro incubations.

A total of 9 additives were evaluated, compared to a Rhodes grass

only control. Additives names have been changed per an agreement

with manufacturers. The additives evaluated in the current study

comprised 1) Garlic powder (garlic powder, lauric and stearic acids

and citrus extract); 2) Biochar + nitrates; 3) Biochar + Asparagopsis

(The pyrolysis of both biochar additives was 600°C for 30 min); 4)

Commercial essential oil blend (EO blend); 5) Citral extract (95% of

purity; SIGMA-Aldrich, St Louis, United States of America); 6) Pure

Sandalwood essential oil (EO) extract (The Paperbark Company, West

Leederville, Australia); 7) Bacillus probiotic additive (B. licheniformis

and B. Subtilis), and Sugar cane extract (phenolic compound and

flavonoids) evaluated as either 8) powder, or 9) liquid, considering

each presentation as an independent additive. Inclusion levels were

selected following manufacturers recommendations and doses used in

previous studies demonstrating effective CH4 reduction. Additives in

powder formwere included on a dry matter basis, replacing the amount

of substrate incubated. Whereas, liquid additives with included based

on a percentage of total media incubated (rumen fluid and buffer;

Table 1). Powder additives with a particle size >1 mmwere ground to 1

mm, to ensure homogenisation with the Rhodes grass substrate.

Additives and control (substrate only, 100% hay) were incubated in

triplicates on 3 separate runs, using in vitro batch culture fermentation

method described in Meale et al. (2012). Additionally, 3 blanks bottles

with no substrate or additive were included in each run, totalling 261

bottles across the entire experiment. Garlic powder and Citral extract

were only incubated in two runs due to COVID-19 restrictions.

A total of 0.5 g of Rhode grass (substrate) was placed into

ANKOM bags with solid additives. Liquid additives were

transferred into bottles prior to the inclusion of rumen fluid, and

immediately capped with rubber stoppers. On incubation day, amber

serum bottles were warmed at 39°C in the incubator for 60 min and

gassed with CO2 before the inclusion of 25 mL of 2:1 mixture of

rumen fluid: buffer saturated with CO2. Modified McDougall’s buffer

was used in the current study (Czerkawski and Breckenridge, 2007).

Bottles were capped with rubber stoppers, and transferred into the

incubator at 39°C with rotatory shaker at 120 oscillations/min.
Rumen fermentation and methane
sample collection

Culture bottles were removed at 24 and 48 h to estimate gas

production using water displacement apparatus (Fedorah and

Hrudey, 1983). To estimate CH4, 17 mL of fermentation gas were

collected per bottle at both incubation times, using 20 mL syringe and

transferred into a 12 mL evacuated exetainer, guaranteeing positive

pressure. At 48 h of incubation, culture bottles were opened and

immediately placed on ice to cease microbial fermentation. pH was

measured immediately (Activon Model 209, Gladesville, NSW,

Australia). A sub-sample (1.5 mL) of each bottle culture was

transferred into 2 mL Eppendorf tube with 300 mL of

metaphosphoric acid (20% w/w) and stored at -20°C for further

volatile fatty acids (VFA) analysis. ANKOM bags were extracted from

bottles, rinsed and washed to remove culture media and dried at 60°C

for 24 h.
frontiersin.org
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Laboratory analysis

Samples of Rhodes grass hay used feed steers were collected,

mixed and dry for the follow chemical composition analysis. Dry

matter (DM) content was estimated at 105°C [AOAC (2005), method

934.01]. Ash was determined at 550°C for 8 h [AOAC (2005), method

942.05]. Ash free neutral detergent fibre (aNDFom) content was

calculated using the procedure mentioned in (Mertens, 2002). Acid

detergent fibre (ADF) was estimated following AOAC (2005, method

973.18) Nitrogen content was determined using distillation and

titration method (Sweeney, 1989). For N estimation was used

LECO CN928 carbon/nitrogen combustion analyser AOAC (2005,

method 990.03) (LECO Corporation; St Joseph, MI, United States of

America). Crude protein (CP) was calculated by multiplying N

content by 6.25. Substrate consisted of 90.37% DM, 9.31% CP, 8.9%

ash, 66.19% NDF and 36.9% ADF.

A total of 3 mL sub-sample of fermentation gas was removed from

the exetainers and analysed for CH4, using gas chromatography

following the procedure from Chaves et al. (2006). For the current

study, CH4 was expressed as mg CH4/g digested DM and total net gas

production (mL)/g DM incubated. Total (TVFA) and individual VFA

percentage of TVFA were calculated using gas chromatography,

following specifications and procedure mentioned in (Forwood

et al., 2019). Subsamples obtained from blank culture bottles were

analysed to estimate net total VFA production.

ANKOM bags were weighed after washing and drying at 60°C for

48 h to calculate substrate digested over the incubation period

(IVDMD). For additives in powder form, IVDMD was adjusted

following the equation presented in Teoh et al. (2019), where

digestible DM (g) was corrected by extracting the soluble DM

fraction (Table 2) from the residues after 48 h of incubation.
Statistical analysis

Data obtained from in vitro fermentations were analysed by

additive type (liquid and powder) as completely randomized design

using PROC MIXED of SAS software (9.4 version, SAS institute Inc.,
Frontiers in Animal Science 03
Cary, NC), using treatment (additives) as fixed effects, run and the

interaction of run and treatment were considered random effects.

Incubation run was used as an error term to estimate treatment effects

on CH4, rumen fermentation parameters and IVDMD. Treatment

effects were determined comparing treatment dose replicates means

with control (100% Rhodes grass hay), using least squares mean linear

hypothesis test (LSMEANS/DIFF) with Dunnett adjustment,

declaring significance at P ≤ 0.05 and tendency at 0.05 < P ≤ 0.10.
Results

Most of the additives evaluated in the current study did not elicit

changes in in vitro rumen fermentation parameters, CH4 or IVDMD

at either timepoint, as well as CH4 cumulative concentration and

production (Tables 3, 4).

When comparing the liquid additives, cumulative CH4

production (mL; P < 0.01) and CH4 per gram of DM incubated (P

< 0.01) were lower than the control with Citral extract at 0.1% of

culture media (40.45% and 41.0%). Inclusion of Sandalwood EO at

5% DM resulted in a 25.6% reduction (P<0.01) in CH4 at 48 h, but did

not affect cumulative CH4 (Table 3; P > 0.05). Despite this, inclusion

of Citral extract at the highest dose (0.1% culture media) decreased

total gas fermentation parameters compared to the control, where

cumulative gas production decreased (mL; P < 0.01) by 24.3%
TABLE 2 Soluble fraction of powder additives evaluated in in vitro batch
culture incubation.

Additive Soluble fraction, (%DM)

Garlic powder 76

Biochar + nitrates 31.2

Biochar + Asparagopsis 63.5

Commercial essential oil blend 33.9

Bacillus probiotic 7.7

Sugar cane extract (powder) 99.4
TABLE 1 Doses of powder and liquid additives evaluated in the In vitro batch culture incubation.

Additives Dose 1 Dose 2 Dose 3

Powder additives (concentration, %DM)

Garlic powder 1 3 5

Biochar + nitrates 2 5 8

Biochar + Asparagopsis 1 3 5

Commercial essential oil blend 0.05 0.25 0.5

Bacillus probiotic 0.25 0.5 0.75

Sugar cane extract (powder) 0.025 0.05 0.1

Liquid additives (concentration, % rumen fluid volume)

Citral 0.1 0.5 1

Pure Sandalwood essential oil 1 3 5

Sugar cane extract (liquid) 0.25 0.5 1
fron
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(Table 3). The highest dose Sandalwood EO (5% culture media) also

lowered cumulative gas production (mL) by 16.0%, compared to the

control. Media pH increased (P<0.01) with the inclusion of 0.05 and

0.1% Citral, and 3 and 5% Sandalwood EO, without an observable

change in TVFA concentration or production or individual VFA

concentrations (Table 3). Citral extract at 0.1% of culture media and

Sandalwood EO at 3% and 5% of culture media, decreased IVDMD by

19.6%, 12.4% and 13.3%, respectively, compared to the control.

Of the powder add i t i ve s , B iochar + ni t ra t e s and

Biochar + Asparagopsis at their highest doses (8 and 5% DM,

respectively) were able to elicit a reduction in cumulative CH4 at 48

h (25.9 and 23.8% expressed as mL CH4; and 22.8 and 19.8% when

expressed as mL CH4/g DM, respectively), compared to the control

(Table 4). Biochar + nitrates at 5% DM also showed a reduction in

cumulative CH4 at 48h (mL), but this was not observed on a mL/g

DM basis. No effect was observed on gas production, TVFAs or

individual percentages of TVFAs. With the exception of acetate,

which tended (P=0.07) to be higher than the control, with the

inclusion of 8% DM Biochar + nitrates (Table 4). Media pH was

higher than the control with the addition of the highest doses of the
Frontiers in Animal Science 04
two biochar additives; however, the change was not considered

biologically relevant as pH levels were maintained above 6.0,

favouring microbial growth (Calsamiglia et al., 2002). Despite no

other observed effects, garlic powder inclusion at 5% DM decreased

IVDMD by 11.2%, compared to the control.
Discussion

Multiple strategies have been examined with the intention to

decrease CH4, yet the majority have shown only low and/or short-

term anti-methanogenic effectivity, with some also exhibiting

negative impacts on rumen fermentation, nutrient digestibility and

feed efficiency (Buddle et al., 2011; Beauchemin et al., 2020; Black

et al., 2021). There is also limited evidence of additive effectiveness

when included in forage-based diets, or for use in grazing systems.

Thus, the purpose of the current study was to provide foundational

evidence on the most promising additives to limit CH4 emissions in

the Australian context. The central hypothesis was that selected

commercial additives and non-commercial anti-methanogenic
TABLE 3 Effects of liquid additives (% media volume) on rumen fermentation parameters, IVDMD and methane over 24 and 48 h of incubation, through
three in vitro batch culture fermentation runs.

Parameter
Control Citral Sugar cane extract Sandalwood EO

SEM P-
value0% 0.01% 0.05% 0.10% 0.05% 0.1% 2% 1% 3% 5%

Gas production 24h, mL 37.89 38.12 32.95 27.04* 36.33 37.61 37.56 36.50 35.44 32.39* 2.04 <0.01

Gas production 48h, mL 29.34 28.80 27.85 23.37* 28.09 28.48 29.39 27.63 26.18 24.24* 1.58 0.01

Cumulative gas production 48h, mL 67.23 67.38 61.27 50.87* 64.42 66.09 66.94 64.13 61.62 56.63 2.10 <0.01

Cumulative gas production 48h, mL/g
DM 127.56 130.22 117.39 96.89* 123.22 124.67 128.11 122.44 116.11 107.11* 4.54 <0.01

CH4 24h, % 14.74 16.21 14.42 10.26* 14.43 15.11 14.16 14.67 14.60 14.18 1.27 0.06

CH4 48h, % 15.71 15.82 15.17 13.32 15.22 16.25 15.24 14.61 15.04 14.17 0.82 0.20

CH4 24h, mL 5.59 6.04 4.63 2.69* 5.23 5.63 5.33 5.34 5.20 4.58 0.47 <0.01

CH4 48h, mL 4.61 4.58 4.26 3.32* 4.29 4.64 4.46 4.04 3.95 3.43* 0.37 <0.01

Cumulative CH4 48h, mL 10.20 10.68 8.95 6.07* 9.51 10.27 9.75 9.34 9.14 8.01 0.74 <0.01

Cumulative CH4 48h, mL/g DM 19.32 20.47 17.00 11.40* 18.20 19.35 18.52 15.15 17.93 17.20 1.41 <0.01

IVDMD, % 53.92 54.11 49.02 43.34* 52.70 54.68 54.00 52.90 47.24* 46.76* 1.99 <0.01

pH 6.18 6.20 6.31* 6.41* 6.21 6.15 6.17 6.22 6.31* 6.32* 0.03 <0.01

Total VFA, mM 140.62 135.70 146.69 155.99 132.97 142.42 152.42 140.18 128.27 126.13 9.33 0.15

VFA production (48h-0h), mM 96.52 93.07 104.06 113.36 88.87 98.32 108.32 96.08 84.17 82.03 8.91 0.11

Acetic (%) 65.39 67.91 65.71 66.42 67.32 65.39 65.89 65.48 67.11 67.24 1.04 0.11

Propionate (%) 21.74 20.33 21.77 21.18 19.83 21.72 21.26 21.58 19.94 19.87 1.03 0.33

Butyrate (%) 8.57 7.42 8.19 8.25 8.57 8.44 8.71 8.82 8.46 8.76 0.46 0.55

BCVFA (%) 2.27 2.50 2.28 2.17 2.21 2.32 2.16 2.06 2.50 2.03 0.24 0.32

Valerate (%) 1.80 1.60 1.78 1.74 1.71 1.84 1.76 1.80 1.77 1.89 0.09 0.11

Caproic (%) 0.22 0.20 0.25 0.22 0.29 0.29 0.23 0.25 0.23 0.21 0.04 0.30

A:P 3.01 3.40 3.00 3.12 3.60 3.02 3.13 3.04 3.41 3.58 0.30 0.35
fron
CH4, methane; IVDMD, in vitro dry matter digestibility; VFA, volatile fatty acids; BCVFA, branched chain fatty acids; SEM, standard error mean. * Means differences (P ≤ 0.05) from control
treatment, † means tendency from control treatment (P ≤ 0.10).
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TABLE 4 Effects of powder additives (% DM) on rumen fermentation parameters, IVDMD and methane over 24 and 48 h of incubation, through three in vitro batch culture fermentation runs.

cillus probiotic Garlic powder Sugar cane extract
SEM

P-
value

0.50% 0.75% 1% 3% 5% 0.025% 0.05% 0.1%

35.79 37.83 39.81 36.84 37.14 36.22 34.50 36.83 1.70 0.14

28.87 27.48 27.73 27.01 25.86 27.87 27.69 28.37 2.01 0.88

61.79 65.31 67.36 63.97 62.82 64.09 62.19 65.20 2.49 0.87

122.56 128.89 132.89 127.69 124.39 126.00 124.00 129.78 5.03 0.98

15.24 14.92 15.56 15.23 14.59 14.44 14.34 14.74 1.03 <0.01

15.91 15.81 16.00 15.68 15.73 15.28 15.16 15.53 0.61 <0.01

5.49 5.65 6.15 5.59 5.39 5.22 5.14 5.43 0.34 <0.01

4.62 4.23 4.42 4.22 4.06 4.29 4.21 4.41 0.40 0.24

10.11 9.69 10.57 9.83 9.45 9.51 9.35 9.84 0.69 <0.01

20.04 19.09 20.89 19.60 18.73 18.70 18.64 19.61 1.35 <0.01

57.17 56.07 55.20 51.66 47.86* 53.96 55.81 55.34 1.73 <0.01

6.17 6.18 6.12 6.20 6.25 6.18 6.16 6.20 0.04 <0.01

162.29 155.35 148.03 152.28 148.99 156.34 155.99 153.59 6.05 0.70

118.20 111.25 104.96 109.22 105.92 112.24 111.89 109.49 6.24 0.75

66.82 66.28 66.61 66.74 67.02 66.40 66.32 66.55 0.72 0.07

20.91 21.34 20.54 20.85 20.39 21.28 21.40 21.27 0.46 0.48

8.14 8.12 8.58 8.13 8.29 8.18 8.22 8.03 0.31 0.24

2.24 2.31 2.22 2.26 2.25 2.22 2.17 2.24 0.14 0.97

1.69 1.75 1.72 1.74 1.75 1.71 1.70 1.71 0.08 0.09

0.19 0.20 0.29 0.25 0.27 0.21 0.18 0.21 0.02 0.01

3.20 3.12 3.25 3.20 3.30 3.13 3.11 3.14 0.10 0.44

ferences (P ≤ 0.05) from control treatment, † means tendency from control treatment (P ≤ 0.10).
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Parameter
Control EO blend Biochar + nitrates Biochar + Asparagopsis B

0% 0.05% 0.25% 0.5% 2% 5% 8% 1% 3% 5% 0.25%

Gas production 24h, mL 37.89 35.89 35.89 35.44 36.28 34.67 34.00 35.67 34.83 32.33 37.11

Gas production 48h, mL 29.34 28.10 27.97 28.51 27.57 28.83 29.14 26.74 27.41 26.87 27.64

Cumulative gas production
48h, mL 67.23 63.99 63.86 63.96 63.84 63.50 63.14 62.41 62.24 59.20 64.76

Cumulative gas production
48h, mL/g DM 127.56 126.22 126.33 126.67 126.56 126.11 124.67 124.33 124.11 118.11 128.44

CH4 24h, % 14.74 14.37 14.67 14.27 14.31 12.69 10.77* 14.38 13.72 12.01* 14.68

CH4 48h, % 15.71 14.91 14.92 15.40 16.17 14.50 13.156* 15.91 15.03 14.62 14.44

CH4 24h, mL 5.59 5.18 5.28 5.04 5.19 4.40 3.69 5.11 4.76 3.84 5.47

CH4 48h, mL 4.61 4.21 4.20 4.41 4.47 4.20 3.87 4.25 4.11 3.93 4.01

Cumulative CH4 48h, mL 10.20 9.39 9.48 9.45 9.66 8.61* 7.56* 9.36 8.87 7.77* 9.48

Cumulative CH4 48h, mL/g
DM 19.32 18.55 18.75 18.70 19.14 17.09 14.91* 18.66 17.70 15.49* 18.77

IVDMD, % 53.92 54.46 54.99 55.20 57.20 56.28 56.44 55.47 54.48 52.22 55.42

pH 6.18 6.20 6.19 6.22 6.23 6.27 6.33* 6.22 6.27 6.32* 6.22

Total VFA, mM 140.62 145.66 147.09 145.14 153.50 157.35 155.85 151.09 147.93 146.11 147.51

VFA production (48h-0h),
mM 96.52 101.56 102.99 101.04 109.40 113.25 111.75 107.00 103.83 102.01 103.41

Acetate (%) 65.39 65.73 66.37 65.86 66.65 66.59 67.66† 66.64 66.64 66.67 65.81

Propionate (%) 21.74 21.68 20.78 21.36 21.23 21.23 20.71 21.27 21.30 21.39 21.67

Butyrate (%) 8.57 8.40 8.64 8.54 8.07 8.11 7.63 7.95 7.87 7.78 8.35

BCVFA (%) 2.27 2.25 2.24 2.24 2.18 2.23 2.22 2.24 2.28 2.22 2.20

Valerate (%) 1.80 1.73 1.75 1.77 1.69 1.68 1.62 1.70 1.72 1.69 1.75

Caproate (%) 0.22 0.21 0.23 0.22 0.18 0.16 0.16 0.19 0.20 0.24 0.22

A:P 3.01 3.03 3.25 3.11 3.14 3.14 3.27 3.14 3.13 3.12 3.04

CH4, methane; IVDMD, in vitro dry matter digestibility; VFA, volatile fatty acids; BCVFA, branched chain fatty acids; SEM, standard error mean. * Means di
a
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compounds, with different modes of action, would reduce CH4

without impacting rumen fermentation parameters, under in vitro

conditions with a forage-based substrate. The results obtained from

this study did not support the hypothesis, as just two additives were

able to decrease CH4 with minimal impact on rumen fermentation

parameters, including gas production, total and individual VFA

percentage, and IVDMD.

In the current study, recommended manufacturers doses or doses

based on previous published literature were used. Most of the additives

and compounds evaluated did not exhibit the ability to inhibit CH4,

suggesting either an insufficient dose or perhaps these additives may

not be as effective when included in a forage-based diet. For instance,

Durmic et al. (2014) reported that the commercial essential oil blend

reduced CH4 concentration with a dose of 0.01 mg, using a grain-based

substrate. However, in the current trial, this additive with higher doses,

did not alter CH4 parameters. Although these discrepancies in additive

effectiveness might be considered negatively, these anti-methanogenic

strategies may still have an important role to reduce CH4 in intensive

cattle production systems. It is important to consider that some

additives have shown promise to promote animal productivity,

equating to a potential reduction in methane intensity. Both benefits

can facilitate their utilisation by Australian producers. In this sense, we

support the idea presented in Beauchemin et al. (2020) which proposed

the evaluation of combining additives with alternatives mode of

actions, on CH4 production and animal productivity.

Biochar additives (Biochar + nitrates and Biochar + Asparagopsis)

presented the most promising outcomes, where cumulative CH4

production was decreased expressed as both millilitres of methane and

per unit of DM. Interestingly, Biochar + Asparagopsis only reduced

methane at 24h of incubation while the other Biochar additive sustained

methane reduction at both sampling times and thus, reduced cumulative

production. Importantly, theses additives did not affect gas production

parameters, or IVDMD. The lack of effect on these parameters suggests

that CH4 inhibition was not simply a result of reduced microbial

fermentation or substrate digestion. This indicates that cattle

supplementation with these Biochar additives, may have the potential

to improve cattle growth and feed efficiency as more metabolic energy

and hydrogen can be utilised for metabolite synthesis, instead of being

utilised in methanogenesis (Patra and Yu, 2012).

Total VFA concentration or production was not affected by

biochar additives. However, a tendency for Biochar + nitrate at 8%

to increase the percentage of acetate (P = 0.07) was observed. An

increase in acetate by this additive was not expected as evidence

demonstrates a positive correlation with CH4 production due to the

release of CO2 and H2 during acetogenesis, which are the main

sources for hydrogenotrophic methanogens to produce CH4

(Janssen, 2010). It is speculated that the increase in acetate

percentage with Biochar + nitrates resulted from the presence of

potassium nitrates in the biochar, which may increase fibrolytic

bacterial communities, but the presence of nitrates has also been

shown to reduce firmicutes abundance (Zhao et al., 2015).

These outcomes indicate that both Biochar additives directly

inhibited methanogenesis. However, the inclusion of post-

processing compounds on these additives (KNO3 and Asparagopsis)

may have contributed to these results and altered the mode of action

against methanogenesis. In theory, biochar has a porous structure

with a large internal surface area (Thies and Rillig, 2012). These
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features favour microbial biofilm development increasing substrate

fermentation and metabolic energy utilisation (Teoh et al., 2019). In

addition, evidence suggests that Biochar can adsorb fermentation

gases including carbon dioxide to methanogenesis (Saleem et al.,

2018). Nevertheless, considering the doses used for these additives, it

is not feasible to consider this mode of action as a potential reason for

the observed CH4 reduction. Conversely, when KNO3 is available in

the rumen, ruminal bacterial can degraded into nitrites and later into

ammonia. During these catabolic reactions, hydrogen is required,

meaning that there is a direct competition with methanogens for

metabolic hydrogen (Newbold et al., 2014). Due to high nitrate

reactivity in the rumen, redox potential increases which can limit

the growth of most rumen bacteria communities (Marais et al., 1988).

For instance, rumen nitrate concentration above 2 mg/L inhibits

Ruminococcus spp and Fibrobacter succinogenes growth, which are

high hydrogen producers (Lee and Beauchemin, 2014; Yang et al.,

2016). Additional, Asparagopsis has the capacity to reduce CH4

production up to 90% under in vitro conditions. This red macro

algae has alternative compounds such as Bromochloromethane,

bromoform and chloroform which are methane analogs (Black

et al., 2021). These compounds can bind the prosthetic group of

methyl-coenzyme M which participates in the last step of

methanogenesis. Furthermore, Bromocloromethane compounds can

promote propionate production which is considered an alternative

hydrogen sink (Roque et al., 2021). However, the latest Asparagopsis

property is discarded in the current trial as Biochar + Asparagopsis

did not influence TVFA or the percentage of propionate in TVFA.

Indeed, both biochar additives studied here, have the potential to

become commercial additives, but it is necessary to determine the

exact KNO3 and Asparagopsis concentrations present, especially as

the latter at inclusions up to 0.20% of organic matter basis, may

generate residues in milk and meat, and reduce quality of these

products (Kinley et al., 2020). Further studies should confirm the

potential impact of including Asparagopsis compounds in biochar,

especially Bromochloroacetic acid and Dibromoacetic acid which are

considered as ozone-depleting substance (Chipperfield et al., 2020).

Sandalwood EO at 5%DMdecreased CH4 production at 48 h (mL)

of incubation by 25.6% (P < 0.01). However, the highest two doses

reduced IVDMD, and the highest dose reduce gas production,

compared with the control, suggesting that this additive at the

highest dose may limit substrate availability for ruminal microbiota,

and consequently CH4 synthesis. This mode of action to reduce CH4 is

not desirable for an anti-methanogenic additive as it may compromise

rumen bacterial growth, ruminal fermentation and potentially cattle

productivity (Benchaar and Greathead, 2011). An interesting feature

observed with this additive was a lag effect, where CH4 inhibition

occurred at the last period of the incubation (48h). Sandalwood EO

comprised components including Santalo, Bisabolol, Baergamatol and

Farneso, but there is limited knowledge on its potential mode of action

against methanogenesis. In previous studies, Sandalwood EO at

different doses (25 to 500 ul/L) decreased CH4 concentration up to

48% under in vitro conditions (Durmic et al., 2014; Jahani-Azizabadi

et al., 2019), but in the current study, the highest methane reduction

was 25.6%. In relation with fermentation parameters, there is a

consistent tendency of Sandalwood oil to reduce TVFA production

and IVDMD, but inconsistent results are observed on gas production,

where in the current study was reduced 13.3% with highest dose,
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Durmic et al. (2014) by 28.15%, but Jahani-Azizabadi et al. (2019) did

not observe changes in this parameter. Consideration of the cost of this

additive and supply factors would need to be accounted for, as this

additive is not currently marketed to the cattle industry and the scale of

production necessary could be a limitation to its adoption.

Citral at 0.10% of culture media showed a reduction in CH4

parameters. Unfortunately, the inhibition of CH4 was also

accompanied by reductions in IVDMD and gas production

parameters. Previous studies have observed low CH4 concentration

with the presence of Citral, but similar to the current study, this EO

compound, also affected other fermentation parameters such as

TVFA and propionic acid percentage (Joch et al., 2016). Citral is

known to have strong anti-bacterial properties due the capacity to

increase bacterial membrane permeability, intracellular pH and at the

same time directly competes with bacteria to access proteins and

nucleic acids. These changes leads to membrane damage, inhibition of

DNA transcription and enzymatic activities, as well as ATP leakage

(Dorman and Deans, 2000; Wanapat et al., 2008; Shi et al., 2016). In

this sense, it is hypothesized that the doses used in the current

incubations supressed bacterial growth and thus microbial

fermentation. Opposing outcomes were observed by Khan (2021) in

which citral inclusion at 25 uL/gDMi reduced CH4 production (47%)

in a RUSITEC incubation for 16 days. However, in the same study,

Citral increased total gas production, with a reduction of TVFA,

acetic and propionic percentage on TVFA, and IVDMD. Importantly

to mention that a low substrate digestion and total or individual VFA

percentage, indicates that ruminal bacterial fermentation was affected,

meaning that gases produced during fermentation should decrease as

well. Indeed, Citral has anti-methanogenic properties, but

unfortunately its inclusion with Rhodes grass was accompanied by

a strong impact on microbial fermentation. In this sense, further

studies should determine appropriate doses which may inhibit CH4

with minimum impact on microbial fermentation.

Overall, high doses of both Citral and Sandalwood EO cannot be

considered as anti-methanogenic alternatives for immediate industry

adoption, due to the impact on rumen fermentation parameters observed

using substrates representative of the Australian grazing system under in

vitro conditions. However, the potential utilisation of both compounds

should focus on low concentrations. In addition, future studies should

identify and isolate Sandalwood EO compounds which are responsible

for the reduction in CH4 without affecting feed digestibility, TVFA and

individual VFAs percentages. Moreover, the isolation of Sandalwood EO

compounds,might contribute as well with the identification of natural or

synthetic compounds with similar metabolic structure and function,

which potentially decrease dietary inclusion and costs.

In conclusion, four additives showed promising outcomes to

decrease CH4 concentration when included with a Rhodes grass hay

substrate. However, in some cases this was accompanied by a reduction

in bacterial fermentation and substrate digestibility. Biochar +

Asparagopsis decreased CH4 after 48h of in vitro incubations,

Biochar + nitrates reduced cumulative methane production. In both

cases, substrate digestion and rumen bacterial fermentation were not

affected, but individual VFA percentages were altered. However, until

more knowledge about concentration of KNO3 and Asparagopsis in

both Biochar additives is available, these cannot be proposed as

potential anti-methanogenic alternatives. Citral and Sandalwood EO

decreased CH4, and inhibited rumen microbial fermentation at high
Frontiers in Animal Science 07
doses. Thus, we recommend that only low doses should be considered

in further studies, or in the case of Sandalwood EO, the identification

and extraction of its compounds which may inhibit CH4, without

altering microbial fermentation or nutrient digestibility, should be

evaluated. Ultimately, any additive which shows promise under in vitro

conditions should then be evaluated in vivo to validate the effectiveness

of the additive prior to any recommendation for industry adoption.
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