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A B S T R A C T

The seaweed Aspragopsis armata has been shown to be a successful intervention to mitigate 
methane (CH4) emissions from ruminants due to the content of halogenated components, 
including bromoform. Some groups have been exploring extracting or synthesizing bromoform to 
be used as a feed additive rather than using whole seaweed biomass. This study was conducted to 
understand the differences between whole A. armata biomass and bromoform in their ability to 
reduce CH4 production when included in ruminant diets. A series of in vitro experiments were 
conducted, with a control group consisting of a 50 % hay:50 % concentrate. A. armata biomass 
supplementation levels of 0.25 and 0.50 %, containing 0.0037 and 0.0077 mg bromoform on a 
dry matter (DM) basis, respectively, were evaluated. Bromoform was evaluated at 0.0018, 
0.0036, and 0.0073 mg. The two highest levels of bromoform were comparable to the bromoform 
content in the seaweed biomass. Adding A. armata biomass led to significant reductions in CH4 
yield (mL/g) of 62.5 and 95.6 %, respectively, without compromising in vitro fermentation 
characteristics. The addition of bromoform resulted in a decrease in the CH4 yield (mL/g) by 7.6, 
23.0, and 59.6 %, respectively. In conclusion, while bromoform led to a dose-dependent reduction 
in CH4 production, A. armata has a greater effect at equivalent doses of bromoform, suggesting 
that the other components in the biomass, which were responsible for up to 40 % of the reduction, 
play a significant role in the anti-methanogenic efficiency of A. armata.

1. Introduction

It is estimated that about 30 % of anthropogenic CH4 emissions are produced by ruminants (Jackson et al., 2020). According to the 
International Panel on Climate Change (IPCC, 2014), CH4 has up to 80 times more warming potential than carbon dioxide (CO2) over a 
20-year period; therefore, research on reducing greenhouse gas emissions, particularly CH4, is increasing. Since 2021, more than 150 
countries worldwide have committed to a global pledge to reduce CH4 emissions by 30 % by 2030 as a measure to combat climate 
change (Malley et al., 2023). Given that the largest source of anthropogenic CH4 is agriculture, more specifically enteric CH4, there has 
been heightened interest in exploring methods to safely reduce CH4 emissions from cattle (Smith et al., 2021). Seaweeds are gaining 
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increasing public interest and media attention as a potential strategy to reduce enteric CH4 emissions from ruminants. Among these 
seaweeds, the genus Asparagopsis with species A. taxiformis and A. armata stand out for their potent efficacy in inhibiting methano
genesis from sheep and cattle by over 80 % with a supplementing level of 0.5–2 % on a DM basis of the basal diet (Bhowmick and 
Hayes, 2023). This effect has been attributed to the volatile halogenated compounds in Asparagopsis, particularly bromoform. Bro
moform is known to block or inhibit the activity of important enzymes responsible for methanogenesis, such as coenzyme M trans
ferase and methyl coenzyme M reductase (MCR) (Wood et al., 1968; Krone et al., 1989). Bromoform is the major halogenated 
compound in Asparagopsis, and its concentration is up to 100-fold higher than the next most abundant component, dibromochloro
methane (Machado et al., 2016b). As such, there has been an inherent assumption in the scientific and public literature that bromoform 
is solely responsible for the effectiveness of Asparagopsis as an anti-methanogenic feed additive for ruminants. As a result, there are 
currently attempts to extract bromoform from the seaweed or to use chemically-synthesized bromoform as a feed additive, instead of 
using whole seaweed biomass (Thomas and Monica, 2020; René Groeneveld, 2023).

Red marine algae from the family Bonnemaisoniaceae have been shown to produce a wide range of halogenated metabolites 
(Burreson et al., 1976; D. McCombs et al., 1988). Within this family, the genus Asparagopsis is widely distributed across tropical and 
temperate marine coastal ecosystems. To date, it has been reported that Asparagopsis contains about 124 halogenated small molecules 
varying in molecular weight, and they are stored in gland cells, which then releases them to the environment as chemical defense 
against herbivores and antagonistic bacteria (Paul et al., 2006; Peter and Fei, 2022; Parchemin et al., 2023). These compounds have 
been shown to possess a range of biological activities such as antioxidant, anti-inflammatory, antiprotozoal, and antibacterial effects 
(Kladi et al., 2004; Keng et al., 2020; Ponte et al., 2022). Although its concentration in Asparagopsis seaweed biomass was low 
compared to bromoform, dibromochloromethane had the ability to reduce CH4 (Sawyer et al., 1974; Machado et al., 2016b). Liu et al. 
(2011) reported that some haloalkanes such as 2-bromoethanesulfonate and 2-chloroethanesulfonate, presented in Asparagopsis are 
structural analogs to MCR and competitively inhibit the methyl transfer reactions that are essential in CH4 biosynthesis. Additionally, 
Thapa et al. (2020) found that the red seaweeds are rich in the bromoperoxidase enzyme, which is responsible for enhancing bro
moform production and release. According to a recent review by Ponte et al. (2022), it was reported that there are many other 
non-volatile metabolites, such as halogen compounds, flavonoids, and other phenolic compounds produced by this seaweed, but their 
chemical structures and properties have not been investigated yet. It is possible that other secondary metabolites also contribute to the 
anti-methanogenic efficacy of Asparagopsis. Thus, in addition to bromoform, the bioactive compounds present in seaweed biomass may 
play a role on the ability of Asparagopsis to inhibit methanogenesis. These substances may directly inhibit methanogenic archaea or 
work together synergistically to enhance efficacy.

Therefore, this study was conducted to evaluate the differences in the anti-methanogenic potential of whole Asparagopsis armata 
(AA) biomass versus pure bromoform (BF) as well as investigating the impacts on in vitro fermentation parameters and in vitro dry 
matter digestibility (IVDMD). We hypothesized that adding AA biomass to the incubation substrate would show a stronger potential for 
reducing in vitro CH4 production than BF due to the presence of other bioactive metabolites in the biomass.

2. Materials and methods

2.1. Basal diet and tested materials

The basal substrate for the in vitro incubations was composed of Kleingrass (Panicum coloratum) hay and a commercial concentrate 
mixture ground at 1 mm. The AA biomass at the gametophyte stage was harvested from Rakiura Big Glory Bay, New Zealand. The 
material was visually inspected for contaminants, which were manually removed. The seaweed biomass was washed and dewatered 
before blast freezing at − 18 ◦C, then delivered via refrigerated transport to MacLab (PH508-Tahunanui, Nelson, New Zealand), where 
the biomass was freeze-dried and stored at − 18 ◦C until shipping to Obihiro University of Agriculture and Veterinary Medicine, Japan. 
The material was shipped on ice using gel packs. Once the material was received, it was stored at − 20 ◦C. The biomass was ground by a 
cutting mill (Retsch SM-2000, Haan, Germany) to pass through a 1-mm sieve, then the ground material was packaged in aluminum 
laminated film zipper bags and kept at − 20 ◦C until being used for the in vitro trials. A sample of the ground AA biomass was analyzed 
for BF content at Zukosha Co., Ltd., Obihiro, Japan. The BF analysis was conducted using a gas chromatograph mass spectrometer 
(GCMS-QP2010Plus, Shimadzu Corp., Kyoto, Japan) combined with a TurboMatrix HS40 headspace sampler (PerkinElmer, Waltham, 
MA, USA) and equipped with an RTX-624 capillary column (60 m × 0.32 mm i.d.; film thickness 1.8 μm; Restek, Bellefonte, PA, USA). 
More information is described in detail by Ahmed et al. (2023). The BF content of the AA biomass was 1.7 mg/g DM. Synthesized BF 
with a purity of 99 % was purchased from Sigma-Aldrich®, Japan. A serial dilution using ethanol (99.5 %, v/v) was performed on an 
aliquot of the purified BF material in order to achieve a BF concentration equivalent to that of the AA biomass used in the experimental 
groups. To confirm the BF concentration in the prepared solutions, samples of the diluted solutions were analyzed at Zukosha Co., Ltd., 
Obihiro, Japan.

2.2. Rumen fluid collection, experimental design, and in vitro incubation

Rumen fluid was collected from two ruminally-fistulated, non-lactating Holstein cows approximately 8 years old with an average 
weight of 894 kg. Cows were fed at the maintenance level on a diet of orchard grass (Dactylis glomerata) hay. The requirements were 
calculated according to the guidelines of Japanese feeding standards for dairy cattle (MAFF, 1999). Information on feeding and 
housing conditions was reported previously (Ahmed et al., 2021a). About 1.5 L of rumen fluid was collected from both cows at four 
different locations in the rumen. The collected rumen fluid was strained through four layers of surgical gauze, placed into a thermos 
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flask that had been pre-warmed to 39 ◦C, and then immediately transferred to the laboratory. The animal care and sampling procedures 
were conducted in compliance with the standards set forth by the Animal Care and Ethics Committee of the Obihiro University of 
Agriculture and Veterinary Medicine, Japan (Approval number 22–210).

An in vitro batch culture with six experimental treatments was conducted according to the procedure described by Menke and 
Steingass (1988); each group had three replicates, and the experiment was repeated four times in different weeks. The control group 
was composed of a basal diet consisting of a 50 % Kleingrass hay and 50 % concentrate mixture. The AA biomass was tested at two 
levels: 0.25 % and 0.50 % containing 0.0038 and 0.0077 mg BF/g basal diet on a DM basis, respectively. The supplementation levels 
were based on previous preliminary experiments. In three experimental groups of chemically synthesized BF, the BF dissolved in 
ethanol was tested in three dosages as follows: 0.0018, 0.0036, and 0.0073 mg/g basal diet on a DM basis. In terms of BF content, the 
last two BF groups were comparable to AA biomass at 0.25 and 0.50 %, respectively. An equal volume (100 μl) of ethanol was added to 
the control and AA biomass bottles to compensate for any possible effects of ethanol on fermentation.

Approximately 900 mg (DM basis) of substrate was added to pre-weighed nylon bags with a pore size of 53 ± 10 μm (BG1020, 
Sanshin Industrial Co., Ltd., Kanagawa, Japan). The bags were subsequently heat-sealed and placed in 120-mL glass bottles. Under 
continuous CO2 flushing, 20 mL of rumen fluid and 40 mL of artificial saliva solution at pH 6.8 prepared according to McDougall 
(1948) were added to each bottle. The bottles were then flushed with CO2 before being sealed with butyl rubber stoppers and 
aluminum caps. All the bottles were incubated in a shaking incubator (TS-RS 12 L, TAKASUGI MFG. Co., Ltd. Tokyo, Japan) at 115 rpm 
and 39 ◦C. After 24 h of incubation, the total gas production was measured using a calibrated glass syringe (100 mL, VAN, Tsubasa 
Industry Co., Ltd., Tokyo, Japan). Samples from the headspace gas were collected using uncoated vacutainer tubes (BD Vacutainer, 
Becton Drive, NJ, USA) for the determination of CH4 and CO2 proportions by gas chromatography. The production of CH4 and CO2 
(mL) was calculated using the following formula: CH4/CO2 (mL) = Total gas production (mL) × CH4/CO2 (mL ÷ mL) (Liu et al., 2023). 
The pH was measured using a pH meter (LAQUA F-72, HORIBA Scientific, Kyoto, Japan), and 1 mL of the culture medium was 
collected and centrifuged at 16,000 × g at 4 ◦C for 5 min to estimate the production of volatile fatty acids (VFA) by high-performance 
liquid chromatography (HPLC, Shimadzu Corp., Kyoto, Japan). Details on sample preparation and HPLC specifications were reported 
previously in details (Ahmed et al., 2021b). Afterwards, nylon bags were rinsed with tap water and dried at 60 ◦C for 48 h to determine 
the IVDMD. The IVDMD was calculated as the DM that disappeared from the initial DM weight input into the bag after determining the 
weight of the undigested residue (Choi et al., 2022).

2.3. Chemical analyses

The chemical compositions of the basal diet (grass hay and concentrate mixture) and the AA biomass were conducted according to 
AOAC standard procedures (AOAC, 1995). The DM content was determined by drying the samples in an air-forced oven at 135 ◦C for 
2 h (method 930.15). The organic matter was measured by placing the samples in a muffle furnace at 500 ◦C for 3 h (method 942.05). 
The ether extract (EE) was determined according to method 920.39. The crude protein (CP) was estimated from nitrogen (nitrogen ×
6.25) according to the Kjeldahl method (method 984.13) using an electrical heating digester (DK 20, VELP Scientifica, Usmate (MB), 
Italy) and an automatic distillation apparatus (UDK 129 VELP Scientifica, Usmate (MB), Italy). The neutral detergent fiber (NDF), acid 
detergent fiber, and acid detergent lignin were determined by the Foss fibertec™ 8000 fiber analysis system (FOSS, Hilleroed, 
Denmark) and expressed as inclusive residual ash (van Soest et al., 1991). The NDF was measured using sodium sulfite and the 
heat-stable α-amylase. The non-fiber carbohydrate (NFC) was estimated according to the formula: NFC g/kg = 100 − (NDF g/kg + CP 
g/kg + EE g/kg + Ash g/kg) (Mertens, 1997). The chemical compositions of the tested materials are presented in Table 1.

2.4. Data analysis

Prior to analyses, data were checked for normality using PROC UNIVARIATE of SAS statistical software version 9.4 (SAS Institute 
Inc., Cary, NC, USA) with the Shapiro–Wilk and Kolmogorov–Smirnov tests. The homogeneity of treatment variances was verified 
using PROC GLM in SAS with Bartlett’s test. Data were screened for outliers using the Studentized Residuals method and Cook’s D 
method with no observations removed. Then the normally distributed data were statistically analyzed using the MIXED procedure in 
SAS. The model regarded the treatments as a fixed effect while considering the four experimental runs as random effects using the 
following model: 

Table 1 
Chemical composition (g/kg in dry matter) of the basal diet and A. taxiformis used for 24-h in vitro incubation.

Klein grass hay Concentrate mixture Asparagopsis armata

Dry matter (fresh matter) 910 875 906
Organic matter 892 937 548
Crude ash 108 63 452
Crude protein 146 188 181
Ether extract 37 43 0.0
Neutral detergent fiber 626 315 288
Acid detergent fiber 339 117 103
Acid detergent lignin 63 26 12
Non-fiber carbohydrate 83 391 79
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Yijk= µ + Ti + Rj + Eijk                                                                                                                                                                 

where the Yijk is the dependent variable; μ is the overall mean; Ti is the treatment effect; Rj is the random effect of run; and Eijk is the 
unexplained random error. Orthogonal polynomial contrasts were conducted to test the linear and quadratic responses of the inclusion 
levels of biomass and BF. The values are shown as means with standard errors of the means. Tukey’s test was used to estimate the 
differences in means among the experimental groups. Statistical significance was determined for differences at a P-value of less than 
0.05.

3. Results and discussion

Recently, seaweed, and specifically Asparagopsis spp., has emerged as a promising approach for mitigating enteric emissions from 
ruminants due to its structure that allows the accumulation of halogenated volatile organic compounds that can reach up to 2–6 % of 
the biomass (Mata et al., 2012). The major component in the AA biomass is BF (Ponte et al., 2022). In the present study, the con
centration of BF was 1.7 mg/g DM of the biomass, which falls within the range typically reported in the literature of 1–6 mg/g DM 
(Machado et al., 2016b; Brooke et al., 2020; Kinley et al., 2020; Roque et al., 2019a; Roque et al., 2021). It is noteworthy to mention 
that the concentration of bioactive compounds in seaweed can vary due to processing methods, geographical locations, and harvesting 
seasons (Pandey et al., 2021).

The halogenated compounds identified by Machado et al. (2016b) were bromoform, dibromochloromethane, bromochloroacetic 
acid, dibromoacetic acid, and dichloromethane. Some of these compounds showed low anti-methanogenic efficacy, with BF being the 
strongest. It is well established that BF acts as a structural analog of methyl-Co M, which competitively inhibits the MCR that catalyzes 
the final step of methanogenesis (Wood et al., 1968; Krone et al., 1989). To answer the question of whether the anti-methanogenic 
effectiveness of AA could be determined by BF content alone, this study was conducted to compare the reduction potential of AA 
biomass versus BF only when they were used as feed additives. The current study demonstrated that the tested AA biomass was 
effective in decreasing CH4 yield (mL/g digestible DM) at supplementing levels of 0.25 and 0.50 % by 62.5 % and 95.6 %, respectively 
(P < 0.001, Fig. 1). While the tested BF levels added to the basal diet (0.0036 and 0.0073 mg), which correspond to the BF content in 
0.25 and 0.50 % biomass, respectively, led to a reduction of CH4 yield (mL/g) by 23.0 and 59.6 %, respectively (P < 0.001, Fig. 1). It is 
obvious that the reduction potential of AA biomass is 36–40 % greater than that of BF. This significant reduction could be attributed to 
the role of active compounds and secondary metabolites in the biomass. The halogenated compounds in the biomass, although they are 
present in low concentrations and if they were tested individually, might not be able to show effective CH4 reduction (Machado et al., 
2016b), but all together in the seaweed biomass, they might act synergistically to increase the effectiveness of the biomass in reducing 
the formation of CH4. Another possible theory was reported by Thapa et al. (2020) that these secondary metabolites in the biomass, 
such as the bromoperoxidase enzyme, might have a role in enhancing the release and production of BF from the AA gland cells. 
Consistent with other reports (Kinley et al., 2016; Machado et al., 2016a; Roque et al., 2019b; Ahmed et al., 2023), AA showed a near 
complete inhibition of CH4 production in vitro with BF playing a major role in this inhibition. However, we have shown, for the first 
time that the efficacy of AA is much greater than that of BF alone with supporting the notion that bioactive compounds in the biomass 

Fig. 1. Effect of Asparagopsis armata biomass (AA) and pure bromoform (BF) on (A) methane proportion (%) and (B) yield (mL/g digestible dry 
matter). Bars with different superscripts are significantly different (P < 0.05).
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other than BF are responsible for about 40 % of the reduction of CH4 emissions in our study. This potential is the same or a bit more 
than the potential of a commercially available compound, 3-Nitrooxypropanol (3-NOP) with an average reduction power of 30 % (Yu 
et al., 2021; Kebreab et al., 2023). Thus, the significant role of these natural compounds in biomass cannot be ignored. Despite their 
significant role, the secondary metabolites and other halogenated compounds in the biomass were not quantified in the current study. 
To date, attempts to define more compounds responsible for CH4 reduction from seaweed biomass have been largely unsuccessful 
(Peter and Fei, 2022). Therefore, more work is required to provide information on how the bioactive compounds and metabolites in the 
biomass could act to show this effective reduction potential.

The AA biomass, specifically the highest level of 0.50 %, led to a significant reduction in the production of total gas and the yield of 
CO2 (mL/g) (Table 2), which indicates that at this dosage, antimicrobial properties against some rumen microorganisms might occur. 
This confirms what was previously observed (Machado et al., 2014, 2016a; Choi et al., 2022; Ahmed et al., 2023). Adding the effective 
AA biomass dosage (0.50 %) to the ruminant diet had no adverse impacts on the IVDMD or the production of total VFA when compared 
with the control, while shifting the fermentation toward less acetate and more propionate and butyrate (Table 2). Similarly, the BF 
supplementation showed the same impacts as those shown with the biomass on in vitro fermentation parameters. The lack of adverse 
effects on IVDMD and VFA production with an almost complete reduction of CH4 production with AA biomass supplementation could 
be inferred to the direct inhibitory effect of AA compounds on methanogenic archaea or microbes associated with methanogenesis 
without compromising the activity of other rumen microbes. The increase in propionate and butyrate proportions following the 
supplementation of AA biomass or BF, which is consistent with what has been observed in previous studies (Kinley et al., 2016; 
Machado et al., 2016a; Ahmed et al., 2023; Romero et al., 2023), represents an alternative pathway for the hydrogen accumulated from 
inhibited methanogenesis, resulting in more efficient utilization of the nutrients, which is beneficial for the host animal. If shifts similar 
to those observed in vitro were to occur in vivo, an increase in milk production could be expected (Seymour et al., 2005). This alteration 
in fermentation profile might be accompanied by an alteration in the microbial community as well. Choi et al. (2022) found that the 
relative abundance of Ruminobacter, UG Succinivibrionaceae, and Succinivibrionaceae UCG-002 was higher due to the supplementation 
of Asparagopsis extract in an in vitro trial.

Taking advantage of the strong CH4-reduction potential (95 %) without compromising animal production indices, supports the use 
of AA biomass as a feed additive for reducing CH4 emissions from ruminants and would be a preferable intervention compared to 
extract or synthesize BF to be used alone as a feed additive. Natural products or whole biomass are more likely to receive customers’ 

Table 2 
Effect of Asparagopsis armata biomass and pure bromoform on rumen fermentation characteristics from 24 h in vitro incubation (n = 12).

Control 
(Basal diet)

Asparagopsis armata (AA) Bromoform (BF) SEM P- 
value

Polynomial 
contrast for 
inclusion 
levels

Parameter 0.25 % 
(0.0038 mg BF)

0.50 % 
(0.0077 mg BF)

0.0018 mg 0.0036 mg 0.0073 mg AA BF

Total gas / dDMa

(mL/g)
190.24a 175.67bc 166.67c 200.50a 193.53a 178.11b 1.99 <0.001 L L

CH4 / DM (mL/g) 6.28a 2.47c 0.281e 5.67a 4.79b 2.65d 0.282 <0.001 L Q L Q
CO2 (%) 92.98e 97.20b 99.66a 93.87d 94.75c 97.01b 0.004 <0.001 L Q Q
CO2 / dDM (mL/ 

g)
176.88b 170.64bc 166.07c 188.14a 183.31ab 172.71bc 1.55 <0.001 L L

pH 6.27ab 6.26ab 6.24b 6.30a 6.29ab 6.26ab 0.006 0.001 Ns L
IVDMDb (%) 47.07 48.75 46.72 45.74 46.63 49.05 0.363 0.044 Q Ns
Acetate (mmol/ 

L)
50.00bc 47.54d 44.75e 51.38a 50.44ab 48.82 cd 0.371 <0.001 L L Q

Propionate 
(mmol/L)

22.88c 25.46a 25.67a 23.59bc 24.02b 25.31a 0.187 <0.001 L Q Q

Butyrate (mmol/ 
L)

7.48b 8.11ab 8.12ab 7.62b 8.00ab 8.46a 0.107 <0.001 L Ns

Total VFAc

(mmol/L)
80.36ab 81.13a 78.54b 82.58a 82.47a 82.59a 0.414 <0.001 L Q L

Acetate (mol/ 
100 mol)

62.24a 58.65c 56.98d 62.21a 61.16b 59.12c 0.300 <0.001 L Q L Q

Propionate 
(mol/ 
100 mol)

28.47e 31.38b 32.71a 28.58de 29.15d 30.67c 0.238 <0.001 L Q L Q

Butyrate (mol/ 
100 mol)

9.29c 9.98ab 10.32a 9.21c 9.69bc 10.21a 0.103 <0.001 L Ns

A/Pd ratio 2.19a 1.87c 1.75d 2.19a 2.11b 1.93c 0.026 <0.001 L Q L Q

a–eValues with different superscripts in the same row are significantly different by Tukey test (p < 0.05). L: Linear (p < 0.05); Q: Quadratic (p < 0.05); 
Ns: Not significant (p > 0.05) by orthogonal polynomial contrasts.

a dDM: Digestible dry matter.
b IVDMD: In vitro dry matter digestibility.
c VFA: Volatile fatty acids.
d A/P: Acetate:propionate. SEM: Standard error of the mean.
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acceptance than synthetic inhibitors (Hristov et al., 2014). According to the results of the present study, the bioactive compounds and 
secondary metabolites in AA biomass other than BF were responsible for up to 40 % of its effectiveness. In order for BF to have the same 
reduction potential (95 %) as 0.50 % AA biomass as a feed additive, the dosage of BF needs to be increased. However, this also raises 
concerns about the hazards of BF for the health of animals and humans (Muizelaar et al., 2021; Wasson et al., 2022). Therefore, using 
the whole biomass with a complementary mode of action for all bioactive compounds to achieve effective CH4 reduction would 
diminish the need to increase the supplementation level and thus reduce the concerns and health risks. This could be substantiated by 
recent findings: at or near the minimum effective inclusion levels of Asparagopsis biomass, there are no detectable levels of BF in animal 
products, ensuring animal health and product quality (Glasson et al., 2022). On another aspect regarding the delivery method, using 
the entire biomass for a ruminant diet may be the best option to retain the volatile compounds within the tissue (Mata et al., 2012). It is 
noteworthy to mention that the scalable production of biomass to feed all cattle on the planet is a big challenge. As well, there are 
current difficulties surrounding the cultivation, harvesting, processing, and even ensuring the safety of Asparagopsis as a feed additive 
for both animals and humans (Camer-Pesci et al., 2023). Recently, there are many companies investing in this field to ensure constant 
large-scale production of AA as a feed additive for ruminants. Such endeavors could pave the way for that challenge to become a reality 
in the near future.

4. Conclusions

To our knowledge, this in vitro study is the first of its kind to provide insights on the difference in CH4-reduction potential when 
whole AA biomass and pure BF were used as feed additives for ruminants. Adding whole AA seaweed biomass at 0.25 and 0.50 % 
decreased CH4 emissions by 62.5 and 95.6 %, respectively, without any adverse impacts on in vitro fermentation characteristics in 
terms of production of total VFA or IVDMD. Synthesized BF levels of 0.0036 and 0.0073 mg, which were comparable to those in the AA 
biomass, reduced CH4 production by 23.0 and 59.6 %, respectively. Both the AA biomass and pure BF shifted the fermentation profile 
toward less acetate and more propionate and butyrate. Based on the results of this study, it can be concluded that BF is the strongest 
bioactive compound in AA responsible for CH4 reduction. However, the role of other bioactive compounds in biomass that are 
responsible for up to 40 % of CH4 reduction is significant and should not be ignored.
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