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Abstract The red macroalga Asparagopsis taxiformis has
been shown to significantly decrease methane production by
rumen microbial communities. This has been attributed to the
bioaccumulation of halogenated methane analogues produced
as algal secondary metabolites. The objective of this study
was to evaluate the impact of A. taxiformis supplementation
on the relative abundance of methanogens and microbial com-
munity structure during in vitro batch fermentation. Addition
of A. taxiformis (2% organic matter) or the halogenated meth-
ane analogue bromoform (5 μM) reduced methane production
by over 99% compared to a basal substrate-only control.

Quantitative PCR confirmed that the decrease in methane pro-
duction was correlated with a decrease in the relative abundance
of methanogens. High-throughput 16S ribosomal RNA gene
amplicon sequencing showed that both treatments reduced the
abundance of the three main orders of methanogens present in
ruminants (Methanobacteriales, Methanomassiliicoccales and
Methanomicrobiales). Shifts in bacterial community structure
due to the addition of A. taxiformis and 5 μM bromoform were
similar and concomitant with increases in hydrogen concentra-
tion in the headspace of the fermenters. With high potency and
broad-spectrum activity against rumen methanogens,
A. taxiformis represents a promising natural strategy for reduc-
ing enteric methane emissions from ruminant livestock.
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Introduction

The rumen supports a diverse range of microorganisms in-
cluding bacteria, archaea, protozoa, fungi and viruses [1, 2].
Essential energy and nutrients are provided to the host animal
from the microbial degradation and fermentation of ingested
plant biomass [3]. The archaeal component of the rumen
microbiome is almost exclusively composed of methanogenic
archaea [4]. These phylogenetically diverse microbes predom-
inantly use hydrogen to generate methane via the reduction of
different end products (carbon dioxide, methanol or methylat-
ed amines [5, 6]) produced during anaerobic fermentation.
Methane is the predominant sink for hydrogen in the rumen
and is a potent greenhouse gas, with a global warming
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potential 25 times greater than carbon dioxide over a 100-year
period [7]. Enteric fermentation processes in domesticated
ruminants are responsible for 6.4% of the total anthropogenic
methane released into the atmosphere each year [8]. With the
global demand for meat and milk predicted to rise, practical
and targeted approaches for the mitigation of methane emis-
sions are increasingly important.

Mechanisms for the biosynthesis of methane by methan-
ogenic archaea have been described in detail [5]. Despite
differences in the mechanisms used to generate methyl-
coenzyme M [9], all known methanogens use the same en-
zymatic reaction to reduce this intermediate compound
with coenzyme B to form methane [10–12]. Halogenated
methane analogues (HMAs) such as bromochloromethane
(BCM; CH2BrCl [13–16]), bromoform (BF; CHBr3 [17]),
chloroform (CHCl3 [18]) and dichloromethane (CH2Cl2
[19]) have been shown to have antimethanogenic proper-
ties. This has been attributed to their ability to bind with
reduced vitamin B12, blocking the cobamide-dependent
methyltransferase reaction required for formation of
methyl-coenzyme M [17]. Given their potential for broad-
spectrum activity against the seven validly described orders
of methanogens [9, 20], HMAs have been investigated for
their ability to inhibit methane production in ruminants.
Bromochloromethane can be formulated within a stabilised
cyclodextrin matrix for delivery into the rumen, and meth-
ane emissions from cattle were reported to be reduced by
59% within 2 h of dosing [13]. The response suggests that
BCM acts as a direct inhibitor of methanogenesis in vivo.
Subsequent studies have shown that administration of BCM
does not hinder animal performance [15] or rumen micro-
bial fermentation [21], demonstrating the potential for re-
ducing ruminant methane emissions using HMAs.

Despite the demonstrated efficacy at low concentrations,
the use of artificially formulated HMAs in livestock pro-
duction systems is prohibited because of their ozone-
depleting effect [22]. Naturally derived sources of HMAs
may provide a practical alternative method for delivery into
the rumen. The red macroalga (or seaweed) Asparagopsis
taxiformis produces high concentrations of BF as a second-
ary metabolite, which accumulates within vacuoles of gland
cells [23]. The concentration of BF in this macroalga can
vary from 0.17% [24] to 1.45% of the total biomass dry
weight [25]. The impact of A. taxiformis supplementation
on rumen microbiota in batch fermentation has been thor-
oughly evaluated [24, 26–29]. At an inclusion rate of 2%
organic matter (OM), near-complete abatement of methane
production is accompanied by a 12–25% reduction in total
volatile fatty acid (VFA) yield with minimal impact on pH
or substrate degradability. The aim of the present study was
to build upon these previous observations by characterising
the effect of A. taxiformis on rumen microbiota using DNA-
based molecular techniques.

Materials and Methods

Experimental Design and Treatments

Rumen fluid was collected and pooled from four rumen-
cannulated Brahman steers (Bos indicus) fed Rhodes grass
ray (Chloris gayana) ad libitum. Experimental protocols were
approved by the CSIRO Animal Ethics Committee (A5/2011)
under the Australian Code of Practice for Care and Use of
Animals for Scientific Purposes [30]. The rumen fluid sam-
pling and batch fermentations were carried out as previously
described [24, 28].

The treatments consisted of A. taxiformis biomass at a
dose equivalent to 2% total OM (24.7 mg dry weight), two
concentrations of BF (1 μM and 5 μM) and one concentra-
tion of BCM (5 μM), included as a positive control.
Selection of the BF concentrations was based on a previous
study demonstrating that inclusion of A. taxiformis at 2%
OM delivers a final concentration of 1.3 μM BF [24].
Subsamples of the same algal biomass were used in both
studies. The biomass was prepared by rinsing, freeze-
drying and grinding through a 1-mm sieve. Bromoform
and BCM treatments were prepared in dimethyl sulfoxide
(DMSO) as previously described [24]. Control incubations
contained the basal substrate (Rhodes grass hay) and
DMSO equivalent to that added to the BF and BCM treat-
ments (20 μL 125 mL−1). Six biological replicates for each
treatment were prepared, with triplicates harvested after 48
and 72 h. Total gas production was recorded, and the con-
centrations of CH4 and H2 within the headspace were
analysed by gas chromatography ([24], Table S1).

DNA Extraction and Illumina Sequencing

Samples from each replicate were filtered through a 130-μm
mesh, and two 5-mL aliquots were immediately frozen on dry
ice and stored at − 80 °C prior to subsequent analysis. Samples
were thawed on wet ice and gently mixed by inversion. A
1-mL aliquot was transferred to a sterile 1.5-mL tube and
centrifuged at 10000×g for 5 min at 4 °C to generate a cell-
rich pellet. DNA extraction was performed using a
PowerSoil® DNA Kit (Mo Bio Laboratories, Carlsbad, CA,
USA), with the protocol modified to replicate the repeated
bead-beating plus column (RBB+C) purification [31]. The
DNA concentration in all samples was determined with a
Qubit® 2.0 Fluorometer and dsDNA BR Assay Kit
(Invitrogen, Carlsbad, CA, USA). All samples were diluted
to 2 ng μL−1 in molecular-grade water prior to DNA amplifi-
cation. DNA extraction was performed from duplicate frozen
samples (technical replicates) for each batch fermentation (bi-
ological replicate), giving a total of six DNA extractions for
each treatment/time point combination.
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Preparation of 16S Ribosomal RNA Gene Amplicons
for Next-Generation Sequencing (NGS)

Primers for amplification of 16S ribosomal RNA (rRNA)
genes (515F and 806R) have been described by the Earth
Microbiome Project (http://www.earthmicrobiome.org/emp-
standard-protocols/16s/, [32]). A total of 5 μL DNA was
added to a 96-well plate containing barcoded PCR primers
(final concentration of 2 μM each; universal 515F primer
and barcoded 806R primer) and 10 μL of MyTaq™ Hot
Start DNA Polymerase mix (Bioline, London, UK).
Polymerase chain reactions (PCRs) were performed using a
MyCycler™ Thermal System (Bio-Rad, Hercules, CA, USA).
The PCR reaction started at 98 °C for 3 min to denature DNA
samples, followed by 25 cycles of 95 °C for 15 s, 55 °C for
15 s and 72 °C for 1 min and a final cycle of 72 °C for 3 min.
Duplicate PCR products for eachDNA extractionwere pooled
and visualised by electrophoresis on a 2% (wt/vol) agarose gel
stained with SYBR Safe (Invitrogen, Carlsbad, CA, USA).
Equimolar amounts of each PCR product were pooled in a
single tube and further purified using a QIAEX II Gel
Extraction Kit (Qiagen, Melbourne, Australia) followed by
Agencourt AMPure® XP purification (Beckman Coulter,
Brea, CA, USA). The purified DNA was sequenced using
the Illumina MiSeq v2 2 × 250 bp chemistry (Ramaciotti
Centre for Functional Genomics, UNSW Sydney, Australia).

Analysis of Microbial Community Profiles

Paired DNA sequence reads were demultiplexed and merged
using a custom Python script before processing using default
parameters in USEARCH 6.0 [33]. After removal of the for-
ward and reverse primer sequences, reads were trimmed to
250 bp. The trimmed pairs were dereplicated and clustered
at a similarity threshold of 97%. Chimeras were removed
using the GOLD reference database before sequences were
assigned to operational taxonomic units (OTUs). Results were
normalised using a custom Python script to perform 100 in-
dependent rarefactions without replacement to a depth of
70,000 sequences per sample. OTUs with an average number
of sequences lower than 35 (representing ≤ 0.05% of any
given sample) were removed prior to computation of principal
coordinate analysis (PCoA) using the weighted UniFrac pa-
rameters in QIIME 1.7.0 [34]. The initial UniFrac tree and
PCoA plot were inspected to confirm that data from each pair
of technical replicates were most similar to each other (OTU
table is provided as Table S2). Counts from technical repli-
cates were combined and the PCoA recomputed to represent
data from biological replicates (n = 3 batch fermentations per
treatment and time combination). Data from the rumen fluid
inoculum was not included in the PCoA computation. A rep-
resentative sequence from each OTU was classified to a tax-
onomic hierarchy using a minimal bootstrap of 50% in RDP

Release 11.2 [35]. Taxonomic data presented in Fig. 2 repre-
sents the average of biological replicates.

Quantitative PCR to Enumerate Methanogen DNA

A single plasmid (p-STANDARD-1) containing a single copy
of the 16S rRNA gene PCR product (from Escherichia coli
XL1-Blue strain; for bacteria) and mcrA gene PCR product
(from Methanobrevibacter ruminantium M1 strain; for me-
thanogenic archaea) was used as a qPCR standard. PCR as-
says were performed in a Roche LightCycler® 480 II System
(Roche). Each 10-μL reaction consisted of 5 μL
SensiFAST™ SYBR® No-Rox reagent (Bioline, London,
UK) and 1 μM each of forward and reverse primer (qmcrA-
F and qmcrA-R for methanogens; or BacF and BacR for bac-
teria [13]). The cycle conditions of the qPCR assays were as
follows: a single activation step at 95 °C for 5 s, and 45
amplification cycles at 95 °C for 5 s, 60 °C for 10 s and
72 °C for 20 s followed by an amplicon melting profile step.
The qPCR assays showed consistent amplification efficiencies
of greater than 1.9 and an error rate lower than 0.02 based on
analysis of triplicate standards ranging from 3 × 102 to 3 × 107

copies of pSTANDARD-1. Target quantification was carried
out using 2 μL of each DNA sample diluted to 100 pg μL−1.
Each sample was amplified in triplicate providing three quan-
tifications of each sample. Results are presented as a relative
percentage of the methanogen mcrA gene to bacterial 16S
rRNA gene for each treatment. Analysis of relative abundance
was based on this ratio, and the copy number of targeted genes
was not assumed [36].

Statistical Analysis

Total gas production was blank corrected and fitted to a mod-
ified sigmoidal Gompertz model [27] in JMP® 10 (SAS
Institute, Cary, NC, USA). The effect of each treatment on
gas production after 72 h of incubation was determined using
one-way analysis of variance (ANOVA) and Tukey’s post hoc
test (JMP® 10, Table S1). The effect of incubation time (48
and 72 h) and each treatment on the relative abundance of
methanogens (qPCR) was determined through a two-factor
permutational analysis of variance (PERMANOVA [37])
using Primer v6 software [38]. Pairwise comparisons were
used to determine the significance of differences between
the control and treatments.

Nucleotide Sequence Accession Numbers

A representative sequence for each OTU has been deposited
in NCBI GenBank under accession numbers KT168398–
KT174433. FASTA sequences and taxonomic lineages are
included in Table S2.
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Results

A. taxiformis and Halogenated Methane Analogues
Decrease Methane Production and the Relative
Abundance of Methanogens

Total gas production decreased by 29–34% for all treatments
(2% A. taxiformis, 1 μM BF, 5 μM BF and 5 μM BCM) com-
pared with the control at 48 and 72 h (Fig. 1a, Table S1). The
amount of methane formed was reduced by more than 77%with
the addition of 1μMBF and bymore than 99%with the addition
of 5 μM BCM, 5 μM BF or A. taxiformis at both time points
(Fig. 1b). All treatments increased hydrogen accumulation after
48 h, at a rate of 1.8 mL g−1 OM for 1 μMBF and 5 μMBCM
and 4.7 mL g−1 OM for 5 μM BF and A. taxiformis (Fig. 1c).
After 72 h, hydrogen accumulation was still evident in the 5 μM
BF (6 mL g−1 OM) and A. taxiformis (3.9 mL g−1 OM) treat-
ments. The rate of hydrogen accumulationwas comparable to the
control for the 1 μM BF and 5 μM BCM treatments after 72 h
(Fig. 1c).

Quantitative PCR targeting the methanogen mcrA gene
and bacterial 16S rRNA gene showed a significant decrease
in the relative abundance of methanogens for all treatments

compared with the control (PERMANOVA, Pseudo-
F = 180.9, p = 0.0001). The proportion of methanogens
(Fig. 1d) was lower after 48 h than at 72 h for comparative
treatments. Incubations containing A. taxiformis, 5 μM BF or
5 μM BCM showed similar results, with a reduction of 72%
after 48 h and 75% after 72 h. The relative abundance of
methanogens in incubations containing 1 μMBF was compa-
rable to the other three treatments after 48 h but showed a
reduction of only 60% after 72 h. The decreases in
methanogen relative abundance were positively correlated
with decreases in methane production (Spearman’s correlation
coefficient = 0.83, p = 0.0001).

Impact of A. taxiformis and Halogenated Methane
Analogues on Microbial Community Composition

The prokaryotic composition of each sample was deter-
mined using high-throughput amplicon sequencing of the
16S rRNA gene, rarefied to n = 70,000 per sample.
Between 97 and 99% of each sample was composed of
reads from the domain Bacteria. All samples contained
eight bacterial phyla (> 1% of total reads per phylum), with
OTUs belonging to the Firmicutes and Bacteriodetes

Fig. 1 Total production of a gas, b methane and c hydrogen and d the
mean relative abundance of the methanogen mcrA gene to bacterial 16S
rRNA gene for each treatment. Error bars represent ± SE (n = 3). BF:
bromoform; Asp:A. taxiformis; BCM: bromochloromethane, RF: relative

abundance of methanogens in the rumen fluid inoculum (no data of gas
production and composition were collected for inoculum as it was being
purged with N2 during the experimental setup to maintain the anaerobic
conditions)
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comprising the majority of sequence reads in all treatments
(Fig. 2a). All batch fermentations consistently showed a
decrease in Bacteroidetes/Firmicutes ratio compared to
the pooled rumen fluid used as the inoculum. This indicates
that the experimental conditions shifted the bacterial com-
munity diversity compared to the initial composition.
Differences between batch fermentations based on treat-
ment or time were minimal at the phylum level.

A PCoA plot based on a weighted UniFrac metric was
generated to visualise differences in microbial community
structure at the OTU level (Fig. 3). Weighted UniFrac is a β
diversity measure that accounts for the presence/absence of
OTUs and their relative abundance [39]. For comparison,
the unweighted PCoA plot (based on the presence/absence
of OTUs) is provided as Fig. S1. Note that both measures
use phylogenetic information based on alignment of repre-
sentative sequences to account for the degree of divergence

between each OTU [39]. The weighted UniFrac PCoA ex-
plains 60.23 and 26.07% of the variation in the batch fer-
mentation data on PC1 and PC2 respectively (Fig. 3). When
comparing within experimental conditions, like treatments
shifted towards the right on PC1 and towards the bottom on
PC2 as the incubation time increased from 48 to 72 h. This
indicates that microbial community diversity was affected
by the duration of batch fermentation. When comparing
within incubation times, all treatments were separated from
the controls on both PC1 and PC2. The A. taxiformis and
5 μM BF treatments were grouped at 48 or 72 h, demon-
strating a similar impact on rumen microbial communities
during batch fermentation. The 5 μM BCM and 1 μM BF
treatments also clustered together at each time point. The
impact of these treatments was less pronounced than that
induced by A. taxiformis and 5 μM BF, with profiles occu-
pying an intermediate position in the plot space.

Fig. 2 Relative abundance of
microbial taxa as determined by
16S rRNA amplicon sequencing.
a Relative abundance of
microbial taxa at the phylum
level. b Relative abundance
within the Euryarchaeota phylum
displayed at the order level. BF1:
1 μM bromoform; BF5: 5 μM
bromoform Asp: 2%
A. taxiformis; BCM: 5 μM
bromochloromethane
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A. taxiformis and Halogenated Methane Analogues Are
Inhibitory to the Predominant Orders of Ruminal
Methanogens

All archaeal sequence reads were taxonomically classified to
methanogen lineages. The proportion of reads assigned to
methanogen OTUs (Fig. 2b) corresponds to the relative abun-
dance of methanogens as determined using qPCR (Fig. 1c).
Methanogen sequences comprised 3.2% of the total reads (Fig.
2a) from the control after 72 h of incubation. This decreased to
0.9% in the A. taxiformis treatment, 0.8% in the 5 μM BF and
BCM treatments and 1.2% in the 1 μMBF treatment. The 72-h
con t ro l samples were domina ted by the orders
Methanobacteriales (59.5%) and Methanomassiliicoccales
(37%). Within the Methanobacteriales, theMethanobrevibacter
genus was highly represented (57.8% of total methanogen reads
at 72 h), with the Methanosphaera genus comprising a small
proportion of the control dataset (2% of total methanogen reads
at 72 h). The remaining methanogen reads in the 72-h control
samples belonged to the ordersMethanomicrobiales (3.4%) and
Methanosarcinales (< 1%). All of the treatments applied in this
study inhibited the growth of methanogens from the
Methanobacteriales , Methanomassiliicoccales and
Methanomicrobiales, as shown by an overall decrease in the
relative abundance of sequence reads from these orders com-
pared with the control at each time point (Fig. 2b).

Discussion

We have demonstrated that the in vitro antimethanogenic
properties of A. taxiformis generate similar results to addition
of 5 μM bromoform, the main halogenated methane analogue
produced as a secondary metabolite. The BF concentration in
the A. taxiformis biomass used for this study was measured at
1.3 μM [24], and we hypothesised that the effect would be
similar to 1 μM BF, with 5 μM BF included as a high

concentration positive control. At equivalent time points, no
significant differences in methane production, methanogen
relative abundance or microbial community composition were
identified between treatments containing either A. taxiformis
or 5 μM BF. This suggests that the A. taxiformis biomass is
more potent than anticipated as the effects were more pro-
nounced than what was observed in the 1-μM BF treatments.

A. taxiformis produces a wide range of halogenated metab-
olites including bromine- and iodine-containing haloforms
and other halogenated methanes and ethanes in lesser quanti-
ties [40–43]. The potency of inhibition of methanogenesis
varies among halogenated compounds [44], possibly as a re-
flection of differences in sensitivity between different species
of methanogens [45]. In this context, BF could act synergisti-
cally with other algal halogenated metabolites to enhance the
antimethanogenic activity of the bioactive rich biomass.
Given that dietary supplementation with algal biomass would
also circumvent the requirement for HMAs to be stabilised for
delivery into the rumen [15], this may represent a more holis-
tic approach for the mitigation of enteric methane emissions
compared to the use of individual extracts or metabolites.

The in vitro batch fermentation system used in this study
supports cultivation of the diversity of methanogens resident in
the rumen microbiome [4, 46, 47]. Methanogenic taxa belong-
ing to the ordersMethanobacteriales,Methanomassiliicoccales,
Methanomicrobiales andMethanosarcinaleswere present in the
control fermentations, although Methanosarcinales were not
highly abundant (< 1% of the total reads assigned to all archaeal
OTUs). Halogenated methane analogues are predicted to be
inhibitory to all known methanogens by preventing synthesis
of methyl-coenzyme M [17]. Addition of A. taxiformis, 5 μM
BF or 5 μM BCM to the incubations reduced methane produc-
tion by more than 99% compared with the control. This was
concomitant with a decrease in the relative abundance of
methanogens (as measured by qPCR). Each treatment was in-
hibitory towards the three main orders of methanogens found in
ruminants, with a statistically significant decrease in the

Fig. 3 Principal coordinate
analysis plot showing
relationships between microbial
communities under different
experimental conditions, based on
weighted UniFrac metric of β
diversity
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proportion of sequencing reads assigned to OTUs from the or-
ders Methanobacteriales, Methanomassiliicoccales and
Methanomicrobiales. This provides further support for the
broad-spectrum antimethanogenic properties of HMAs.

The effects of HMAs have been studied in cattle and goats,
with positive indications to support their efficacy for mitigat-
ing methane emissions in vivo. Bromoform has been shown to
inhibit ruminal methanogenesis at a concentration of 25 μM
[44]. Bromochloromethane resulted in a reduction in total
methane emissions over 12 h of approximately 30% and an
increase in propionate/acetate ratio following a 28-day treat-
ment period (0.3 g/100 kg liveweight delivered twice daily).
Increases in branched short-chain fatty acids [13] and
metagenomic assessments [48] have provided evidence that
pathways for utilisation of excess hydrogen are activated in
the rumenwhenmethanogens are directly inhibited byHMAs.
In a related study, no adverse impacts on liveweight gain or
feed conversion ratio for cattle were associated with the use of
BCM [15]. In sheep, supplementation of a high-fibre diet with
A. taxiformis resulted in significant and persistent decreases in
methane output of up to 80% over a 72-day period [49]. This
preliminary study noted no significant difference in liveweight
gain despite a decrease in total VFAs and acetate with an
increase in propionate. The effects of A. taxiformis on produc-
tivity, feed intake and digestibility are yet to be addressed in
cattle. The microbiota must be able to maintain functional
capacity for fermentation of the basal diets. The in vitro de-
gradability of organic matter is not significantly affected by
the addition of A. taxiformis at 2% OM [24, 26, 28, 29],
despite shifts in the underlying microbial community compo-
sition. In conclusion, A. taxiformis shows promise as a potent,
specific and natural alternative for the mitigation of methane
emissions from ruminant livestock. Further investigations are
required to quantify the extent of productivity gains and meth-
ane abatement resulting from A. taxiformis supplementation.
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