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Abstract

Ruminant mammals extract nutrients from plant-based food through fermentation in the rumen;
10  fiber and starch are pre-digested by microorganisms and methane is produced as a by-product,
which released into the atmosphere acts as a potent greenhouse gas. In an effort to reduce enteric
methanogenesis, dietary additives for ruminants have been investigated, and marine macroalgae
have proven particularly promising, e.g., the inclusion of 0.2% dry matter of the red alga A.
taxiformis into cow feed decreased in vivo methane production by up to 98%. Thus, if globally
15  applied, the addition of algae in ruminant diets could revolutionize the management of greenhouse
gas emissions across the livestock sector. However, the ozone-depleting nature of halogen
compounds produced in Asparagopsis sp. and the reported adverse health impacts on humans,
along with impracticability issues and the difficulty to produce, commercialize and distribute
algae widely, has sown some doubt on the feasibility of using macroalgae as methane mitigation
20 instruments. To circumvent such obstacles, and taking into account the paradigm that eukaryotic
hosts cannot be understood without considering interactions with their associated microbiome,
the exploration of marine algae associated microorganisms is anticipated. Following the notion
that in the close and intimate relationships between algae-hosts and their microbiota the origin of
chemical response mechanisms is often unclear, and that compounds initially assigned to algae
25  have previously been shown to stem from host-associated microbes, it is not unreasonable to think
that these may be involved in the antimethanogenic effects of marine algae in the rumen. Once
identified, such microorganisms could lead to antimethanogenic feed additives, and reduce enteric
methanogenesis from livestock ruminants substantially. This review is three-fold: it provides a
brief, historic overview of macroalgae as feed supplements for ruminants, sums up the difficulties
30 related to using whole-macroalgae as large-scale antimethanogenic feed additives, and describes
the macroalga microbiome, including its potential to serve as an antimethanogen for enteric

fermentation.
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1. Introduction

Greenhouse gases warm the Earth by absorbing and trapping heat in the atmosphere. The powerful

40  greenhouse gas (GHG) — methane - represents 14% of the total GHG emitted and has increased
in atmospheric concentration by about 150% since 1750 (Solomon, Manning, Marquis, & Qin,
2007). Methane has a heat-absorbing potential of about 28 times greater than carbon dioxide (over
a 100-year period) and accounts for about 20% of the heating effects of all GHGes combined
(Maasakkers et al., 2019; Solomon et al., 2007).

45  With ~44% of its gas emissions released in form of methane (Rojas-Downing, Nejadhashemi,
Harrigan, & Woznicki, 2017), livestock production systems significantly contribute to
anthropogenic GHGes; 34% of released livestock-associated GHGes can be attributed to
deforestation, 31% to manure management, and 35% to enteric methanogenesis - an anaerobic
fermentation process in the foregut of ruminants that produces carbon dioxide and hydrogen,

50  which is then transformed into methane by methanogenic microorganisms (Morgavi, Forano,
Martin, & Newbold, 2010). This process makes up for the largest methane source within the
agricultural sector (Patra, 2012), and equals an 18% of its total anthropogenic emissions, a value

that even exceeds the global transportation sector (Solomon et al., 2007).

55  According to the Food and Agriculture Organization of the United Nations (FAO), the demand
for milk and meat in industrial countries has risen by 2.4%, and 1.3% per annuum, respectively,
since 2005. The further expected global population growth to an estimated 9.7 billion by 2050
(Vollset et al., 2020), is likely to cause an increase of 70% in meat and dairy production to meet
nutritional demands (Steinfeld et al., 2006), hence will inevitably result in a surge of GHGes and

60  other harmful environmental impacts.

The immense pressure to manage the climate and achieve emission targets calls for the
identification of practical strategies to reduce the production of GHGes. and mitigating methane
release from the livestock industry is particularly crucial to meet such goals. The marine red alga
65  A. taxiformis has been shown to reduce methanogenesis in ruminants dramatically (Machado et
al., 2018), and Mizrahi and colleagues (2021) identified the red alga as one of two current most
promising strategies to reduce methanogenesis from ruminants. However, the production and
global distribution of whole-plant macroalgae as livestock feed has its associated environmental
risks and has proven to be challenging and impractical (Abbott et al., 2020; Regal et al., 2020).
70  Just over the last year alone various reviews have been published, assessing nutritional and anti-
methanogenic aspects of macroalgae feed for ruminants (Morais et al. 2020, Honan et al. 2021,
Pandey et al. 2021), however, none has yet addressed the microbial partners, algae live in close

association with. Microbiome studies have revealed essential interdependencies between
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multicellular organisms and their associated microbes and eukaryotes are no longer considered
75  one organism, but rather a sum of themselves and all microorganisms associated with them
(Bordenstein & Theis, 2015; McFall-Ngai et al., 2013; Rosenberg & Zilber-Rosenberg, 2016; van
der Loos, Eriksson, & Salles, 2019), with each member of the consortium fulfilling essential roles.
Though algae are known for their chemical response mechanisms resulting in potent bioactive
compounds, the producers and the mechanisms triggering the biosynthesis of these compounds
80  remain largely unclear, and in a few cases metabolites initially assigned to algae have been shown
to originate from microorganisms (Goecke, Labes, Wiese, & Imhoff, 2010). Likewise, it is
entirely possible that members of the macroalgal microbiome are involved in, or even responsible
for the methanogenesis-reducing capacities of algae in the rumen, which is the core of this review
article. After a brief historic overview of macroalgae use as ruminant feed, and the difficulties
85  associated with the production of whole-alga feed additives, the macroalga-associated
microbiome is reviewed and the potential of microorganisms as antimethanogens explored, with
the ultimate goal to encourage the identification of such microbes for the development of practical
and applicable antimethanogenic live microbial feed-additives, that - if globally distributed and
used - could positively affect the climate through inhibiting enteric methanogenesis in ruminants.
90

2. Our knowledge to date

2.1 Ruminal methanogenesis

95  The rumen can be understood as an anaerobic and methanogenic fermentation chamber, where a
phylogenetically diverse microbial consortium interacts in a well-orchestrated way (Brulc et al.,

2009; McCann, Wickersham, & Loor, 2014; Mizrahi, Wallace, & Morais, 2021), to break down
complex polysaccharides such as cellulose and hemicellulose from plant feed before it enters the

true stomach and the rest of the digestive system of the animal (Morgavi et al., 2010). Methane is

100  generated in the final step of the microbial food-chain, combining the end products from fiber-
degradation by bacteria (carbon dioxide, methanol or methylated amines), and hydrogen produced

by protozoans. These are utilised by methanogenic bacteria and archaea to generate methane

(Costa & Leigh, 2014; Liu & Whitman, 2008), and while both, archaebacteria and methanogenic
archaea are involved in ruminal methanogenesis (Wood, Kennedy, & Wolfe, 1968), the

105  overwhelming majority is carried out by archaea of the genus Methanobrevibacter (Wirth et al.,
2018). Species can vary between individual animals and/or animal species (Rebecca Danielsson

etal., 2017), and specific groups of Methanobrevibacter species are correlated with higher/lower

CH4 emissions, which can be favoured by certain feed additives (R Danielsson, Schndrer,
Arthurson, & Bertilsson, 2012; Rebecca Danielsson et al., 2014). While two different types of
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110  bacterial communities were linked with low CH. production in sheep (Kittelmann et al., 2014), a
similar study on dairy cows did not find statistically significant correlations between specific
microbial communities (archaea and bacteria), and high or low methane production, but found a
tendency for particular species of microbes, for example, proteobacteria and unclassified archaea,

to be more abundant in low CH,4 emitters (Rebecca Danielsson et al., 2017).

115
2.2 Marine macroalgae — the key to reducing ruminal methanogenesis?

Extensive research has been carried out to investigate the potential of feed supplements for
livestock as inhibitors of methanogenesis within the rumen (reviewed in Gerber, Henderson, &
120  Makkar, 2013); amongst those, the supplementation of animal rations with marine macroalgae

have been standing out as particularly effective (Mizrahi et al., 2021; Ripple et al., 2014).

2.2.1 Secondary metabolites in marine algae

125  Marine macroalgae are abundant in all oceans and play vital roles in marine ecosystems as habitat
forming ecosystem engineers. The diverse paraphyletic group contains thousands of species
(Rindi, Soler-Vila, & Guiry, 2012) and consists of three main phyla, the Phaeo- (brown algae),
Rhodo- (red algae), and Chlorophyta (green algae). To withstand extreme competition in marine
environments, marine organisms have developed strategic, adaptive coping mechanisms; one

130  such strategy is the synthesis of highly bioactive compounds (Abdul, Choi, Jung, & Choi, 2016;
Corona et al., 2016; Yang, Nam, Kong, & Kim, 2010). Since all elements existing can be found
in the sea in stable and constant quantities (Gomez-Zavaglia, Prieto Lage, Jimenez-Lopez,
Mejuto, & Simal-Gandara, 2019), they provide the building blocks for an almost unlimited variety
of metabolites for marine organisms. Marine macroalgae in particular absorb elements from their

135  environment, containing 10-20 times more than land plants (Gaillard et al., 2018), and produce a
wide array of bioactive compounds, referred to as secondary metabolites (Cimino & Ghiselin,
2001). Opposed to the somewhat misleading term, they are often involved in primary ecological
processes like growth, reproduction and defence (Cabrita, Vale, & Rauter, 2010), and some
contain antibacterial, antiviral, antioxidant, anti-inflammatory, and anti-carcinogenic properties

140 (Chandini, Ganesan, & Bhaskar, 2008; Kang et al., 2008; Val et al., 2001; Yuan & Walsh, 2006).
Red algae in particular have been reported to produce all major classes of algal natural products,
except phlorotannins (Blunt, Copp, Keyzers, Munro, & Prinsep, 2016), and over 90% of the
compounds they produce, contain bromine or chlorine, reflecting the abundance of these ions in
seawater (Cabrita et al., 2010). The use of halogens increases the bioactivity of secondary

145  metabolites, that serve as defence mechanisms against surface colonisation (antifoulants) by
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macro- and microorganisms (Paul, de Nys, & Steinberg, 2006a), and against herbivore consumers
(Hay & Fenical, 1988). Genera within the Rhodophyta, known to produce large quantities of
organobromines, are Laurencia (order Ceramiales), Delisea, Asparagopsis, Bonnemaisonia and
Ptilonia, (order Bonnemaisoniales), (Davis & Vasanthi, 2011; Nash, Rindi, & Guiry, 2005).

2.2.2 The red alga genus Asparagopsis

The red alga Asparagopsis has been recognized for its strong antimethanogenic effect in the
rumen. It belongs to the order Bonnemaisoniales, family Bonnemaisoniaceae and contains two
recognized medium-sized species, A. armata Harvey and A. taxiformis (Delile) Trevisan. While
A. armata is a temperate species, native to southern Australia and New Zealand (Horridge, 1951),
but also found near the British Isles, the Canary and Salvage Islands (Andreakis, Procaccini, &
Kooistra, 2004), A. taxiformis has a rather tropical to warm temperate distribution through parts
of the Atlantic and the Indo-Pacific (Andreakis et al., 2004). Both species are considered
introduced in the Mediterranean Sea (Boudouresque & Verlaque, 2002). Like many red algae,
Asparagopsis are characterized by a complex triphasic diplohaplontic lifecycle, alternating
between an erect, plumose gametophyte (haploid), a microscopic carposporophyte (diploid), and
a filamentous tetrasporophyte (diploid), with each phase appearing morphologically distinct. The
two species differ morphologically by long stolons that bear harpoon-like hooks in A. armata, but

are absent in A. taxiformis (Andreakis et al., 2004).

Asparagopsis is considered a rich source of natural products with more than a hundred described;
these include halomethanes, haloalkanes, haloketones and haloacids (Burreson, Moore, & Roller,
1975; McConnell & Fenical, 1977; Moore, 1977; Woolard, Moore, & Roller, 1979). The most
abundant secondary metabolite in A. taxiformis is bromoform (Paul et al., 2006a; Vergés, Paul,
& Steinberg, 2008), followed by lower concentrations of dibromocholoromethane,
bromochloroacetic acid and dibromoacetic acid (Machado et al., 2016b), whereas A. armata
contains mainly bromoform and dibromoacetic acid (Paul et al., 2006a). These compounds are
produced and accumulated within the vacuoles of specialised gland cells. and act as antiherbivore
(Paul, De Nys, & Steinberg, 2006b; Vergés et al., 2008) and antimicrobial (Paul et al., 2006a)
defence mechanisms when released. Deprived of a bromine source, and thus unable to produce
halogenated metabolites A. armata displayed significantly higher densities of epiphytic bacteria
than unmanipulated conspecifics (Paul et al., 2006a), and bromide-positive algae deterred

consumption by mesograzers (Paul et al., 2006Db).
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2.2.3 Macroalgae as feed supplement in ruminants — a brief historic overview

185  Macroalgae are a stable component in the human diet in many cultures (Nanri et al., 2017), and
their use in both, human- and animal nutrition has a long standing history in coastal areas. In
Bellum Africum, written 45 BC, an unnamed author wrote: “in times of scarcity, they [the Greeks]
collected seaweed from the shore and, having washed it in fresh water, gave it to their cattle and
thus prolonged their lives” (Newton, 1951). Also, the Icelandic sagas, reported the use of algae

190  as human food since at least the year 961. For example, the red alga Palmaria palmata (local
name “sol”), collected on the beach at low tide, washed in fresh water and air-dried, served as
food for humans and animals alike when supplies were scarce due to extended periods of harsh
climate (Chapman, 1970).

195 At the turn of the twentieth century early scientific studies erroneously claimed that kelp was of
no value in animal feed, putting a relative halt on further investigations of algae as a feed
supplement for livestock (Morrison & Morrison, 1954), however, undeterred animal breeders held
on to including algae in animal rations, most commonly using the brown alga Ascophyllum
nodosum (Evans & Critchley, 2014). It was not until the early 1970’s that algae were recognized

200  as a rich source for micro-elements (Lunde, 1970), but a clear explanation for the productivity
and health enhancement in animals by kelp meal was only unveiled through a detailed analysis of
alga-associated polysaccharides in the early 2000s. Low inclusion levels of macroalgae in the
ruminant diet exerted a potent prebiotic activity (Ye Wang, Han, Hu, Li, & Yu, 2006), resulting
in improved gastro-intestinal health and productivity, and a renewed interest in the use of

205  macroalgae in commercial animal agriculture emerged.

In 2015 a study evaluating dietary benefits of algae in cows, and also measuring methane
emissions, found that storm-toss shoreweed mixed in vitro with rumen microbiota caused a
reduction in methane emissions by 12-16% (Kinley & Fredeen, 2015), an interesting result,
210  considering that methanogenesis causes losses in metabolic energy in the animal (Gerber et al.,
2013), and also adds to GHG emissions. The prospect of algae serving as a promotor for higher
growth rates in cattle, while simultaneously improving the sustainability of cattle production
systems through the mitigation of methane (Machado et al., 2016b), sparked immense interest to
further investigate the topic (Dubois et al., 2013; Machado, Magnusson, Paul, de Nys, & Tomkins,
215 2014; Machado et al., 2016a; Y Wang, Xu, Bach, & McAllister, 2008). At about the same time,
another study compared twenty species of tropical macroalgae on in vitro fermentation parameters
and revealed that all investigated algae reduced the production of methane, with the red algae A.
taxiformis being most effective (Machado et al., 2014). In a next step, an in vivo study reported

unprecedented effects of including 0.10% or 0.20% of A. taxiformis into steer feed, lowering
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220  methane emissions by 40 - 98%, while demonstrating a weight gain in steers of 42 - 53%. No
negative effects on the daily feed intake, feed conversion efficiencies, or rumen function were
detected, and neither residues nor changes in meat quality were observed (Kinley et al., 2020). A
second in vivo study evaluating Asparagopsis as a functional feed ingredient for lactating dairy
cows, reported a decrease in methane emissions by 67% with no effect on milk quality (Roque,

225  Salwen, Kinley, & Kebreab, 2019), again confirming the efficacy of the alga. Not surprisingly,
Kinley and colleagues (2020) pointed out that low inclusion rates of A. taxiformis in ruminant
diets could revolutionize the management of GHG emissions across the livestock sector.

230 3. The bottleneck

The incorporation of the strongly antimethanogenic alga A. taxiformis into ruminant feed appears
to be a promising strategy to mitigate the large share of global GHGes from ruminant animals.
However, for this to be a practical application, an effective, reliable and consistent product must
235  be guaranteed, and a multitude of associated challenges have to be considered, including a
sustainable supply of raw material, the variability in quantities of bioactives produced by algae

(seasonality, geographic distribution), and ultimately the production- associated costs.

Macroalgae can vary in composition, depending on the species, season of collection, habitat and
240  environmental factors, for example, the bromoform concentration in Asparagopsis differs
between the two species (Machado et al., 2016b; Paul et al., 2006a), depends on the environment
(e.g., the availability of carbon and nitrogen) (Mata, Gaspar, & Santos, 2012), the life stages and
differs between sexes (Vergés et al., 2008). The major metabolite bromoform varied in
concentration between sampling times and life-stages (filamentous tetrasporophyte vs. plumose
245  gametophyte stage), and a persistently lower secondary metabolite content in male than in female
gametophytes. Also, levels of dibromoacetic acid, the second most abundant metabolite in A.
armata, were consistently higher in the tetrasporophyte than in the gametophyte, with little
temporal variation. Not all life-history stages were simultaneously available for sampling
throughout the year, with tetrasporophytes present year-round while gametophytes were only

250  found between late winter and summer (Vergés et al., 2008).

Variation in biochemical composition and bioactivity does not only depend on the natural
variability of the seaweed but also on preservation processes, as shown in the case of A. taxiformis
(Regal et al., 2020). These affect the concentration, composition and bioactivity of algal
255 metabolites (Jiménez-Escrig, Jiménez-Jiménez, Pulido, & Saura-Calixto, 2001; Le Lann, Jegou,

& Stiger-Pouvreau, 2008; Stévant, Rebours, & Chapman, 2017), highlighting the critical
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importance of appropriate drying and storage conditions to preserve biomass quality and ensure
product safety (Gupta, Cox, & Abu-Ghannam, 2011; Le Lann et al., 2008; Regal et al., 2020).

260 A sufficient supply of A. taxiformis for industrial agriculture from wild harvest can largely be
excluded, thus farming the algae would be required. Research initiatives around the globe have
taken on the challenge to develop methods for growing A. taxiformis, however, there is little
knowledge to date about cultivating the species; for example, its life-cycle has not yet been closed
under culture conditions. Moreover, volatile halocarbons produced by marine algae (Carpenter &

265  Liss, 2000; Carpenter, Malin, Liss, & Kipper, 2000), form a major source of halogen radicals in
the atmosphere, and when transported into the troposphere and the stratosphere, they contribute
to ozone depletion and thus to climate change (Aschmann, Sinnhuber, Atlas, & Schauffler, 2009;
Phang et al., 2015). Examples are brominated and chlorinated halocarbons (Piers & Joshi, 2005),
which are released at higher rates by tropical than temperate algae (Abrahamsson, Ekdahl, Collen,

270  Pedersen, & Oceanography, 1995). Considering that A. taxiformis produces significant amounts
of bromoform and other halocarbons, large scale aquaculture of this species may contribute to
climate change, which defeats the original idea of its use for the reduction of GHG emissions.
Additionally, A. taxiformis’ invasive potential (Boudouresque & Verlaque, 2002), may represent
an ecological risk to marine ecosystems when deployed in open ocean culture systems.

275
4. Changing direction

4.1 Bromoform and other antimethanogenic agents in algae

The occurrence of large quantities of brominated compounds in coastal areas (mostly bromoform
280 and dibromomethane) is mainly attributed to the enzymatic activity of peroxidases in marine
macroalgae (reviewed in Wever et al., 1993), among which the Rhodophyta are considered the
main producers. While secondary metabolites in green and brown algae contain as little as 7%,
and less than 1% of bromine or chlorine, red algae in comparison comprise of more than 90%
(Harper et al., 2001). The red alga A. taxiformis, for example, bioaccumulates large quantities of
285  bromoform which is believed to be the main active compound in reducing ruminal
methanogenesis. Acting as an enzymatic inhibitor in the rumen, bromoform reacts with reduced
cobamide vitamin Bio, and thus lowers the efficiency of the cobamide-dependent enzymatic
methyl-transferase step that is essential for the biosynthesis of methane (Wood et al., 1968). It is
interesting, though, that neither highly concentrated synthetic bromoform, bromochloromethane
290  or chloroform were as effective in reducing methane production in ruminants as A. taxiformis
whole-plant feed (Chalupa, 1977; Lanigan, 1972), which Machado and colleagues (2018)

suggested to be based on the synergistic effect of multiple bioactives contained in the alga.
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If halobromides are the active compounds causing the reduction of ruminal methanogenesis by A.
taxiformis, it is somewhat surprising that other red algae, which also synthesize substantial
amounts of halobromides, are less efficient in doing so. In an in vitro study including three
freshwater (green), and 17 marine algae (7 green, 6 brown, and 4 red), the strongest
antimethanogenic effect was recorded for the red alga A. taxiformis, reducing methane by 99.8%,
followed by the brown alga Dictyota (98.6%), and the green alga Cladophora patentiramea
(93.9%), (Machado et al., 2014). However, the red alga Laurencia, which is particularly well
known for its highly abundant halogenated metabolites (Fenical, 1981), ranked only 11 out of 20
(89.1%), and the remaining two red algae Hypnea and Halymenia, 10 (89.6%), and 17 (86.7%),
respectively. Even species from freshwater, which contains substantially lower concentrations of
halogens than marine environments, reduced ruminal methanogenesis by at least 83%. Most
studies, investigating the ability of algae to reduce methane production in the rumen, have
focussed on the red alga A. taxiformis (Machado et al., 2016b), with bromoform as the main active
compound. However, other macroalgae that contain little or no bromoform exhibit the same

capacity, even if at lower levels (Machado et al., 2014).

4.2 The alga microbiome

A common denominator in all alga species, as in all eukaryotes, is an associated microbiome,
comprising archaea, bacteria, fungi, protozoa and viruses. Together, the host organism and its
microbes form a functional entity in which the microbial consortium plays crucial roles in the
hosts development, health, survival and fitness (Bordenstein & Theis, 2015; McFall-Ngai et al.,
2013; Rosenberg & Zilber-Rosenberg, 2016; van der Loos et al., 2019), and disruptions to these
host-microbiome interactions can have significant and often negative impacts on the host
(Rosenberg, Koren, Reshef, Efrony, & Zilber-Rosenberg, 2007).

Marine macroalgae evolved in a microbial world; 1 mL of seawater contains up to 107 viruses,
10° bacteria, 10° fungi, 10® microalgae, and 10 to 100 microscopic larvae and spores (Cole, 1982;
Engel, Jensen, & Fenical, 2002; Harder, 2009; Jensen & Fenical, 1994). Algal surfaces act as the
primary physiological and ecological interface with the environment where the uptake and
exchange of nutrients, and the detection and communication of chemical cues and signals take
place (Wahl et al., 2010). An abundant secretion of metabolic organic compounds forms a
favorable micro-niche for a structurally and functionally diverse microbiota (Barott et al., 2011;
Egan et al., 2013), that is significantly different in composition to the bacterial community found
in the surrounding seawater (Egan et al., 2013). These microbial epiphytes consist of prokaryotes
and eukaryotes, though bacteria (generalists and specialists) are considered the dominant active

group (Brodie et al., 2016; de Oliveira et al., 2012), followed by diatoms and fungi (Qian, Lau,
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Dahms, Dobretsov, & Harder, 2007). Generally, the host-microbe association in macroalgae is
considered stable (Kong & Chan, 1979), however, the microbial composition can vary in different
parts of the thallus (Staufenberger, Thiel, Wiese, & Imhoff, 2008), and also over different seasons,
and over the lifespan of an alga (Sakami, 1996). While the alga supplies microorganisms with
organic nutrients, the microbiota provides the alga host with important services (Egan et al., 2013;
Harder, Campbell, Egan, & Steinberg, 2012), including the supply of carbon dioxide, minerals,
vitamins, growth factors, fixed nitrogen and detoxifying compounds (Armstrong, Yan, Boyd,
Wright, & Burgess, 2001; Chisholm, Dauga, Ageron, Grimont, & Jaubert, 1996; Croft, Lawrence,
Raux-Deery, Warren, & Smith, 2005; Dimitrieva, Crawford, & Yksel, 2006; Goecke et al., 2010;
Riquelme, Rojas, Flores, & Correa, 1997; Singh, Bijo, Baghel, Reddy, & Jha, 2011), and can
furthermore shape the host’s morphology and life cycle (Ghaderiardakani, Coates, & Wichard,
2017).

An estimated half of all microalgae depend on their associated bacterial epiphytes to provide them
with the essential micronutrient vitamin B, which is acquired through the direct interaction with
bacteria (Croft et al., 2005; Tang, Koch, & Gobler, 2010), and some macroalgae, like the
freshwater/marine species Chladophora glomerata depends on exogenous vitamin B, for growth
and reproduction (Gerloff & Fitzgerald, 1976; Hoffmann & Graham, 1984; Hoflmann, 1990).
Genome sequences of 72 cultivable bacterial strains associated with the surface of the brown alga
Ectocarpus revealed gene clusters related to vitamin Bi,, to detoxification (degeneration of
superoxide radicals, reactive oxygen species, cyanate), and secondary metabolite synthesis
pathways, suggesting that the bacterial metabolism contributes towards the host’s wellbeing
(Karimi et al., 2020). Algae associated bacteria have also shown to influence developmental
transitions and growth of alga hosts (Pedersén, 1968; Tapia, Gonzalez, Goulitquer, Potin, &
Correa, 2016). For example, in Ulva spp. (Chlorophyta) and Ectocarpus spp. (Phaeophyta), the
removal of microorganisms from the algae resulted in an atypical morphotype, which, upon
adding the appropriate microbes, recovered their typical form (Ghaderiardakani et al., 2017; Tapia
et al., 2016). A similar phenomenon was observed in the two Rhodophyta species Dasya
pedicellata and Polysiphonia urceolata (Provasoli & Pintner, 1972). Bacteria associated with
Ectocarpus are involved in the acclimation process as the alga undergoes the transition from
seawater to freshwater (Dittami et al., 2016). Inferred functions from the Cladophora
bacteriobiome include methane and cellulose degradation, nitrogen fixation (Zulkifly et al.,
2012), and bacterial phosphorous acquisition (Young, Tucker, & Pansch, 2010). Many algal host-
microbiome alliances have been reported to be species-specific, for example bacterial
communities derived from the red macroalgal species Bonnemaisonia asparagoides, Lomentaria
clavellosa and Polysiphonia stricta were more similar in the same species originating from

different localities, than in different species from the same habitat (Nylund et al., 2009). On the
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365  other hand, highly variable bacterial assemblages between individuals of Ulva australis,
suggested that the bacterial community composition in this host is rather driven by functional
genes and transcriptomes, than by the taxonomy or phylogeny of specific bacteria strains (Burke,
Steinberg, Rusch, Kjelleberg, & Thomas, 2011; Burke, Thomas, Lewis, Steinberg, & Kjelleberg,
2011).

370

Marine macroalgae are continuously exposed to potentially harmful microorganisms,
nonetheless, despite not possessing a cell-based immune system (Potin, Bouarab, Kipper, &
Kloareg, 1999), diseases are rare in algae (Goecke et al., 2010). This phenomenon has been
assigned to the bioactive secondary metabolites produced by algae that act as antimicrobial
375  defence mechanisms (Engel et al., 2002), however antimicrobial activity is also known from algae
associated bacteria (Wiese, Thiel, Nagel, Staufenberger, & Imhoff, 2009), and macroalgae are
equipped with physiological and biochemical properties to predetermine the composition of their
associated epiphytic bacterial communities. For example, algal cell wall components can trigger
specific interactions between macroalgae and beneficial bacteria (Engel et al., 2002; Lachnit,
380 Meske, Wahl, Harder, & Schmitz, 2011), with microbes colonizing the outer surface layer of
algae selected for by the secondary metabolites produced and exuded by individual alga species,
with each alga possessing a specific chemical fingerprint. The red alga Delisea pulchra, for
instance, excretes halogenated furanones that shape their epibiome (Longford et al., 2019), and
also in the brown alga Fucus vesiculosus metabolites are involved in biofilm composition
385  (Lachnit, Wahl, & Harder, 2010). The red alga Agarophyton vermiculophyllum is capable of
chemically mediated recruitment of protective microbes, while deterring the settlement of
pathogens through exuded metabolites, a phenomenon called microbial “gardening” (Saha &
Weinberger, 2019). Various macroalgae have been shown to produce quorum sensing inhibitors
to disrupt bacteria communication (e.g., Joint, Tait, & Wheeler, 2007), and also algae associated
390 epiphytic bacteria suppress the settlement of other competitive bacteria by producing quorum
sensing inhibitors and thus contributing to algal defences (Kanagasabhapathy, Yamazaki, Ishida,
Sasaki, & Nagata, 2009).

Other than epiphytes, macroalgae harbor endophytic bacteria in their vacuolar systems or in the

cytoplasm, as observed in various siphonous green algae, including Bryopsis, Halimeda, and
395  Caulerpa (Goecke et al., 2010; Hollants, Leliaert, De Clerck, & Willems, 2013; Hollants, Leliaert,

Verbruggen, Willems, & De Clerck, 2013), where the bacterial community promotes host growth

and protects the host against pathogens. In Bryopsis endobacteria can either be recruited from the

environment, or vertically inherited (Hollants, Decleyre, Leliaert, De Clerck, & Willems, 2011).

Bacteria have also been reported inside algal galls (i.e. abnormal tissue growths) in red and brown
400  macroalgae (Ashen & Goff, 1998).
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4.3 Bioactive compounds and the alga holobiont

It has been suggested that algae devoid of their own chemical defences can rely on secondary

405  metabolites produced by their associated bacteria (Egan, Thomas, Holmstrom, & Kjelleberg,
2000; Goecke et al., 2010; Holmstrom, Rittschof, & Kjelleberg, 1992); the green alga Ulva
reticulata, for example, partly depends on antifouling compounds released by epibiotic bacteria
(Dobretsov & Qian, 2002).

410  Any marine alga ever tested for its bioactive compounds was not assessed as an isolated organism,
but consisted of itself and its associated microbial partners, many of which are known for their
metabolic capacities (Goecke et al., 2010). Thus, the origin of active agents is not always clear
and metabolites initially believed to be produced by eukaryotes, have been shown to originate
from a microbe. For example, Murakami et al. (2004) identified the source of chlorophyll d - that

415  was originally considered a genuine pigment in several species of marine red algae — to be an
epiphytic cyanobacterium living on the thalli of red algae, and concluded that chlorophyll d is not

a constituent of red algae, and that its biosynthesis does not even occur in eukaryotes.

Likewise, it is entirely possible that members of the macroalgal microbial consortium are involved
420 in, or even responsible for the methanogenesis inhibiting properties of marine algae in ruminants.
If true, and if such microorganisms are indeed capable to synthesize reactive metabolites
independently from the alga host, their identification and isolation could lead to the development
of a potent methanogenesis inhibitor via live microbiota inclusion in ruminant feed, and would
thus present an elegant solution for circumventing the difficulties associated with the production

425  and global distribution of alga whole-plant feed.

The single biggest known responsible factor for organohalogens in coastal areas is the enzymatic
activity carried out in marine macroalgae (reviewed in Wever et al., 1993), however, the enzyme
vanadium haloperoxidase that mediates the production of biogenic organohalogens, is not only
430  found in brown, red and green algae, but also in diatoms, in bacteria and in fungi (Wever & van
den Horst 2013), all of which have representatives in the alga microbiome. This suggests that the
production of organobromides in macroalgae may not only stem from the alga-host, but may also

involve members of its associated microbes.

For example, members of the genera Erythrobacter and Pseudomonas, both of which contain
435  bromomethane-producing affiliates (Fujimori et al., 2012), have been identified in the A.

taxiformis microbiome (Aires, Serrdo, & Engelen, 2016). Moreover, A. taxiformis harbours an
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endophytic fungus Nemania bipapillata belonging to the Ascomycota phylum, from which novel
compounds have recently been isolated (Medina et al., 2019). Other microbes associated with red
algae (Williams, Yoshida, Moore, & Paul, 2003) are the cyanobacteria, which are considered

440 amongst the most promising groups for the isolation of natural halogenated compounds
(Borowitzka, 1995; Burja, Banaigs, Abou-Mansour, Burgess, & Wright, 2001).

Also, halomethanes may only be indirectly involved in the methane reduction capacity of algae,
meaning that algae exude halobromides or other halomethanes that select for specific epibionts,
which are involved in the antimethanogenic algal activity, rather than the halomethanes per se.
445  For example, methanotrophic bacteria and archaea that use methane as a source of energy have
been shown to be associated with various marine organisms, like corals, sponges, jellyfish, and
others (Hestetun, Dahle, Jgrgensen, Olsen, & Rapp, 2016; Lee, Kling, Araya, & Ceh, 2018;
Siboni, Ben-Dov, Sivan, & Kushmaro, 2008), and the methanotrophs Methylotenera,
Methylibium, and Methylobacter are symbiotic partners of the freshwater alga Chladophora
450 glomerata (Zulkifly et al., 2012). Methanotrophs require oxygen and vitamin B (Iguchi,
Yurimoto, Sakai, & microbiology, 2011), and may thus be attracted to algae by emitted oxygen
from photosynthesis, and by the presence of vitamin Biz producers in algal bio films (Graham,
Wilcox, & Knack, 2015; Knack et al., 2015). Oxygen and vitamin B are also abundant in the
rumen. Thus, algal-associated methanotrophs may play a role in the algae-associated methane

455 reduction in ruminants.

4.4 Future perspectives

Algae associated microorganisms are almost certain to be involved in the alga-feed associated
inhibition of methanogenesis in ruminants, either by participating in the production of
460  metabolites, or otherwise, and may thus harbour a great potential to lead to an easy-to-produce-
and-distribute microbial feed additive for ruminants. Culture-based, as well as molecular- and
chemistry techniques can be used to identity responsible key members in algae associated
microbial consortia. Algae associated microbial assemblages, including prokaryotic (16S rDNA)
and eukaryotic species (18S, 28S rDNA, ITS), need to be identified, functional genes of interest
465  targeted, and distinct microbial functions unveiled, to provide baseline information and insight

into biosynthetic pathways.

If only endophytes that are targeted, optimal surface sterilization of algae is necessary to exclude
possible epibiont contamination (Flewelling et al., 2013; Hollants, Leliaert, De Clerck, &
Willems, 2010). Specialized gland cells that have been identified as bromomethane production
470  and accumulation sites in the red algae A. taxiformis and Laurencia sp., could be investigated to

clarify if microorganisms are present, and possibly involved in the production of halogens.
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Fluorescence in situ Hybridisation (FISH), using solid semithin algal sections and a triple band
filter will allow the discrimination between microbial FISH signals and the autofluorescence of
algal pigments (Hollants et al., 2010). If bacteria were localized in these gland cells, specific cells
475  or entire areas of algal tissue could be isolated by laser dissection microscopy. These sections
could then be further investigated using molecular biological methods (genomics,
transcriptomics, proteomics, etc.), to elucidate the identity, abundance and possible function of
the microorganism in question, and chemical methods could identify the bioactive compounds
produced. Mass spectrometry techniques, such as desorption electrospray ionization mass
480  spectrometry (DESI-MS), used to detect natural products on tissue surfaces, can help to localize
and identify the origin of natural compounds from macroalgae (Lane et al., 2009).
Lastly, the isolation and identification of cultivable microbes from marine algae is crucial for
bioprospection efforts. A reliable feed additive for the inhibition of methanogenesis in ruminants
could consist of a probiotic (live microorganisms), and a prebiotic substrate, selectively favouring
485  the probiotic organism.

5. Conclusions

490 Meeting global greenhouse gas emission targets is a pressing issue of our times, and
mitigating methane release from the livestock sector is crucial to meet these goals. Due to the
potent capacity to inhibit methanogenesis in ruminants, marine macroalgae qualify as
valuable feed additives to reduce methane emissions. However, the production and global
distribution of whole-plant macroalgae as livestock feed is challenging and impractical. Here

495 we described the potential of macroalgal associated microbial consortia and suggest an in-
depth exploration effort of these microbiota, with the ultimate goal to encourage the
identification of such microbes for the development of practical and applicable
antimethanogenic live microbial feed-additives, that - if globally distributed and used - could

positively affect the climate through inhibiting enteric methanogenesis in ruminants.
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