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Abstract: Methanogenesis in hypersaline environments is determined by redox potential and

permanency of anaerobic conditions, and by the concentration of other terminal electron

acceptors, particularly sulfate, because sulfate-reducing bacteria have a greater affinity than

methanogens for competitive substrates like hydrogen and acetate. Hypersalinity, however, is

not an obstacle to methanogenesis; in many cases it provides higher concentrations of non-

competitive substrates like methylamines, which derive from compatible solutes such as

glycine-betaine that is synthesized by many microbes inhabiting hypersaline environments.

Also, depletion of sulfate, as may occur in deeper sediments, allows increased methanogenesis.

On the other hand, increasing salinity requires methanogens to synthesize or take up more

compatible solutes at a significant energetic cost. Aceticlastic and hydrogenotrophic methano-

gens, with their lower energetic yields, are therefore more susceptible than methylotrophic

methanogenesis, which further explains the predominance of methylotrophic methanogens

likeMethanohalophilus spp. in hypersaline environments. There are often deviations from the

picture outlined above, which are sometimes difficult to explain. Identifying the role of

uncultivated Euryarchaeota in hypersaline environments, elucidating the effects of different

ions (which have differential stress effects and potential as electron acceptors) and under-

standing the effects of salinity on all microbes involved in methane cycling, will help us to

understand and predict methane production in hypersaline environments.
1 Introduction

Hypersaline environments are simply defined as those with a greater concentration of

salts than seawater. Such environments are many and varied, in terms of their overall salinity

and predominant ions. Coastal environments, both man-made and natural are subject to

desiccation, resulting in a wide variety of habitats from small, ephemeral salt pans within

temperate salt marshes to large, permanently hypersaline sabkhas in sub-tropical regions

(Hovorka, 1987). Similarly, inland salt lakes can be as large as the Great Salt Lake or a

tiny spring. Salt deposits, often several hundred meters in thickness, lie beneath about

a quarter of the Earth’s landmass, and contain brines from a cubic micrometer in volume

to many cubic meters.

Hypersaline environments are widespread and were more prevalent in former geological

times, for example much of northern Europe was covered by the salt-saturated Zechstein Sea

during the Permo-Triassic period (Zharkov, 1981), and the Mediterranean Sea was desiccated

more recently, with halite precipitation starting between 5.6 and 5.55 million years ago (Hsü

et al., 1973). Deep-sea, anoxic, hypersaline brines, derived from dissolution of such ancient

evaporites, form large lakes on the floor of the Gulf of Mexico, Mediterranean and Red Sea.

Oil reservoirs are frequently associated with hypersaline environments, and many industrial

waste streams are both anaerobic and hypersaline.

The inhabitants of hypersaline environments are generally termed halophiles, and the

use and misuse of this term, together with all its qualifiers, as well as examples of the most

ecologically important extreme halophiles, have been discussed by Oren (2008). The ability of

microbes to tolerate hypersaline environments with different chemical compositions varies

widely: Don Juan Pond, a CaCl2-saturated brine, appears to support no life (see Oren, 2002),

whereas the African soda lakes are amongst the most productive environments in the world

(Grant and Tindall, 1986). Salinity was found to be the main factor influencing microbial

community composition in a recent synthesis of 111 studies (Lozupone and Knight, 2007),
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and contrary to popular perception, microbial diversity can be extremely high in environ-

ments where the salinity is about two to three times higher than seawater and where redox and

light gradients exist. For example, 42 of the main bacterial phyla and 15 novel candidate phyla

were reported in a microbial mat in Guerrero Negro with a salinity of 8% (Ley et al., 2006),

representing an unprecedented level of microbial diversity (Lozupone and Knight, 2007). Also,

where salinity gradients occur, microbial biodiversity, abundance and activity can also be

greatly elevated owing to a cocktail of electron acceptors, donors, nutrients and carbon sources

in the ionic and redox gradient (Daffonchio et al., 2006).

In most environments methanogens are in competition with sulfate-reducing bacteria for

the products of fermentation, particularly hydrogen and acetate, and it is well documented

that where sulfate concentrations are sufficiently high, e.g., saline and hypersaline environ-

ments, sulfate reduction will be the dominant terminal-electron-accepting process owing to

the higher affinity for these competitive growth substrates (e.g., Lovley et al., 1982). Neverthe-

less, methanogenesis remains an important process in marine and hypersaline environments,

for example in sulfate-depleted zones in deeper sediments (Wilms et al., 2007), in areas with

elevated hydrogen production (Hoehler et al., 2001; Buckley et al., 2008), and where carbon

sources are available that cannot be used by sulfate reducers (Oremland et al., 1982; Winfrey

and Ward, 1983). Such non-competitive substrates include methanol, dimethylsulfide and

methylated amines, of which the latter derive from salinity-induced compatible solutes.

A scheme for the production of methylamines is indicated in > Fig. 1. Dimethylsulfide

derives primarily from hydrolysis of its precursor molecule dimethylsulfoniopropionate,

which, like glycine betaine, is a compatible solute, and so is common in saline and hyper-

saline environments (Kiene et al., 1986; Kiene and Visscher, 1987). Therefore methylotrophic
. Figure 1

Central importance of trimethylamine for methanogenesis in hypersaline environments

(adapted from Welsh (2000), with permission from Wiley-Blackwell). Only the main

pathways are shown, and many other scenarios have been illustrated and described

by Oren (1990).
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methanogens are nearly always the dominant methanogens in hypersaline conditions, includ-

ing salt-saturated environments (�5.2 M NaCl), although there are exceptions (Oremland

and King, 1989).

The relative importance of methylotrophic methanogenesis is well illustrated by an

analysis of the upper salinity (in parentheses) at which pure methanogenic cultures have

been shown to grow with various substrates (Oren, 1999): methylamines (27%), hydrogen

and carbon dioxide (12%) and acetate (4%). These salinities should not be considered as

the upper limit of activity in situ, but indicative of the relative importance of these substrates

at different salinities. Competition with sulfate reducers, and the consequent reduced pool

of halophilic hydrogenotrophic and aceticlastic methanogens on which natural selection

can act, partly explain the observed differences in salinity tolerance. However, this trend is

also governed by the relative energy gain from different methanogenic reactions per mole

of substrate (methylotrophic >> hydrogenotrophic � aceticlastic), especially since halo-

philes must expend a lot of energy to maintain an osmotically balanced and functional

cytoplasm via the biosynthesis and/or uptake of organic compatible solutes, and/or uptake

of potassium ions (Oren, 1999).

This review will focus more on those long-term, large-scale hypersaline anoxic environ-

ments, which have been studied in much greater depth, and their locations are shown

in > Fig. 2. The emphasis will be on contemporary work which builds on studies outlined

in some excellent reviews (e.g., Oremland and King, 1989; Ollivier et al., 1994; Oren, 1999;

Marvin diPasquale et al., 1999; Oren, 2002). In order to understand the role of methano-

genesis in carbon cycling in hypersaline environments evidence will be drawn from methane

fluxes from field measurements, methane production rates (often from slurry experiments),

cultivation, and investigation of uncultivated methanogenic communities. Methanogens are

frequently studied without cultivation, owing to a generally good correspondence between

phylogeny and phenotype that is less typical in other groups. Also, the mcrA gene, coding

for methyl coenzyme-M reductase subunit-A, has proven valuable for investigating methano-

gens, and there is good correspondence between the phylogenies obtained with this functional

gene and phylogenetic markers like 16S rRNA. This has resulted in widespread application of

these markers to investigate methanogens in hypersaline (and many other) environments.

Of course this is not absolute, and there is uncertainty over the phenotype of uncultivated

organisms giving rise to 16S rRNA sequences that cluster within the Euryarchaeota but

outside of known methanogens.
2 Sedimentary Rocks

Waldron et al. (2007) exploited a natural salinity gradient from 8 mM to 3.5 M Cl� in the

subsurface Antrim Shale, rich in methane derived from biodegraded hydrocarbons, to under-

stand the salinity constraints on different types of methanogenesis. Methanogenesis was an

important process in the shales, owing to a lack of competition with other terminal-electron-

accepting processes, and it was evident that methanogens were capable of a high level of

activity at their in-situ salinities, with the exception of the 3.5 M brine, in which there was

no methane production. It is difficult to ascertain the percentage salinity of the two most

saline brines (2.3 and 3.5 M Cl�) because the Na+ concentrations are 1.1 and 1.4 M

respectively, implying the presence of other cations (perhaps K+, Mg2+, Ca2+) that were

not measured. Based on most-probable-number enrichments, there is a clear change in
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methanogenic processes, with a mixture of hydrogenotrophic, aceticlastic and methylo-

trophic methanogenesis (primarily hydrogenotrophic) at low salinities and a predominance

of methylotrophic methanogenesis at higher salinities (Waldron et al., 2007). This is supported

by 16S rRNA clone libraries, in which all clone sequences resembled those from Methanocor-

pusculum spp. at 12.8 mM Cl�, while most resembled the methylotrophic Methanohalophilus

spp. at 2.3 M Cl�. The second most abundant group from the high-salinity well was closely

related toMethanoplanus petrolearius, previously shown to tolerate 0.86M Cl�, and able to use
a range of compounds including hydrogen and carbon dioxide (Ollivier et al., 1997), hinting

that hydrogenotrophic methanogenesis may be possible at this very high salinity. Indeed

Ollivier et al. (1998) isolated Methanocalculus haloterans from a hypersaline oil reservoir,

a hydrogenotrophic methanogen capable of growth up to 12% NaCl (= 2 M Cl�). Perhaps, the
long-term stability of the shale (>7000 years) and the absence of competing processes have

enabled hydrogenotrophic methanogens to adapt to a higher salinity (Waldron et al., 2007).
3 Deep-Sea Hypersaline Anoxic Brine Lakes

There are numerous locations in the deep sea and the deep subsurface where dissolution of

rock salt has resulted in hypersaline brine seeps and lakes, which are often associated with

methane seeps. In the case of the deep-sea hypersaline brine lakes, the density gradient

between the hypersaline brine and overlying seawater, coupled with weak currents at depth,

restrict mixing, which results in the hypersaline brines becoming anoxic. Such pools and lakes

have been discovered on the floor of the Gulf of Mexico, Red Sea and Mediterranean Sea.

These hypersaline brines have commonly been shown to be a source of biogenic methane,

often mixed with geogenic methane (Charlou et al., 2003; Joye et al., 2005). A small brine pool,

called NR-1, in the Gulf of Mexico is even surrounded by dense beds of Bathymodiolusmussels

which house chemoautotrophic bacteria presumably fed by sulfide or methane from the

anoxic brine lake (MacDonald et al., 1990). In sediments fed by a sulfate-depleted hypersaline

brine seep, Paull et al. (1985) found that the carbon in mussel tissue was isotopically light

and hence presumably derived (via endosymbiotic methanotrophs) from brine-derived meth-

ane. Therefore, there is good evidence that food-webs are stimulated by reduced compounds

derived from microbial activity in hypersaline brines analogous to hydrothermal vent com-

munities (Martens et al., 1991).

In hypersaline brines on the floor of the Red Sea, such as the Kebrit and Shaban Basins, there

are hints of the presence of methanogens from archaeal biomarkers (Michaelis et al., 1990) and

euryarchaeal 16S rRNA gene amplicons (Eder et al., 2002), both of which could derive from

non-methanogenic Archaea. More direct evidence has come from four of the eastern Medi-

terranean hypersaline basins where van der Wielen et al. (2005) detected methane production

rates (mM CH4 d
�1) of 85.8 (Urania), 16.9 (l’Atalante), 4.2 (Bannock) and 2.6 (Discovery).

The most abundant uncultivated archaeal clones (termed MSBL-1) in most of these basins

(van der Wielen et al., 2005) and in a hydrothermal mud vent beneath Urania hypersaline

brine (Yakimov et al., 2007a), branched most closely to methanogens. The 16S rRNA signature

from a very similar organism was also found in the anoxic hypolimnion of shallow hypersaline

Solar Lake (Cytryn et al., 2000) and sediments of hypersaline Lake Chaka (Jiang et al., 2006).

MSBL-1 Archaea probably represent a novel order, but despite their phylogenetic affiliation we

currently have no firm evidence that they are methanogenic.

Yakimov et al. (2007b) found a change in the main archaeal community across

the �2-meter halocline from oxic Mediterranean seawater (depth 3498.5 m) to almost
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NaCl-saturated, anoxic l’Atalante brine; with a group related to ANME-1 (putative anaerobic

methane-oxidizing group) co-existing with the aforementioned MSBL-1 group near the top of

the interface, i.e., where salinity is not extremely high but where oxygen is highly depleted.

MSBL-1 was detected also in the brine, but Methanohalophilus-related 16S rRNA sequences

were most abundant in the deeper parts of the halocline and in the hypersaline brine.

Messenger RNA coding for methyl coenzyme-M reductase from Methanohalophilus spp. was

detected in the l’Atalante hypersaline brine (Hallsworth et al., 2007), and we isolated strains

from l’Atalante sediment with �99% 16S rRNA sequence similarity to Methanohalophilus

mahii using sulfate-free medium and non-competitive growth substrates (Sass, Timmis,

McGenity, unpublished). This suggests that methanogenesis is occurring throughout the

hypersaline brine of l’Atalante basin, and is primarily mediated by Methanohalophilus spp.

using methylamines. In Bannock basin, which is chemically similar to l’Atalante but located on

the opposite side of the Mediterranean trench, extremely low methane production rates were

observed throughout the halocline from deep Mediterranean seawater to the hypersaline

brine, but this increased to 3.5 mM CH4 d�1 in the near-salt-saturated brine (Daffonchio

et al., 2006). 16S rRNA sequences fromMethanohalophilus spp. and relatives were not found in

Bannock interface or brine, whereas MSBL-1 was detected in both and ANME-1 in the

interface (van der Wielen et al., 2005; Daffonchio et al., 2006), raising interesting questions

about the factors influencing the distribution of methanogens.

Three of the eastern Mediterranean brine lakes are dominated by NaCl, but the Discovery

brine is unusual in that it derives from the dissolution of bischofite and so is an almost pure,

5 molar MgCl2 brine, with a water activity (aw) of 0.37, the lowest recorded in a marine

environment and far below the current known limit of life (0.605) (see Hallsworth et al.,

2007). Moreover, MgCl2 destabilizes biological macromolecules at high concentrations, and

above a concentration of 2.3 M (in the absence of compensating solutes) appears to be

inhibitory to life (Hallsworth et al., 2007). In support of this notion, is the detection of

mRNA, a highly labile indicator of active microbes, from sulfate reducers and methanogens,

only in the upper half of the halocline from seawater to Discovery brine (<2.23 M MgCl2; aw
of <0.801), whereas methanogen mRNA was detected in the NaCl-rich l’Atalante brine at a

lower water activity of 0.741 (Hallsworth et al., 2007). Although mRNAwas not detected in the

lower half of the interface, 16S rRNA from both groups was found, and can be attributed to the

exceptional preservation properties of MgCl2 (Hallsworth et al., 2007). Marvin diPasquale

et al. (1999) found that rates of methanogenesis were very low in the Dead Sea sediments

(salinity of�30%, aw of�0.669 (Krumgalz and Millero, 1982) and highly enriched in divalent

cations, especially MgCl2), with only methanol additions in some samples permitting low

levels of methane production. This is in contrast to the lower salinity (<18%) and NaCl-

dominated Solar Lake sediments were rapid methanogenesis was observed with a wider range

of non-competitive substrates. The relative influence of salinity/low water activity and divalent

cation concentration on biogeochemical processes like methanogenesis warrants further

investigation.
4 Guerrero Negro and Other Hypersaline Microbial Mats

As mentioned earlier the Guerrero Negro mats are hypersaline yet one of the most biodiverse

environments on Earth. Hoehler et al. (2001) observed that, along a vertical transect of

a subtidal microbial mat, high levels of methane production coincided with unusually

high hydrogen concentrations (a consequence of cyanobacterial activity in the upper few
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millimeters of the mat), and concluded that competition with sulfate-reducing bacteria and

hence hydrogen limitation for methanogenesis was therefore negated. In support, Skyring

et al. (1989) had shown that inhibition of sulfate reduction left hydrogen consumption

unaffected. However, no analysis of the methanogenic community was made to support this

observation, and the fact that the surface of the mat also harbored the highest density of

cyanobacteria which may be leaking the compatible solute, glycine betaine, giving rise to of

methylamines (> Fig. 1), could also explain high levels of methanogenesis, as observed by King

(1988) in a different hypersaline, cyanobacteria-dominated mat, and explained in detail by

Oren, (1990). Indeed, Smith et al. (2008) investigating the Guerrero Negro mats, found that

methylated amines were the primary route to methane formation and that methylotrophic

members of theMethanosarcinales were the only methanogens detected bymcrA amplification

and sequencing. In an artificial system in which sulfate was removed over the course of a

year, hydrogenotrophic methanogens were observed, but were still less abundant than

methylotrophic methanogens. As anticipated, methanogenesis was much higher in the mat

sample with sulfate concentrations below 200 mM compared with the in-situ level of 70 mM

(Smith et al., 2008). Back-to-back studies on Guerrero Negro mats with salinities of 7–7.5%

(Jahnke et al., 2008; Orphan et al., 2008) confirmed that methylotrophic Methanosarcinales

were the dominant methanogens, although in most parts of the mat, methanogens were only a

small fraction of the Archaeal community. Also, various perturbations and analyses revealed a

stratification of Methanosarcinales, with the following trend: Methanolobus spp. in the photic

zone, Methanohalophilus spp. in the middle, and Methanococcoides in the unconsolidated

sediment below the mat, extending the salinity at which Methanococcoides spp. have been

found by 3.5% (Orphan et al., 2008). Importantly, both studies revealed lipids that could serve

as possible biomarkers for methanogenesis in microbial mats, both modern and ancient

(Jahnke et al., 2008; Orphan et al., 2008). In a more hypersaline series of microbial mats,

Mouné et al. (2003) did not detect methanogens at a salinity of 25–32%, but Methanosarci-

nales represented 1% of the prokaryote community in a mat with a lower salinity of 15–20%,

thus further emphasizing the abundance of Methanosarcinales in methanogenesis in hypersa-

line microbial mats.

In a microbial mat in a saltern pond in Eilat with a salinity of 21.5%, Sørensen et al. (2004)

estimated methane flux from the mat of 1.6 � 10–5 nmol cm�2 s�1, one order of magnitude

lower than in a pond of lower salinity (13.8%) studied previously. Slurry experiments with

salinities from 5 to 32% revealed that the methane-production rates increased between 15 and

25% salinity, coinciding with a decrease in the sulfate-reduction rate. When molybdate was

added to prevent sulfate reduction, methanogenesis also occurred at 5–15% salinity, proving

that sulfate reducers were outcompeting methanogens at the lower salinities. Despite this, at

the in-situ salinity the rate of methanogenesis was only about 5% of sulfate reduction, and

thus contributes marginally to carbon mineralization (Sørensen et al., 2004).

Giani et al. (1989) investigated methanogenesis as a function of depth and salinity in

Kervalet saltern ponds (Bretagne) by placing gas domes on top of microbial mats. Methano-

genesis was enriched by the addition of methylated amines and methanol but not by acetate,

formate, H2/CO2 and glycerol. As found by Sørensen et al. (2004) rates of methane production

were greater at the highest salinities tested (20–33%), both in the field and in laboratory

simulations, and were up to 100 times higher than those reported for typical marine environ-

ments, despite elevated sulfate concentrations. Methane production decreased at intermediate

salinities (7–12%), possibly due to increased anaerobic methane oxidation (Giani et al., 1989),

but was again high at the lowest salinity (4%).
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5 Buried Salt Deposits

Many microbes, most notably Halobacteriaceae, have been isolated and their 16S rRNA

signatures detected in salt crystals from buried evaporite deposits (see McGenity et al., 2000,

2008), but to date methanogens have evaded detection. Nevertheless, in salt mines naked

flames are not permitted and there are records of methane-induced explosions; also gas-

induced popping salt is a common threat to mine workers. The redox potentials of fluid

inclusions in halite are generally negative, usually from �10 to �130 mV (summarized by

Roedder, 1984), and methane, amongst other gases, is commonly detected (Roedder, 1984).

Perhaps methanogens lack the capacity for long-term survival as seen in Halobacteriaceae

(their close cousins who have adapted to aerobic conditions), in which case, the presence of

methane can be explained by trapping of the gas during initial halite precipitation or more

typically during recrystallization of buried halite (Pironon et al., 1995a,b). Alternatively,

methane may be produced in young halite crystals by co-entombed methanogens which

subsequently die, and over geological time their necromass serves as a source of carbon and

energy for heterotrophic extremely halophilic microbes.
6 Other Environments

In addition to the MSBL-1 group discussed previously, there are several reports of methano-

genesis in hypersaline environments in which the associated archaeal clone libraries contain

Euryarchaeota that do not fall within clusters of known methanogens, e.g., Solar Lake

hypolimnion (salinity >15%; Cytryn et al., 2000) and Quinghai Lake, China (salinity,

12.5%; Dong et al., 2006). Studying a soil-salinity gradient, Walsh et al. (2005) detected

Methanosarcinales, includingMethanohalophilus, as a minor component of the archaeal clones

from the least saline (7%) soil, whereas at this salinity and higher there were numerous

Euryarchaeota of unknown function.

Methanogenesis has been observed in many soda lakes with high pH. In slurries

from Searles Lake (30% salinity) and Mono Lake (9% salinity) incubated at 25�C
at pH 9.8, methane-production rates decreased from �20–100 mmol cm�3 d�1

to �0.5–1 mmol cm�3 d�1 with an increase in salinity from 2.5 to 35% (Kulp et al., 2007),

implying that many of the methanogens in these lakes survive periods of elevated salinity

but are better adapted to lower salinity, and are primed to become more active during

wetter periods. It is notable therefore, that in relatively recent history (thousands of years),

both lakes were much fresher than currently. In the Tuva and Southeastern Transbaikal

soda lakes, methane is formed by methylotrophic and hydrogenotrophic pathways, res-

pectively, with little contribution from aceticlastic methanogens (Zavarzin et al., 1996;

Namsaraev et al., 1999).

Low temperatures are also not a barrier to methanogens. For example, in the Arctic

Gypsum Hill spring (7.5% salinity; 5–7�C) 4% of the archaeal community was represented

by close relatives of methylotrophic, psychrotolerant Methanococcoides spp., however, they

were not detected in Color Peak spring (salinity 15.5%; Perreault et al., 2007). Instead, in the

higher salinity spring there was an increase in putatively methanogenic Euryarchaeota to 16%

of the archaeal community compared with 8% in the lower salinity spring (Perreault et al.,

2007), again raising the important issue of understanding the true ecological roles of the

Euryarchaeota giving rise to these 16S rRNA sequences.
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7 Cycling of Methane

In many hypersaline environments methanogenesis is quantitatively far less important than

sulfate reduction in the cycling of carbon. Nevertheless, if aerobic methane-oxidizing bacteria

are inhibited to a much greater extent than methanogens, then overall methane flux to the

atmosphere could be significant. Using a suite of incubation and inhibition techniques and

measuring with gas chromatography, Conrad et al. (1995) found no evidence of methane

oxidation in Solar Lake or in mats from the Eilat salterns, with salinities of 9 and 13%,

respectively. By contrast, using 14C-labelled methane, methanotrophy was observed in

Crimean microbial mats with salinities up to 33% (Sokolov and Trotsenko, 1995). There are

also reports of pure methanotrophic cultures that can grow up to 15% NaCl (Heyer et al.,

2005), and in-situ methanotrophy has been observed in the alkaline-saline Mono Lake

(salinity �9%) where both type-I and type-II methanotrophs were shown to be responsible,

and rates of aerobic methane oxidation exceed those found in many marine environments

(Carini et al., 2005; Lin et al., 2005).

There is also geochemical evidence of anaerobic methane oxidation in Mono Lake (Joye

et al., 1999) and Big Soda Lake (Iversen et al., 1987). More recently, Lloyd et al. (2006)

examined sediments overlying a brine-pool methane seep in the Gulf of Mexico, and showed

that the archaeal community consisted predominantly of ANME-1b methane oxidizers (i.e., a

phylogenetically distinct group of methanogens previously shown to oxidize methane by

reverse methanogenesis in cooperation with sulfate-reducing bacteria), particularly concen-

trated around the methane-sulfate interface, where the salinity reaches�13%. In lower salinity

environments where anaerobic methane oxidation is occurring, other ANME groups are

usually present. But in addition to the Gulf of Mexico (Lloyd et al., 2006), ANME-1-related

16S rRNA sequences were common in Mediterranean deep-sea hypersaline anoxic basins

(Yakimov et al., 2007a, b), thus suggesting that the ANME-1 group is better adapted to

hypersaline conditions than other anaerobic methane oxidizers.

As mentioned previously, methylamines are probably the main carbon and energy source

for halophilic methanogens, and these largely derive from compatible solutes such as glycine

betaine, which enter the environment upon cell death. Zhilina and Zavarzin isolated the first

halophilic homoacetogen, Acetohalobium arabaticum, which converted glycine betaine to

acetate and trimethylamine. When grown in co-culture with a Methanohalophilus strain,

only acetate and methane accumulated in the medium, demonstrating the trophic link

between an abundant compatible solute and methanogenesis in hypersaline environments

(Zhilina and Zavarzin, 1990). Subsequently several other members of the Halanaerobiales able

to produce methylamines from betaine have been described (see Oren, 2002).

From the above discussion it is clear that the relationship between methanogenesis and

salinity is far from simple, and is dependent on the geological, historical and current physico-

geochemical situation of the environment. Methanogenesis may decrease with increasing

salinity owing to a concomitant increase in sulfate concentration, which in turn provides an

abundant supply of terminal electron acceptor for sulfate-reducing bacteria, which out-

compete methanogens for common resources such as acetate or hydrogen. Alternatively,

methanogenesis may increase as salinity rises, because many microbes use glycine betaine as

a compatible solute to cope with high salinity; and upon release from the cell, fermentative

organisms can convert glycine betaine to methylamines (> Fig. 1) which provide an energy-

rich compound that can be used by many halophilic and halotolerant methanogens, but not

by sulfate-reducing bacteria. Additionally, competition may be diminished by sulfate being
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used up, e.g., at depth or by precipitation of sulfate minerals. Nevertheless, growth at very

high salinities is energetically demanding, and so often serves to inhibit methanogenesis.
8 Cultivated Halophilic Methanogens

Cultivated, taxonomically described halophilic methanogens are shown in >Table 1,

and in addition there are several interesting halophilic strains whose names have not

been validly published, especially in the genera Methanohalophilus and Methanohalobium

(see Zhilina, 2001). Strain OCM 283, from an oil-reservoir brine, has a specific requirement

for calcium and magnesium ions, reflecting the ionic composition of the oil-field brine

from which it was isolated (Obraztsova et al., 1988). It was originally named ‘‘Methano-

coccoides euhalobius’’ (Obraztsova et al., 1988), but based on its wide NaCl tolerance

(1–14%, optimum 6%), growth with methanol and methylamines and 16S rRNA sequence

comparison, it was proposed to transfer it to the genus Methanohalophilus (Davidova
. Table 1

Cultivated, taxonomically described halophilic methanogens

Order Speciesa Strain Habitatb
NaCl

rangec
NaCl

optc
Carbon

sourcesd
Original

publication

Methanosarcinales

Methanohalophilus

portucalensis

OCM 59 Saltern

sediments,

Portugal

2–25 3–12 Methanol,

MA

Boone et al.

(1993)

Methanohalophilus

(Methanococcus)

halophilus

OCM 160 = DSMZ

3094

Shark Bay,

Australia,

microbial

mat

2–15 7–9 Methanol,

MA

Zhilina

(1983)

Methanohalophilus

mahii

OCM 68 = ATCC

35705

Great Salt

Lake,

sediment

3–20 6–15 Methanol,

MA

Paterek and

Smith

(1988)

Methanosalsum

(Methanohalophilus)

zhilinae

OCM 62 = DSMZ

4017

Bosa Lake

(Wadi

Natrun)

1–12 4 Methanol,

MA, DMS

Mathrani

et al. (1988)

Methanohalobium

evestigatum

OCM 161 = DSMZ

3721

Sivash Lake,

microbial

mat

15–30 25 Methanol,

MA

Zhilina and

Zavarzin

(1987)

Methanomicrobiales

Methanocalculus

halotolerans

OCM 470 Oil field,

Alsace

0–12 5 H2 & CO2,

Formate

Ollivier

et al. (1998)

aGenus names given in brackets indicate basonyms
bHabitat from which the type strain was isolated
cNaCl range in which the species can grow, and opt = optimal salt concentration for growth; concentration

in % w/v
dMA methylamines; DMS dimethylsulfide
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et al., 1997), however this name has never been validated. A strain whose name was validly

published as Halomethanococcus doii (Yu and Kawamura, 1987), but which probably belongs

to the genus Methanohalophilus, has been lost (Boone, 2001). Nakatsugawa (1991) described

strain NY-218 which grew optimally at 14–18% NaCl and grew well on methylamines and

methanol, and moderately on acetate. Methanocalculus halotolerans is the most halotolerant

strain known that uses hydrogen and carbon dioxide, as well as formate, as growth substrates

(Ollivier et al., 1998). However, Pérez-Fillol et al. (1985) reported an extremely halophilic,

methanogen that was both hydrogenotrophic and methylotrophic. The genus Methanolobus

has several slightly halophilic strains, such as Methanolobus oregonensis DSMZ 5435, which

grows up to 9% NaCl, which, in addition to using methanol and methylamines, can use

dimethylsulfide and methanethiol (Liu et al., 1990). The combined properties of halophily,

alkaliphily and the ability to convert methanethiol to methane by Methanolobus oregonensis

and related species are actively being tested for desulfurization of petroleum and gas

(van Leerdam et al., 2008).

Methanogens cope with elevated salinity by the accumulation of organic compatible

solutes, often together with potassium ions which serve to counter the charge of anionic

solutes. Additionally, enhanced expression of the gene coding for ClpB, a chaperone of

the AAA+ superfamily, was identified in response to hyper- and hypo-osmotic stress (Shih

and Lai, 2007). However, addition of glycine betaine reduced expression of clpB upon

hyperosmotic shock, indicating that it has an important role in protein protection at high

salinity. The common compatible solute, glycine betaine can be synthesized and accumulated

by many methanogens, but they also use a variety of uncommon solutes, for example

Methanohalophilus spp. use Ne-acetyl-b-lysine, b-glutamine, La-glutamate and a-glucosyl-
glycerate (Lai et al., 1991; Roberts, 2005). Thus, on the one hand, not only does glycine betaine

serve as a source of carbon and energy after fermentation to methylamines by other organisms,

it is also an important osmoprotectant. It would be interesting to learn the extent to

which halophilic methanogens ‘monitor’ the concentration of dissolved glycine betaine

in the environment, and adjust its uptake and metabolism accordingly, on the one hand

taking advantage of a pre-made compatible solute, while on the other retaining sufficient

for future growth.
9 Research Needs

Few halophilic methanogens have been isolated recently, and publication dates in >Table 1

indicate that none has been taxonomically described in the last decade. Also, the previous

discussion highlights the presence of numerous Euryarchaeota that may be halophilic metha-

nogens, but which remain to be cultivated. Bringing such organisms into culture should be

a research priority, as was done recently for peat-bog methanogens, now represented

by ‘Methanoregula boonei’ (Bräuer et al., 2006), and with a fully sequenced genome. Molecu-

lar biological tools are under-developed for methanogens, which, coupled with the paucity of

genome sequences of halophilic methanogens, means that we are only just beginning to

understand the generic and methanogen-specific features of adaptation to high salinity.

Certainly, the potential interaction between compatible-solute and chaperone networks

deserves further investigation (Shih and Lai, 2007). Cross-referencing clone libraries of

mcrA and 16S rRNA sequences is valuable to detect trends such as determining which

uncultivated methanogens are common to hypersaline environments. However, doing this
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manually is inefficient and, especially with the plethora of pyrosequencing data emerging, it is

important to develop and apply software to study methanogen biogeography. For methano-

gens that evade cultivation, metagenomics, single-celled genomics, and stable-isotope prob-

ing, following 13C (e.g., from methylamines and other growth substrates) into lipids and

nucleic acids, can provide a link between function and phylogeny.

There are numerous other areas that need further research if we are to truly understand

carbon cycling past, present and future: it is important to understand how methanogens cope

with desiccation (from rice paddies to salt marshes) because not only must methanogens

tolerate low water activity, but also increased exposure to oxygen. What are the constraints of

growth at high salinity – energetic (e.g., cost of making compatible solutes), competition,

nutrient uptake etc., and how do these affect methane producers and consumers over space

and time? Research into these areas may help us to learn whether and how aerobic Halobacter-

iaceae evolved from strictly anaerobic methanogens, and direct the search for putative missing

links between the two archaeal groups.
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