REVIEW

SOCIETY FOR

A aecan  Microbiology and Molecular
MICROBIOLOGY BIO'Ogy ReVieWS®

Physiology and Distribution of Archaeal Methanotrophs That
Couple Anaerobic Oxidation of Methane with Sulfate
Reduction

S. Bhattarai,2 C. Cassarini,>? P. N. L. Lensa*

aUNESCO-IHE, Institute for Water Education, Delft, The Netherlands

bNational University of Ireland Galway, Galway, Ireland

SUMMARY ..ottt et e e 1
INTRODUGCTION ..ottt ettt e e et e et et et e et et e e aieeaaeenas 2
MICROBIOLOGY OF ANAEROBIC METHANE OXIDATION ............oviviiiiiiiinninnen. 3
Discovery of AOM ...ttt e 3
AOM Coupled to Sulfate REAUCTION . ....veenettteitt ettt et eieeeanas 4
AOM Coupled to Different Sulfur Compounds as the Electron Acceptor ................. 5
AOM Coupled to Nitrite and Nitrate Reduction ...........oovviiiiiiiiiiiieiieiiiiiiinnnns 6
AOM Coupled to Iron and Manganese Reduction ...............ccooiiiiiiiiiiiiiniineeannn. 6
Other Electron Acceptors for AOM ......ceenuiiteite ettt et et eeiee e aieeeanaas 7
PHYLOGENY OF ANME ...ttt e e et e e e e e 8
ANME PhyIOgENY ...ttt 8
Metabolic Pathways: ANME versus Methanogens ............c.ooiiiiiiiiiiiiiiniieeannnn.. 8
PHYSIOLOGY OF ANME ...ttt ettt e e e e et 9
Carbon and Nitrogen Metabolism ..........c..oiiiiiiii i 9
Electron Transfer between ANME and SRB ..........ccoiiiiiiiiiiiiiiiiiiiiiiieiieaane, 11
Nonsyntrophic Growth of ANME ... oo i aaaes 12
ECOLOGY OF ANME IN MARINE HABITATS ..ottt eeeeaaaes 13
Major Habitats of ANIME ...... ..ottt e aaaes 13
ANME Type Distribution by Temperature .............ccoooviiiiiiiiiiiiiiiiieiiineen. 15
Methane Supply Mode as Driver for ANME Distribution .............cc.coooceiiiiiiiin.. 15
EX SITU ENRICHMENT OF ANME MEDIATING AOM-SR .........cotiiiiiiiiiiiiiiiiiieenns 17
Need for Enrichment of ANME ... i 17
Conventional In Vitro Enrichment Techniques of ANME Mediating AOM-SR ............ 17
Modified In Vitro ANME Enrichment Approaches ...........ccoouviiiieiieiiiiiiiiiinnnnnns 20
Continuous Bioreactor-Based Enrichment of ANME Mediating AOM-SR ................. 20
Future Development in Ex Situ Enrichment Approaches ............cccovviiiiiiiiiinnnn.. 22
CONCLUSIONS ...ttt et ettt e ettt et et et et et et eaeaaae 23
ACKNOWLEDGMENTS ...ttt et et et e et et et et et et e eaeeaeanas 24
REFERENCES .. .......ttuttinttttt ittt ettt et et et et et et et e e e 24
AUTHOR BIOS ... ..ottt ettt e e e e e e e e et et et et e e e e eeeanes 30

SUMMARY In marine anaerobic environments, methane is oxidized where sulfate-
rich seawater meets biogenic or thermogenic methane. In those niches, a few phylo-
genetically distinct microbial types, i.e., anaerobic methanotrophs (ANME), are able

to grow through anaerobic oxidation of methane (AOM). Due to the relevance of Citation Bhattarai S, Cassarini C. Lens PNL

methane in the global carbon cycle, ANME have drawn the attention of a broad sci- 2019. Physiology and distribution of archaeal

entific community for 4 decades. This review presents and discusses the microbiol- methanotrophs that couple anaerobic

ogy and physiology of ANME up to the recent discoveries, revealing novel physio- oxidation of methane with sulfate reduction.
9y physiology of A P € : 4 9 phy Microbiol Mol Biol Rev 83:00074-18, https://

logical types of anaerobic methane oxidizers which challenge the view of obligate doi.org/10.1128/MMBR.00074-18.

syntrophy for AOM. An overview of the drivers shaping the distribution of ANME in Copyright © 2019 American Society for

different marine habitats, from cold seep sediments to hydrothermal vents, is given. Microbiclogy. All Rights Reserved.
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Multivariate analyses of the abundance of ANME in various habitats identify a distri- ‘ R .
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bution of distinct ANME types driven by the mode of methane transport. Intrigu- SI5. sl CIe. comibuiages el o dilseride.
ingly, ANME have not yet been cultivated in pure culture, despite intense attempts. Published 31 July 2019
Further advances in understanding this microbial process are hampered by insuffi-
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cient amounts of enriched cultures. This review discusses the advantages, limitations,
and potential improvements for ANME laboratory-based cultivation systems.

KEYWORDS anaerobic oxidation of methane, anerobic methanotrophs

INTRODUCTION

ethane (CH,) is the most abundant and completely reduced form of hydrocarbon.

It is the most stable hydrocarbon, which demands +439kJ mol~' energy to
dissociate the hydrocarbon bond (1). Methane is a widely used energy source, but it is
also the second largest contributor to human-induced global warming, after carbon
dioxide. Methane concentrations in the atmosphere have increased by 150% (i.e., from
about 0.7 to 1.8 ppmv) in the last 200 years (2-4), and experts estimate that this
increase is responsible for approximately 20% of the Earth’s warming since preindustrial
times (5). On a per mole basis and over a 100-year horizon, the global warming
potential of methane is about 28 times more than that of carbon dioxide (6). Therefore,
major scientific efforts are being made to resolve detailed maps of methane sources
and sinks and how these are affected by the increased levels of this gas in the
atmosphere (5).

The global methane cycle is driven largely by microbial processes of methane
production (i.e., methanogenesis) and methane oxidation (i.e., methanotrophy). Meth-
ane is produced with substrates from the anaerobic degradation of organic matter via
microbial food chains and through carbon dioxide reduction (7). These methane
production processes occur in diverse anoxic subsurface environments, such as rice
paddies, wetlands, landfills, and contaminated aquifers, as well as freshwater and ocean
sediments (8). Methane can also be formed physicochemically at specific temperatures
of about 150°C to 220°C (thermogenesis). It is estimated that more than half of the
methane produced globally is oxidized microbially to CO, before it reaches the
atmosphere (8). Both aerobic and anaerobic methanotrophy are the responsible pro-
cesses. The first involves the oxidation of methane to methanol and ultimately to
carbon dioxide in the presence of molecular oxygen by methanotrophic bacteria (9, 10),
whereas the second includes the oxidation of methane to carbon dioxide in the
absence of oxygen by a clade of archaea, called anaerobic methanotrophs (ANME), and
the process is known as the anaerobic oxidation of methane (AOM).

Large methane reservoirs on Earth (450 to 10,000 gigatonnes of carbon [Gt C]) (11,
12) are found as methane hydrates beneath marine sediments, mostly formed by
biogenic processes (13). Methane hydrates, or methane clathrates, are crystalline solids,
consisting of large amounts of methane trapped by interlocking water molecules (ice).
They are stable at high pressure (>6 MPa) and low temperature (<4°C) (14, 15) and are
typically found along continental margins at depths of 600 to 3,000 m below sea level
(8, 11, 15). By gravitational and tectonic forces, methane stored in hydrates seeps into
the ocean sediment under the form of mud volcanoes, gas chimneys, hydrate mounds,
and pock marks (15). These methane seepage manifestations are environments where
AOM has been documented, e.g., Black Sea carbonate chimney (16), Gulf of Cadiz mud
volcanoes (17), and Gulf of Mexico gas hydrates (18). Besides, AOM also occurs in the
sulfate-methane transition zones (SMTZ) of sediments. The SMTZ are quiescent sedi-
ment environments, where the upward diffusing (thermogenic and biogenic) methane
is oxidized when it meets sulfate, which is transported downward from the overlayer of
seawater (Fig. 1). Considering that sulfate is abundant in seawater and that oxygen in
seabed sediments is almost absent, AOM coupled with the reduction of sulfate is likely
the dominant biological sink of methane in these environments.

It is estimated that methane seeps, which generally lay above methane hydrates
(19), annually emit 0.01 to 0.05 Gt C, contributing 1% to 5% of the global methane
emissions to the atmosphere (15). These emissions would be higher if methane was not
scavenged by aerobic or anaerobic oxidation of methane. While aerobic methane
oxidation is dominant in shallow oxic seawaters (20), AOM is found in the anoxic zones
of the seafloor (8, 21, 22). Due to limited data, it has not been possible to determine the
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FIG 1 Time line of relevant research on and discoveries about anaerobic methane oxidation with sulfate as an electron acceptor. The major milestones achieved
are depicted in their respective years along with some future possibilities in AOM studies. IEC, interspecies electron carrier; MAR, microautoradiography;
NanoSIMS, nanometer-scale secondary ion mass spectrometry.

exact global values of methane consumption by AOM. But the rates of AOM in the
SMTZ and methane seep environments have been tentatively estimated at 0.05 and
0.01 Gt C per year, respectively (15).

Besides the biogeochemical implications of AOM, this microbial process can have
biotechnological applications for the treatment of waste streams rich in sulfate or
nitrate/nitrite but low in electron donor. A few studies have highlighted the future of
AOM and ANME in environmental biotechnology, where methane is used as the sole
electron donor to achieve sulfate reduction in bioreactors (23-29). Biological sulfate
reduction is a well-known technique to remove sulfur and metals from wastewaters,
and metals can be recovered by metal sulfide precipitation (30). Many industrial
wastewaters are deficient in dissolved organic carbon. Hence, supplementation of
external carbon sources and electron donors is essential for microbial sulfate reduction.
Frequently used electron donors for sulfate-reducing treatment plants are hydrogen/
carbon dioxide and ethanol (31), which are costly and are preferably replaced by
low-priced electron donors (25). It is estimated that the overall treatment costs would
be reduced by a factor of 2 to 4 if methane from natural gas or biogas was used in
sulfate-reducing bioreactors as an electron donor instead of hydrogen or ethanol (24).
The major limitation for the biotechnological application of AOM is the extremely low
growth rates of the ANME, currently with doubling times as long as 2 to 7 months (24).

(This review was adapted from chapter 2 of C.C.'s thesis [32].)

MICROBIOLOGY OF ANAEROBIC METHANE OXIDATION
Discovery of AOM

The anaerobic oxidation of methane coupled to sulfate reduction (AOM-SR) takes
place where sulfate (S0,2-) meets either biogenic or thermogenic methane. This unique
microbiological phenomenon, AOM, has been recognized for 4 decades as a key to
close the balance of oceanic carbon (33, 34). Since then, various key discoveries have
elucidated the AOM process to some extent, but its exact biochemical mechanism is
still unclear (Fig. 1). AOM was first deduced from CH, and SO,2- profile measurements
in marine sediments (35-37). The occurrence of AOM yields typical concave-up meth-
ane profiles in sediment columns with high methane concentrations in the deep
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FIG 2 Fluorescence in situ hybridization images from different ANME types. (A) ANME-1 cells in elongated rectangular shape (red) that inhabit the Guaymas
Basin hydrothermal vent as a monospecific clade. Republished from reference 165 with permission from Springer Nature. (B) Aggregate of coccus-shaped
ANME-2 (red) and Desulfosarcina/Desulfococcus (green) bacteria, an enrichment sample after 8 years from the Isis Mud Volcano in the Mediterranean Sea. The
image was taken from http://www.mpg.de/6619070/marine-methane-oxidation and is republished with permission from Jana Milucka and the Max Planck
Institute for Marine Microbiology. (C) Aggregate of large, densely clustered ANME-2d (green) and other (blue) bacteria obtained from a bioreactor enrichment.
Republished from reference 61 with permission from Springer Nature. (D) Aggregate of coccus-shaped ANME-3 (red) and Desulfobulbaceae (green) bacteria
inhabiting the Haakon Mosby Mud Volcano. Republished from reference 54 with permission. Scale bars, 10 um.

sediment layers and very low CH, concentrations at the sediment water interface
(Fig. 1).

Quasi in situ and in vitro studies using radiotracers have confirmed AOM as a
biological process (35-37). Additional in vitro studies have suggested that the AOM
process is performed by a unique microbial community (38-40), i.e., the ANME, mostly
in association with sulfate-reducing bacteria (SRB) (Fig. 2). The identification of the
microorganisms involved in AOM is crucial to explain how methane can be efficiently
oxidized with such a low energy yield. By microscopic visualization after hybridization
with specifically designed probes, the in situ occurrence of such archaeal-bacterial
associations was recorded, showing that the ANME groups are widely distributed
throughout marine sediments (39, 41-43). The physicochemical drivers shaping the
global distribution of ANME consortia are not fully resolved to date (see Ecology of
ANME in Marine Habitats, below). Instead, AOM activity tests and in vitro studies
allowed the estimation of their doubling time on the order of 2 to 7 months,
revealing the extremely slow growth of ANME on CH, (44).

AOM Coupled to Sulfate Reduction

The ocean is one of the main reservoirs of sulfur, where it occurs mainly as dissolved
sulfate in seawater or as a mineral in the form of pyrite (FeS,) and gypsum (CaSO,) in
sediments (45). Sulfur exists in different oxidation states, with sulfide (527), elemental
sulfur (S°), and sulfate (SO,2-) as the most abundant and stable species in nature. With
a concentration of 29 mM, sulfate is the most dominant anion in ocean water, next to
chloride. The reductive part of the sulfur cycle occurring in sediments involves two
main microbial processes: (i) bacterial dissimilatory reduction of sulfate to hydrogen
sulfide, which can subsequently precipitate with metal ions (mainly iron), and (ii)
assimilatory reduction of sulfate to form organic sulfur compounds incorporated in
microbial biomass (46). Dissimilatory sulfate reduction by SRB occurs in anoxic marine
sediments or in freshwater environments, where SRB use several electron donors, such
as hydrogen, and various organic compounds (e.g., ethanol, formate, lactate, pyruvate,
fatty acids, methanol, and methanethiol). Methane cannot be used directly as an
electron donor by SRB, unless associated with ANME, as in AOM-SR (47). However, the
occurrence of both methanotrophy- and dissimilatory sulfate reduction-related genes
in the draft genome of Korarchaeota WYZ-LM09 showed the potential utilization of
methane and sulfite reduction by the same microorganism (48, 49).

AOM was considered impossible in the past, due to the nonpolar C-H bond of CH,
(1). From a thermodynamic point of view, AOM-SR yields minimal energy: only 17 kJ
mol~" of energy is released during AOM-SR at standard state (Fig. 3, equation 1). In
comparison, more energy is released by the hydrolysis of one ATP (31.8 kJ mol~").

September 2019 Volume 83 Issue 3 e00074-18 mmbr.asm.org 4


http://www.mpg.de/6619070/marine-methane-oxidation
https://mmbr.asm.org

Anaerobic Methane Oxidation by Archaeal Methanotrophs

AGP kJ mol* CH,
-17

-435

4 5 4 7
ZSe02™ + ~H* Zge0 B Eq. 9
5Se05™ + = H 5S¢’ + HCO3 +3H,0  (Eq.9)

4 32 ) 8 72
—Cr,0% + ?H"é FCr¥* +C0, + 5 H,0  (Eq.10)

02~ HS™ + HCO3 + H,0 (Eq. 1)
802+ 2p = 2Hs; + HCO; + 2 10 (Eq.2
7oV 7 7 12 3 7 2 (Eq. 2)
5,03 = 2HS™ + HCO3 +H* (Eq. 3)
45° + 3H,0 = 4HS™ + HCO3 +5H* (Eq. 4)
8 5 _ 4 7
ZNOz + S H* 2 HCO3 +3M+3H0  (Ea.5)
4NO3 SU 4NO3 + HCO3 +H,0 + H* (Eq. 6)

CH, +

4 —> -

(gas) [j|4Mn02 +3HCOT + 3HY——*% 5 4MnCO; + 5H,0 (Eq.7)

8Fe(OH); + 7HCO3 + 7TH* —22 . 8FeCO; + 21H,0 (Eq.8)

3

4 B 708 4

§Br03 §Br + CO, + 2H,0 (Eq. 11)

3Se0%™ + 3H* 1868 2Se® + HCO3 +3H,0  (Eq. 12)

8 19 -173 8 17

— 2- 4 “Ht —A HCO3 +—H Eqg. 13

£AS03+ —H £ As + HCO3 + < Hp0 (Eq. 13)
lDescribed Ilndications of occurrence Missing

FIG 3 Described and possible AOM processes with different terminal electron acceptors. AOM with
sulfate, nitrate, or nitrite as the electron acceptor is well described, along with the microbes involved
(indicated by green bars), whereas AOM with manganese and iron has been shown, but the microbes
involved need to be characterized (indicated by blue bars). Other possible electrons are indicated in the
bottom part of the figure according to the thermodynamic calculation of the chemical reaction
(indicated by an orange bar).

Other electron acceptors in the anaerobic environment, such as nitrate, iron, and
manganese, provide higher energy yields than sulfate, as deducted by the AG® of the
different redox reactions (Fig. 3). However, their combined concentration at the marine
sediment-water interface is far lower than the sulfate concentration (50). Therefore,
AOM-SR usually dominates in marine sediments.

AOM-SR has been suggested to be a cooperative metabolic process of AOM and
dissimilatory sulfate reduction, thereby gaining energy by a syntrophic consortium of
ANME and SRB (Fig. 3, equation 1) (39, 40). The Desulfosarcina/Desulfococcus and
Desulfobulbaceae clades of SRB especially are common associates of ANME for SR.
However, the three ANME phylotypes have been visualized without any attached SRB
in different marine environments as well (51-54), suggesting that AOM-SR can poten-
tially be performed independently by the ANME themselves (Fig. 3, equation 1,
performed solely by ANME). Theoretically, slightly more energy can be released (18 kJ
mol~") if sulfate is reduced to disulfide instead of sulfide (Fig. 3, equation 2) (55).

AOM Coupled to Different Sulfur Compounds as the Electron Acceptor
Microorganisms that mediate AOM-SR could also use S° or thiosulfate (S,052") as the
terminal electron acceptor for AOM (Fig. 3, equations 3 and 4). The reduction of 1 mol
of S,052~ to 1 mol sulfide would require fewer electrons (4 electrons) than the
reduction of SO,2- to sulfide (8 electrons). The reduction of S,052~ coupled to CH,
oxidation is also more energetically favorable (Fig. 3, equation 3) than AOM-SR (Fig. 3,
equation 1). However, research investigating AOM coupled to S,052~ reduction (28, 29,
56, 57) showed that disproportionation of S,052- prevailed over its reduction, even if
it is theoretically less thermodynamically favorable (AG° = —22 kJ mol~"). The presence
of known SRB able to metabolize inorganic sulfur compounds by disproportionation,
such as Desulfocapsa and Desulfovibrio (58), in the studied sediment (57) might favor
S,052- disproportionation over its reduction with CH, as the sole electron donor.
However, the Desulfosarcina/Desulfococcus and Desulfobulbaceae microorganisms com-

September 2019 Volume 83 Issue 3 e00074-18

Microbiology and Molecular Biology Reviews

mmbr.asm.org 5


https://mmbr.asm.org

Bhattarai et al.

monly associated with ANME were never shown to metabolize S,052- via disproportion,
even though Desulfosarcina/Desulfococcus microorganisms were once described as
putative disulfide-disproportionating bacteria (55).

Differently, the theoretical Gibbs free energy for AOM coupled to S° is positive
(+24 kJ mol~—") (Fig. 3, equation 4). However, in vitro tests showed that this reaction
may well proceed and the calculated free energy of reaction under in situ conditions is
negative (—84.1 kJ mol~") (29, 55). In contrast to S,052~ disproportionation, S° dispro-
portionation requires energy (+41 kJ mol~') unless an oxidant, such as Fe(lll), renders
the reaction more energetically favorable (58). Furthermore, S° may disproportionate in
alkaline environments by alkaline halophilic bacteria (59). Therefore, other reactions
and mechanisms might be taken into consideration when investigating AOM coupled
to the reduction of other sulfur compounds such as S,052~ and S°.

AOM Coupled to Nitrite and Nitrate Reduction

Methanotrophs that utilize nitrite (60) or nitrate (61) have been identified in anaer-
obic freshwater sediments. Thermodynamically, methane oxidation coupled to nitrite
and nitrate yields more energy than AOM-SR, with AG® values of —990 kJ mol~" and
—785 kJ mol—", respectively (Fig. 3, equations 5 and 6). Two specific groups of microbes
are involved in the process of AOM coupled with nitrate and nitrite reduction: “Can-
didatus Methanoperedens nitroreducens” (archaea) and “Candidatus Methylomirabilis
oxyfera” (bacteria), respectively.

AOM coupled to denitrification was first hypothesized to occur in a syntrophic
manner similar to that of AOM coupled to SR (62). However, Ettwig et al. (60) showed
that methane oxidation coupled to nitrite reduction occurs in the absence of archaea.
The bacterium “Candidatus Methylomirabilis oxyfera” couples AOM to denitrification,
with nitrite being reduced to nitric oxide, which is then converted to nitrogen (N,) and
oxygen (O,). The thus-generated intracellular by-product, oxygen, is subsequently used
to oxidize CH, to CO, (60). Moreover, recent studies revealed that a distinct ANME,
affiliated with the ANME-2d subgroup and named “Candidatus Methanoperedens
nitroreducens” (Fig. 2C and 3), can carry out AOM using nitrate as the terminal electron
acceptor through reversed methanogenesis (61). ANME-2d can perform denitrifying
anaerobic methane oxidation (DAMO) without any syntrophic partners (see Fig. 5B).
ANME-2d releases nitrite, which can be reduced to N, by “Candidatus Methylomirabilis
oxyfera” or by the anaerobic ammonium-oxidizing (anammox) bacterium in the pres-
ence of ammonium. Therefore, different microbial communities dominate in a biolog-
ical system, depending on the availability of the nitrogen species (nitrate, nitrite, or
ammonium) (61).

DAMO, similar to AOM coupled to sulfate reduction, can be applied as sustainable
technology to reduce methane emissions and nitrogen levels in aquatic environments.
It has been demonstrated that DAMO microorganisms can be enriched in reactors on
wastewater (63-67). Moreover, recent studies showed that DAMO and annamox bac-
teria can be cocultured and enriched in bioreactors, reducing nitrite completely with
methane and ammonium as electron donors (63, 68).

AOM Coupled to Iron and Manganese Reduction

Besides sulfate and nitrate, iron and manganese have also been studied as potential
electron acceptors for anaerobic methane oxidation. In marine sediments, AOM was
found to be coupled to the reduction of manganese or iron in marine sediments (69),
coastal sediments (70), and lake sediments (71, 72). An in vitro study by Beal et al. (69)
showed that oxide minerals of manganese, i.e., birnessite (simplified as MnO, in
equation 7 of Fig. 3), and iron, i.e., ferrihydrite [simplified as Fe(OH); in equation 8 of Fig.
3], can be used as electron acceptors for AOM. Similarly, Sivan et al. (72) showed that
13CH, was consumed upon Fe(ll)-oxide addition to the Lake Kinneret sediment core,
and in marine Lake Grevelingen, the iron-dependent AOM rate was 1.32 = 0.09 wmol
cm—3year—! (70). The rates of AOM coupled to MnO, or Fe(OH); reduction are lower
than AOM-SR rates, but the energy yields (AG® of —659 kJ mol~" and —285 kJ mol ",
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respectively) (Fig. 3, equations 7 and 8) are higher. Thus, the potential energy gains of
Mn- and Fe-dependent AOM are, respectively, 10 and 2 times higher than those of
AOM-SR, inspiring researchers to further investigate these potential processes (69).

Several researchers have investigated the identity of the bacteria present in putative
Fe- and Mn-dependent AOM sites and hypothesized their involvement along with
ANME (51, 69). In parallel with AOM-SR, Fe- and Mn-dependent AOM are also assumed
to be mediated by two cooperative groups of microorganisms. The bacterial 16S rRNA
phylotypes found in Fe- and Mn-dependent AOM sites are putative metal reducers,
belonging to the Verrucomicrobia phylotypes (51) and the phyla Bacteriodetes, Proteo-
bacteria, and Acidobacteria and are mostly present in heavy-metal-polluted sites and
hydrothermal vent systems (69). The ANME-1 clade was identified as the most abun-
dant in metalliferous hydrothermal sediments and in Eel River Basin methane seep
sediment. However, the sole identification of specific bacteria and archaea in these
marine sediments does not provide evidence for their metal-reducing capacity.

Some studies assumed the direct coupling of AOM to iron reduction. Lake Kinneret
sediment incubations with '3CH, showed an increase in AOM activity after sulfate
reduction inhibition by sodium molybdate and addition of amorphous iron (71),
showing the occurrence of iron-coupled AOM. Wankel et al. (51) investigated AOM in
hydrothermal sediments from the Middle Valley vent field, where AOM dominated by
the ANME-1 phylotype occurred in the absence of SR and SRB. Fe-dependent AOM was
hypothesized as the process in these sediments, due to the abundance of Fe(lll)-
bearing minerals, specifically green rust and a mixed ferrous-ferric hydroxide. A higher
AOM rate than with sulfate reduction was observed in in vitro incubations with Mn- and
Fe-based electron acceptors like birnessite and ferrihydrite (73).

There is also a hypothesis on the possible indirect coupling of AOM with metal
reduction (69). Bar-Or et al. (71) suggested the possible role of different microbial
consortia in iron-dependent AOM along with archaea (ANME and/or methanogens).
Namely, metal oxides catalyze the oxidation of sulfide, present in the sediment, to
elemental sulfur and disulfide. The produced sulfur compounds can be disproportion-
ated by bacteria producing transient sulfate, which can be used to oxidize CH,. These
sulfur transformations are referred to as cryptic sulfur cycling (74, 75), and its extent can
increase if the sediment is rich in microorganisms able to metabolize elemental sulfur
and disulfide (76, 77). A recent study of the Bothnian Sea sediment speculated two
separate anaerobic regions where AOM occurs: AOM-SR (in the upper anaerobic layer)
and Fe-dependent AOM (in the lower anaerobic layer). It was hypothesized that the
majority of AOM was coupled directly to iron reduction in the iron-reducing region and
that only about 0.1% of AOM-SR was due to cryptic sulfur cycling (70). However, in
marine and brackish sediments, probably only a small percentage of CH, is oxidized by
an Fe-dependent process, as sulfate is the most dominant anion in marine water (46).

Other Electron Acceptors for AOM

Theoretically, based on thermodynamics, anaerobic methane-oxidizing microorgan-
isms can also utilize other electron acceptors, including arsenic, selenium, bromate, and
chromium (Fig. 3, equations 9, 10, 11, 12, and 13). It should be noted that the chemistry
of selenium oxyanions (selenate [SeO,27] and selenite [SeO527]) is similar to that of
sulfur oxyanions (sulfate [SO,2-] and sulfite [SO527]), since both belong to the same
group in the periodic table, the so-called chalcogens. Oxidized selenium species, i.e.,
selenate or selenite, might thus also be used as an electron acceptor for AOM (Fig. 3,
equations 9 and 12).

Metal-dependent AOM was also recently reported to be catalyzed by the DAMO
archaea, namely “Candidatus Methanoperedens nitroreducens,” which was able to
oxidize methane with Fe(lll) and Mn(IV) instead of nitrate (78). Moreover, several recent
articles on AOM in anaerobic freshwater sediments showed that ANME can oxidize
methane using Mn and Fe minerals as electron acceptors (79-82). Recent studies
showed that the DAMO archaea can also mediate AOM using other different electron
acceptors, such as selenate (83), bromate (84), and chromate (85). Lu et al. (85)
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proposed that chromate is reduced either by DAMO archaea or by unknown chromate-
reducing bacteria coupled to DAMO archaea. However, acetate or other volatile fatty
acids could be formed as intermediates and used as the electron acceptor for selenite
reduction (83). Indeed, Luo et al. (84) showed that the formation of acetate by methane
oxidation was mediated by DAMO microbes under oxygen-limiting conditions and that
the acetate was probably used as an electron donor by the bromate-reducing bacteria.

PHYLOGENY OF ANME
ANME Phylogeny

Based on the phylogenetic analysis of 16S rRNA genes previously illustrated by
Knittel and Boetius (22), ANME have been grouped into three distinct clades, i.e.,
ANME-1, ANME-2, and ANME-3 (38, 39, 41, 86). All ANME are phylogenetically related to
various groups of methanogenic archaea (22). ANME-2 and ANME-3 are clustered
within the order Methanosarcinales, while ANME-1 belongs to a new order that is
distantly related to the orders Methanosarcinales and Methanomicrobiales (22). Specif-
ically, ANME-3 is closely related to the genus Methanococcoides. Fluorescence in situ
hybridization (FISH) analysis showed that microorganisms belonging to the ANME-2
and ANME-3 groups are coccus shaped, similar to Methanosarcina and Methanococcus
methanogens (Fig. 2B and D), while ANME-1 microorganisms exhibit mostly a rod-
shape morphology (Fig. 2A).

Samples from marine habitats around the globe have been retrieved over the years,
and extensive molecular analysis of such samples has yielded a great number of 16S
rRNA and mcrA gene sequences of the archaeal microorganisms inhabiting those sites.
The mcrA gene encodes the alpha-subunit of the methyl coenzyme M (methyl-CoM)
reductase (MCR), which catalyzes the last step in methanogenesis (87, 88). It is also
thought to catalyze the oxidation of methane, since MCR can function in reverse
methanogenesis (87, 88). The mcrA gene phylogeny of the various archaeal orders
closely parallels that of the 16S rRNA genes (22). Upon phylogenetic analysis based on
16S rRNA and mcrA (22) genes, the three major groups of ANME were identified.
ANME-1 is further subgrouped into ANME-1a and ANME-1b. ANME-2 is divided into four
subgroups, i.e,, ANME-2a, ANME-2b, ANME-2¢c, and ANME-2d, whereas no subgroups of
ANME-3 have been defined so far (22).

Metabolic Pathways: ANME versus Methanogens

MCR is the key carbon-metabolizing enzyme in methanogens responsible for meth-
ane formation. MCR constitutes up to 10% of the total protein in ANME (87) and
operates in the reverse direction relative to methanogens (89-91). The MCR forward
reaction occurring in methanogens releases energy (AG° = —30kJ mol~") (88); thus,
the reverse reaction (occurring in ANME) is endergonic under standard conditions and
will not proceed unless an electron acceptor (e.g., sulfate) is added. Besides the addition
of an electron acceptor, the larger amount of MCR in ANME relative to that in
methanogens (87) might compensate for the slow reaction (92). However, it is still
unclear if the thermodynamic conditions and the abundance of MCR alone can ensure
AOM; other MCR modifications might play a role in the reverse methanogenesis (92).

The crystal structure of the MCR protein isolated from a Black Sea mat, naturally
enriched in ANME-1, reveals that ANME-1 MCR and methanogenic MCR have distinct
features in and around the active site of the enzyme (93). In the MCR from ANME-1, the
prosthetic group is not the conventional F,5, cofactor, but a methylthio-F,5, variant. To
accommodate the variant of the cofactor, the geometry of the active site of the ANME-1
MCR enzyme is modified so that the amino acid glutamine, which posttranslationally is
two-carbon methylated and thus bulky, is replaced by a small valine molecule (93, 94).
These distinct features might reflect that ANME-1 are more distantly affiliated to the
other ANME groups, for which no such modifications of their MCR seem to exist (93).

Besides their close phylogenetic relationships and usage of MCR, ANME exhibit
other similarities with methanogenic archaea. For example, sequenced genomes of
ANME-1 and ANME-2 from environmental samples indicate that except for the N>,N°-
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FIG 4 Diverse physiology in methane-producing and methane-consuming archaea. (A) Hydrogenotrophic methanogenesis by Methanosarcina barkeri; (B)
methylotrophy by M. acetivorans; (C) methanotrophy by ANME-2 with direct interspecies electron exchange (DIET). Red arrows indicate electron transfer, and
dashed black arrows represent ion translocation steps for energy conservation. Enzyme abbreviations: Frh, F,,,-reducing hydrogenase; Ech, ferredoxin-
dependent hydrogenase; Vho, methanophenazine-reducing hydrogenase; Fpo/Fqo, F,,,H,:phenazine/quinone oxidoreductase; HArDE, heterodisulfide reduc-
tase; Mhc, multiheme cytochrome; Rnf, Na*-translocating ferredoxin:NAD oxidoreductase; Mtr, Na*-translocating methyl-H,MPT:coenzyme M methyltrans-
ferase. The figure is based on reports from McGlynn (108), Timmers et al. (92), Thauer et al. (204), and references therein.

methylene-tetrahydromethanopterin (H,MPT) reductase in the ANME-1 metagenome
(89), these ANME contain homologous genes for the enzymes involved in all seven
steps of reverse methanogenesis (61, 89, 90). All the enzymes related to AOM are yet
poorly characterized, and the majority of them are known to catalyze reversible
reactions (88, 95), except CoM-S-S-CoB. Thus, it is hypothesized that ANME oxidize
methane via the methanogenic enzymatic machinery functioning in reverse, i.e., rever-
sal of CO, reduction to CH, (Fig. 4) (89, 91).

Theoretically, the key AOM enzymes, such as MCR, can also be used to transform
methane to alcohols, such as butanol (96, 97): the enzymes responsible for AOM can
activate methane and assist in C-C bond formation (97). Nevertheless, there is no
formation of a C-C bond during the AOM process. A few recent studies have focused
on the conversion of methane to liquid fuels, such as butanol (96, 97). However, only
“liquid biofuel precursors,” such as acetate, have been produced from methane (96).
This concept is still of interest, because the logistics and infrastructure for handling
liquid fuels are more cost-effective than those for utilizing compressed natural gas. A
more detailed elucidation of the ANME metabolism is a prerequisite to the develop-
ment of such biotechnological applications of AOM. Moreover, recent investigations
showed that MCR may also use different substrates than methane, such as butane (98).

PHYSIOLOGY OF ANME
Carbon and Nitrogen Metabolism

The difficulty in obtaining enrichment cultures of ANME hampers getting insights
into the physiological traits of these microorganisms. Nonetheless, in situ and in vitro
activity tests using '3C- or '“C-labeled methane unequivocally revealed that ANME
oxidize methane (44). But the physiology of these microorganisms seems to be more
intriguing. Recently, it was found that the carbon in ANME biomass is not totally
derived from methane, i.e, ANME are not obligate heterotrophs. ANME-2 seem to
assimilate carbon from methane and from CO, at similar amounts (99), whereas carbon
within the biomass of ANME-1 is derived from CO, fixation (16, 100) and ANME-1 also
contain genes encoding the CO, fixation pathway characteristic of methanogens (89).
Thus, these ANME are regarded as methane-oxidizing chemoorganoautotrophs (100).
In contrast to other typical ANME, ANME-2d microorganisms assimilate mainly methane
into their cellular biomass (101).
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There is evidence that some ANME-1 and/or ANME-2 present in methane seeps from
the Black Sea and the Gulf of Mexico can produce methane (16, 102) from CO, or from
methanol (103). This methanogenic capacity exhibited by these ANME mirrors in turn
the methane oxidation capacity displayed by pure cultures of methanogens (104, 105)
and by mixed cultures of methanogens present in anaerobic sludge (106), which can
oxidize about 1% to 10% of the methane they produce. However, the reported
methane oxidation capacity of cultured methanogens is so low that they are not
considered to contribute to methane oxidation in marine settings. The detection of
important numbers of active ANME-1 cells in both the methane oxidation and the
methane production zones of estuary sediments has led to the proposition that this
ANME type is not an obligate methane oxidizer but rather a flexible type that can
switch and function as a methanogen as well (107).

McGlynn (108) and Timmers et al. (92) recently compared the energy metabolism of
different archaea performing AOM: sulfate-reducing ANME, nitrate-reducing ANME,
metal-reducing ANME, and methanogens. They showed that the metabolism of the
different archaea can be completely reversed by only a few changes in the enzymes
present, which are responsible for the electron transfer (Fig. 4, red arrows) and ion
movements (Fig. 4, black arrows). In general, in hydrogenotrophic methanogens, e.g.,
Methanosarcina barkeri (Fig. 4A), CO, is reduced to CH, with H,, whereas in metha-
notrophs (e.g., ANME-2), the reverse process, in which CH, oxidizes to CO,, occurs (Fig.
4C). Methanogenesis is already partly reversed during methylotrophic methanogenesis
(Fig. 4B), in which a carbon compound, such as 4 mol of methanol, is disproportionated
to 3 mol of CH, and 1 mol of CO, (Fig. 4B). During methylotrophy, in the absence of H,,
the methyl group of methanol is partly oxidized to regenerate the reducing equivalents
needed in the methanogenic respiratory chain.

The energy-conserving steps in ANME are very similar to the ones shown in the
methylotrophic methanogens, as modelled by Methanosarcina acetivorans (Fig. 4C
and B, respectively). Among the enzymes embedded in the membrane, some pump
ions out of the cell, such as F,,oH,-phenazine oxidoreductase (Fpo) and sodium-
translocating Fd/NAD* (Rnf), and some let ions into the cell, such as coenzyme
B-coenzyme M heterodisulfide reductase (Hdr) and N>-methyl-H,MPT:coenzyme M
methyltransferase (Mtr), to promote less-favorable reactions (92, 108).

Methylotrophic methanogens, such as M. acetivorans, contain key elements of
carbon metabolism and energy conservation similar to those in ANME, except for the
multiheme c-type cytochromes, Mhc (96). Several studies have proposed that the Mhc
are in the surface layer (S-layer) of archaea and that electrons are transferred from the
archeal membrane to the S-layer cytochromes (Fig. 4C) and from them to the SRB
partner (109) or to other electron acceptors such as Fe(lll) oxides (70, 109). Thus, the
introduction of Mhc would allow Methanosarcina acetivorans to become a metha-
notroph.

Another intriguing physiological trait is the N,-fixing capacity (i.e., diazotrophy) of
ANME-2d. Using >N, as the nitrogen source, it was found that ANME-2d cells assimilate
15N in batch incubations of marine mud volcano or methane seep sediments (110, 111).
While fixing N,, ANME maintained their methane oxidation rate, but their growth rate
was severely reduced. The energetic cost to fix nitrogen is one of the highest among
all anabolic processes and requires about 16 ATP molecules, corresponding to 800 kJ
mol~" of nitrogen reduced. Therefore, considering the meager energy gain of AOM
(about 30 or 18 kJ mol~" of CH, oxidized), it is consistent that the growth rate of ANME
is 20 times lower when N, rather than ammonium (NH, ™) is used as the nitrogen source
(110). Yet, it is not resolved under which in situ conditions these microorganisms are
diazotrophic. Also, whether other ANME types are diazotrophs has not yet been shown.
Although the metagenome of ANME-1 reveals the presence of various candidate
proteins having similarity to proteins known to be involved in N, fixation (89), this trait
has not yet been tested experimentally.
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FIG 5 Syntrophic and nonsyntrophic anaerobic methanotrophs (ANME) using sulfate as an electron acceptor. (A) In a syntrophic
association, ANME can transfer electrons to a sulfate-reducing bacterium (SRB) via different mechanisms: electron transfer via possible
intermediate compounds such as formate, acetate, or hydrogen (1) and direct interspecies electron transfer between ANME and SRB
mediated by c-type cytochromes, e.g., as in ANME-2 (131), or via nanowires and cytochromes acting, e.g., as in thermophilic ANME-1
(132) (I1). (B) In a nonsyntrophic association, ANME can possibly perform the complete AOM process alone without a sulfate-reducing
partner by using insoluble iron oxides as external electron acceptors (109) (I), by producing carbon dioxide and disulfide (HS,") with
SO as an intermediate (the HS,~ can be disproportionated by SRB) (55) (ll), or by ANME-2d performing DAMO (lll).

Electron Transfer between ANME and SRB

While several theories have been proposed to understand the interaction between
ANME archaea and SRB, the most common hypothesis is syntrophy between these two
groups (Fig. 5A). Obligate syntrophs share the substrate degradation process, resulting
in one partner converting the substrate into an intermediate, which is consumed by the
syntrophic partner (112). Unlike other known forms of syntrophy, the intermediate
shared by ANME and SRB has not yet been identified. The syntrophy between ANME
and SRB is hypothesized on the basis of the tight cooccurrence of ANME and SRB in
AOM active sites, as revealed by FISH images (Fig. 2B and D) (39, 41, 113). Isotopic
signatures in archaeal and bacterial lipid biomarkers strengthen this hypothesis of
syntrophy, assuming transfer of an intermediate carbon compound between the ANME
and SRB (39, 114-116). Also, phylogenetic analysis showed the cooccurrence of SRB and
ANME in samples from AOM sites, suggesting that their coexistence may play a role in
AOM (54, 117, 118).

Hydrogen and other methanogenic substrates, such as acetate, formate, methanol,
and methanethiol, were hypothesized as the intermediates between ANME and SRB
(Fig. 5A) (40, 119, 120). Formate is the only possible intermediate which would result in
free-energy gain, so thermodynamic models support formate as an electron shuttle
(e-shuttle) of AOM (120). However, acetate was assumed to be the favorable e-shuttle
in high-methane partial-pressure environments (121). Genomic studies have suggested
that the putative intermediates for AOM could be acetate, formate, or hydrogen (89,
91). The formate dehydrogenase gene is highly expressed in the ANME-1 genome, and
thus formate can be formed by ANME-1 and function as an intermediate (89). Likewise,
the ADP-forming acetyl coenzyme A (acetyl-CoA) synthetase (ACS), which converts
acetyl-CoA to acetate, was retrieved from an ANME-2a genome (90) and recently also
found in ANME-2d, which was linked with its fatty acid metabolism (122). The ADP-
forming ACS in ANME-2a has yet to be tested; however, acetate could be formed by
ANME-2a and be a possible intermediate.

The first step of AOM is the conversion of methane to methyl-CoM; however, the
production of either acetate or hydrogen could be via other pathways and not
necessarily by reverse methanogenesis (90, 91). Nevertheless, the addition of hydrogen
in an AOM experiment did not lead to any change in AOM rate, in contrast to the typical

September 2019 Volume 83 Issue 3 e00074-18 mmbr.asm.org 11


https://mmbr.asm.org

Bhattarai et al.

methanogenesis process (123). Similarly, methane-based SR rates were the same even
if these potential intermediates (acetate/formate) were supplied, whereas the reaction
should be shifted to lower AOM rates upon the addition of intermediates (123, 124).
Moreover, the addition of these potential intermediates induced the growth of SRB
other than the Desulfosarcina/Desulfococcus and Desulfobulbaceae groups, which are
the assumed syntrophic partner of ANME (125). Therefore, the hypothesis of these
compounds being possible AOM e-shuttles remains unconfirmed. Instead, methyl
sulfide was proposed to be an intermediate for both methanogenesis and methano-
trophy (123). Methyl sulfide was then assumed to be produced by the ANME that can
be utilized by the SRB partner (123).

Alternatively, electrons are directly transferred from the ANME to the SRB cells. A few
species, such as Geobacter and Methanosarcina species, are known to cooperate by
direct electron transfer through conductive structures on the cell surfaces (126, 127).
Several mechanisms have been proposed for electron transfer: via microbial nanowires
(128), direct electron transfer via Mhc on the cell surfaces (127), or via conductive
minerals (129) (Fig. 5A). Mhc (Fig. 4C) were identified in the ANME-1 archaeal genome
(89), and the Mhc-specific gene was also well expressed in ANME-2a cells, according to
a metatranscriptomic study (90). The importance of Mhc has been extensively discussed
in Geobacter species, where the cytochrome can act as electron storage in the cell
membrane and, subsequently, extracellular electron transfer occurs (130). These micro-
organisms use cell membrane cytochromes and pili as biological nanowires to connect
with minerals (128). Recent studies have given some other evidence of the direct
interspecies electron transfer (DIET) between ANME and SRB, showing a mechanism
similar to that for Geobacter (131-133). Thermophilic ANME-1 and bacterial partners
showed pilus-like structures and highly expressed genes for outer membrane Mhc,
which are putatively responsible for transferring electrons, as shown in Fig. 4C (92, 132).
The ANME-2 genome encodes large amounts of Mhc (131). However, whether the
aggregates are electrically conductive and whether a conductive matrix can be formed
throughout the ANME-SRB aggregates still need to be validated.

Skennerton et al. (134) showed that DIET was methane driven for the SRB partner of
ANME. By metagenomics, it was shown that genomes of the SEEP-SRB1 clade, a known
bacterial partner of ANME, contain Mhc but lack genes encoding the periplasmic
hydrogenases and formate dehydrogenases, typical of sulfate-reducing bacteria that
live independently from ANME and use hydrogen or formate as an electron donor.
Syntrophy may be obligate not only for some ANME but also for the bacterial partners
lacking these genes.

Nonsyntrophic Growth of ANME

Despite the recent discoveries about the cooperation between ANME and SRB, the
topic is still under debate. Visualization of ANME and its bacterial partners by FISH
showed that for all three clades of ANME, the association with SRB is not obligatory. In
some cases, the AOM process may occur by only the ANME without any sulfate-
reducing partner. Decoupling of AOM-SR was observed in ANME-1-dominated thermo-
philic environments (51), and ANME-2 was predicted to be involved in SR as well (55)
(Fig. 5B). Moreover, the AOM-SR potential was recently found in the single genome of
a group of Korarchaeota, suggesting possible involvement of only one type of phylum
in AOM-SR (48, 49).

Occurrence of genes for both SR and AOM in Korarchaeota WYZ-LMQ9 further
supports the hypothesis of involvement of only one microbial type in AOM-SR (48, 49).
Milucka et al. (55) proposed a new AOM mechanism, in which ANME might be
responsible for both CH, oxidation and SR (Fig. 5B). CH, would be oxidized to
bicarbonate, and then the SO,2~ would be reduced to zero-valent sulfur as an intra-
cellular intermediate in ANME-2 cells. The resulting sulfur would then be released
outside the cell as disulfide, which would be converted to sulfide by the SRB. Figure 5B
shows that some ANME can sustain the overall AOM reaction without a bacterial
partner, even though the Desulfosarcina/Desulfococcum type deltaproteobacteria render
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FIG 6 In situ pictures of some of the well-studied ANME habitats. (A) Black and pink microbial mats covering a
carbonate chimney in the Black Sea. Republished from reference 143 with permission from AAAS. (B) Methane
seeping from the Haakon Mosby Mud Volcano. Republished from reference 205 (image copyright IFREMER, Brest,
and Alfred Wegener Institute [AWI] for Polar and Marine Research, Bremerhaven, Germany). (C) Carbonate chimney
from the Lost City hydrothermal vent. Republished from reference 164 with permission.

the AOM-SR more thermodynamically favorable by scavenging the disulfide by dispro-
portionation or dissimilatory reduction. The disulfide produced by ANME is dispropor-
tionated into SO,2~ and sulfide. The thus-produced SO,2~ can be used again by the
ANME, while sulfide can undergo several conversions, for instance, precipitation as FeS,
or partial (to S°) or complete (to SO,2-) oxidation aerobically or anaerobically (in the
presence of light by, e.g., purple sulfur bacteria) (135). As described earlier, in the
presence of iron oxides, sulfide reacts abiotically, forming more substrates (disulfide
and elemental sulfur) for the Deltaproteobacteria. The reaction of sulfide with iron
oxides can thus strongly enhance the sulfur cycle, as previously observed in studies
with Sulfurospirillum deleyianum (76).

The cooperative/synergistic interaction between ANME and SRB is still unclear, as
Milucka et al. (55) stated that a syntrophic partner might not be required for ANME-2,
while recent studies have shown that the interactions between these two partners
occur via direct electron transfer (131, 132, 136). However, ANME-1 can live without the
bacterial partner by using insoluble iron oxides as external electron acceptors (109).
Thus, growing ANME separately may be possible in the future, which will contribute to
our understanding of the AOM mechanism.

ECOLOGY OF ANME IN MARINE HABITATS
Major Habitats of ANME

ANME are widely distributed in marine habitats, including cold seep systems (gas
leakage from methane hydrates), hydrothermal vents (fissures releasing hot liquid and
gas in the seafloor), and organic matter-rich sediments with diffusive methane formed
by methanogenesis (Fig. 6). The cold seep systems include mud volcanoes, hydrate
mounds, carbonate deposits, and gaseous carbonate chimneys (15), which are all
abundantly studied ANME habitats. The major controlling factors for ANME distribution
are the availability of methane and sulfate or other terminal electron acceptors which
can possibly support the AOM, while other environmental parameters, such as tem-
perature, salinity, and alkalinity, also play a decisive role in ANME occurrence. Among
the three clades, ANME-2 and ANME-3 apparently inhabit cold seeps, whereas ANME-1
reside in a wide temperature and salinity range. Recently, AOM has been reported in
nonsaline and terrestrial environments as well, for instance, in the Apennine terrestrial
mud volcanoes (118, 137), in the boreal peat soils of Alaska (138), and even in
freshwater sediments (139, 140), tropical wetlands (141), and Italian paddy field soil
(142) (Table 1).

The Black Sea water, a distinct ANME habitat, consists of thick microbial mats of
ANME-1 and ANME-2 (2 to 10 cm thick) adhered with carbonate deposits (chimney-like
structure) in various water depths of 35 to 2,000 m (53, 113, 143-146). Methane is
distributed by vein-like capillaries throughout these carbonate chimneys and finally
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TABLE 1 Rates of AOM and SR in different natural terrestrial habitats®

Microbiology and Molecular Biology Reviews

Soil depth Methane Sulfate

Location (cm) (mM) (mM) AOM rate SR rate Reference

Wetland and peat soil 0-40 0.5-1 0.1-1 265 = 9nmol cm—3 day~! 300 nmol cm~3 day ' 206¢

Tropical and boreal soils 10-15 <1 3-21 nmol gdw~" day~"' 138°

Paclele Mici Mud Volcano in 1.5-2 2-4nmol gdw~" day~’ 118
Carpathian Mountains

Peat land soil from diverse places 30-50 0.03-3 nmol gdw ' day ' 207b

aThe different methods of anaerobic methane oxidation (AOM) and sulfate reduction (SR) measurements are indicated in footnotes to the references. gdw, gram (dry

weight).
bIn vitro measurement.
Ex situ radiotracer measurement.

emanates to the water column (53, 143, 147). These microbial habitats are of different
size and nature, such as small preliminary microbial nodules (53), floating microbial
mats (147), and large chimneys (143). An immense carbonate chimney from the Black
Sea (Fig. 6A), with a height of up to 4 m and a width of up to 1 m, was found to harbor
an ANME-1-dominant pink-colored microbial mat with the highest known AOM rates in
natural systems (113, 143). Deep-sea carbonate deposits from cold seeps and hydrates
are active and massive sites for AOM and ANME habitats (148). Likewise, methane-
based authigenic carbonate nodules and methane hydrates which host ANME-1 and
ANME-2 (42, 148-151) prevail in the Eel River Basin (offshore, California), a cold seep
with an average temperature of 6°C that is known for its gas hydrates (38, 152). Both
ANME-1 and ANME-2 are commonly associated with Desulfosarcina/Desulfococcus in the
sediments of the Eel River; however, ANME-1 appeared to exist as single filaments or
monospecific aggregates in some sites as well (38, 42, 151).

Other cold seep sediments were also extensively studied as ANME habitats. The Gulf
of Mexico, a cold seep with a bottom water temperature of 6°C to 8°C, is known for its
gas seepage and associated hydrates. These methane hydrates, located at a seawater
depth of around 500 m in the Gulf of Mexico, are inhabited by diverse microbial
communities. Beggiatoa mats oxidize sulfide and are commonly found in the upper
layers of the oxic sediments, while ANME are often found in the bottom part (anaerobic)
of the sulfidic sediments in the Gulf of Mexico (18, 102, 153, 154). ANME-1 dominates
the sediment of the Gulf of Mexico, particularly in the hypersaline part as a monospecific
clade, whereas ANME-2a and -2b are present together with the Desulfosarcina/Desulfococ-
cus groups in the less-saline hydrates (102, 154). Similarly, different mud volcanoes in the
Gulf of Cadiz cold seep harbor ANME-2, with the majority being ANME-2a (17), whereas the
hypersaline Mercator Mud Volcano of the Gulf of Cadiz hosts ANME-1 (52). Retrieval of
ANME-1 in the hypersaline environment suggests that ANME-1 has adaptability to wider
salinity ranges than other ANME phylotypes. Mud volcanoes from the Eastern Mediterra-
nean (Kazan and Anaximander Mountains) are inhabited by all three ANME phylotypes,
whereas the Kazan Mud Volcano hosts the distinct ANME-2c clade (155-158). Likewise, the
Haakon Mosby Mud Volcano (HMMV) in the Barents Sea is the first described habitat for
ANME-3, with almost 80% of the microbial cells being ANME-3 and Desulfosarcina/
Desulfococcus (Fig. 6B and Fig. 2D) (54, 86).

Some of the hydrothermal vents are well-studied ANME marine habitats for distinct
ANME clades and thermophilic AOM. The Guaymas Basin in the California Bay, an active
hydrothermal vent with a wide temperature range, is known for the occurrence of
different ANME-1 phylotypes, along with unique thermophilic ANME-1 (159-161).
ANME-1 is predominant throughout the Guaymas Basin, yet the colder methane seeps
of the Sonora Margin host all three ANME phylotypes (ANME-1, ANME-2, and ANME-3)
with atypical ANME-2 (ANME-2c Sonora) (161). Likewise, mesophilic to thermophilic
AOM carried out by the ANME-1 clade was detected in the Middle Valley vent field on
the Juan de Fuca Ridge (51, 162). Another vent site, the Lost City hydrothermal vent,
with massive fluid circulation and ejecting hydrothermal fluid of >80°C, predominantly
hosts ANME-1 within the calcium carbonate chimneys (Fig. 6C), which are very likely
deposited due to bicarbonate formation from AOM (163, 164).
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ANME Type Distribution by Temperature

The ANME clades exhibit a distinct pattern of distribution according to temperature
(165, 166). Other geochemical parameters, such as salinity, methane concentration, and
pressure, can act together with temperature as selection parameters for the distribution
of ANME in marine environments (167). ANME-1 was extensively retrieved across the
temperature gradient of 2°C to 100°C in the Guaymas Basin from the surface to deep
sediments (168). A phylogenetically distinct and deeply branched group of the ANME-1
(ANME-1GBa) was found in the high-temperature Guaymas Basin hydrothermal vent
(160) and other geologically diverse marine hydrothermal vents, such as the diffuse
hydrothermal vents in the Juan de Fuca Ridge in the Pacific Ocean (10 to 25°C) (169).
The thermophilic trait of ANME-1GBa is supported by the GC (guanine and cytosine)
content in its 16S rRNA genes, as it has a higher GC percentage (>60 mol%) than other
ANME types. As the GC content is positively correlated with the optimum temperature
of microbial growth, the elevated GC content of ANME-1GBa suggests that ANME-1GBa
is a thermophilic microbial cluster, with an optimum growth temperature of 70°C or
above (169). Moreover, when the Guaymas ANME community was enriched in vitro, the
highest AOM rate was obtained in the range of 45°C to 60°C, indicating that the
community consists predominantly of thermophilic ANME-1 (165).

Other ANME-1 phylotypes (ANME-1a and ANME-1b) were observed in a wide
temperature range (3°C to >60°C) (160). ANME-1a and ANME-1b were retrieved from
different hydrothermal vent areas and cold seeps, for example, the Guaymas Basin
hydrothermal vent at >60°C (160), the Lost City hydrothermal vent (164), the Sonora
Margin cold seep of the Guaymas Basin (3°C) (161), mud volcanoes in the Eastern
Mediterranean cold seep (14 to 20°C) (170), the Gulf of Mexico (6°C) (154, 171), a Black
Sea microbial mat and water column (8°C) (41, 172), and the Eel River Basin (6°C) (38,
151). The occurrence of ANME-1a and ANME-1b in cold seep environments suggests
that ANME-1a and ANME-1b are putative mesophiles to psychrophiles. The GC per-
centage of 16S rRNA genes of ANME-1a and ANME-1b is around 55 mol%, which is
common for mesophiles (169).

In contrast, ANME-2 and ANME-3 have a narrow temperature range. ANME-2 clades
(2a, 2b, and 2c) appear predominantly in marine cold seeps and in some sulfate-
methane transition zones, where the temperature is about 4 to 20°C. The major cold
seep environments inhabited by ANME-2 are described above (see “Major Habitats of
ANME"). The adaptability of ANME-2 in the cold temperature range is also substantiated
by bioreactor enrichments with Eckernférde Bay sediment, where the maximum AOM
rate was obtained when the bioreactor was operated at 15°C rather than at 30°C, for
ANME-2a (23). Similarly, Eckernférde Bay in vitro measurements showed a steady
increment in AOM rates at temperatures from 4°C to 20°C and subsequent decreases at
temperatures above 20°C (173). Conversely, the recently described clade of ANME-2d-
affiliated “Candidatus Methanoperedens nitroreducens” (Fig. 2C), which was enriched
from a mixture of freshwater sediment and wastewater sludge (61), grows optimally at
mesophilic (22°C to 35°C) temperatures (174).

ANME-3 is also known to thrive in cold temperature environments, including cold
seeps and mud volcanoes. The ANME-3 clade was first retrieved from the Haakon
Mosby Mud Volcano at a temperature of about —1°C (86). Later, ANME-3 was found in
other cold seep areas as well, such as the Eastern Mediterranean seepages at about
14°C (155, 157) and the Skagerrak seep (Denmark, North Sea) at around 6 to 10°C (175).
Recently, ANME-3 was found in a shallow coastal sediment from marine Lake Grevelin-
gen that was rich in methane and with a seasonal temperature variation of ~1.5°C to
17°C and high sedimentation (176, 177).

Methane Supply Mode as Driver for ANME Distribution

In some seafloor ecosystems, methane is transported by diffusion due to concen-
tration gradients. Diffusion-dominated ecosystems are typically quiescent sediments. In
contrast, in seafloor ecosystems with methane seeps, methane is transported by
advection of methane-rich fluids. Due to the complex dynamics of methane transport

September 2019 Volume 83 Issue 3 e00074-18

Microbiology and Molecular Biology Reviews

mmbr.asm.org 15


https://mmbr.asm.org

Bhattarai et al.

A <o
- ANME 2c, | CH, supply
2 | O Diffusive
o I O Advective
© o
—_ O
= <
~ ]
s ©
N
: N
1) o
o o
o
N
S
=
o
' -08 -06 -04 -02 00 02 04 06
PC1 (67 %)
B abundance (%) CH, supply
Diffusive
0.0 50 100 I Advective

| 1]
LLLLLLLLLL LI ANME 2a
AN 1

FIG 7 Multivariate (A) and cluster (B) analyses of the mode of CH, transport, illustrating that it is one of
the drivers for the distribution of ANME types in the environment and showing that ANME-2 is dominant
mostly in CH,-advective sites. The heat map was generated using the heatmap.2 function in R.
Hierarchical clustering was performed using complete linkage.

in advection-dominated environments, estimations of in situ methane oxidation rates
by geochemical mass balances is rather difficult (178). Based on ex situ tests, the AOM
rates are higher in ecosystems where high methane fluxes are sustained by advective
transport than in diffusion-dominated ecosystems (15). The velocity of the methane-
rich fluid may result in an order of magnitude difference in AOM rates. Higher AOM
rates were observed at sites with higher flow velocity (179), and high flows of methane-
rich fluid probably support dense ANME populations.

The extent of methane flux and the mode of methane transport (advection versus
diffusion) are likely important drivers for ANME population dynamics. Mathematical
simulations illustrate that the transport regime can control the activity and abundance
of AOM communities (180). Multivariate and cluster analyses show that the mode of
methane transport can possibly control AOM communities (Fig. 7). Methane-rich up-
ward fluid flow at active seep systems restricts AOM to a narrow subsurface reaction
zone and sustains high methane oxidation rates. In contrast, pore water methane
transport dominated by molecular diffusion leads to deeper and broader AOM zones,
which are characterized by much lower methane oxidation rates and biomass concen-
trations (180). In this context, Roalkvam et al. (181) found that the methane flux largely
influenced the specific density of ANME populations. However, whether distinct ANME
types preferentially inhabit environments dominated by advective or diffusive methane
transport is not yet clear. At sites with high seepage activity like the Hydrate Ridge in
Oregon, ANME-2 was dominant, whereas ANME-1 apparently was more abundant in
the low-seepage locations (182).

A rough estimate of the abundance of the ANME type populations, reported in
various marine environments, shows that ANME-2 dominates sites where methane is
transported by advection, while ANME-1 dominates sites where methane is transported
by diffusion or advection (Fig. 7). Recent studies showed that gas eruptions and mud
mixing influence the abundance of different ANME phylotypes in the Haakon Mosby
Mud Volcano (183) and marine Lake Grevlingen; ANME-3 (176, 177) populations also
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proliferate in disturbed sediment, unlike ANME-2a. It is advisable that future studies
regarding the distribution of the ANME types explicitly indicate the dominant mode of
in situ methane transport.

EX SITU ENRICHMENT OF ANME MEDIATING AOM-SR
Need for Enrichment of ANME

Molecular methods allow the recognition of the phylogenetic diversity of ANME
microorganisms in a wide range of marine sediments and natural environments.
Determination of their detailed physiological and kinetic capabilities has required, until
now, the cultivation and isolation of the microorganisms. The culturability of microor-
ganisms inhabiting seawater (0.001 to 0.1%), seafloor (0.00001 to 0.6%), and deep
subsea (0.1%) sediments is among the lowest compared to that of other ecosystems
(184-186).

Specifically for the enrichment of ANME mediating AOM-SR, the following aspects
limit their cultivation: (i) from all known microbial processes, the AOM reaction with
sulfate is among those which yield the lowest energy; (ii) the growth rate of these
microorganisms is thus very low, with a yield of 0.6 g cell (dry weight) per mol of CH,
oxidized (44); (iii) the dissolved concentrations of their substrate, methane (1.4 mM), at
atmospheric pressures is limited to values far lower than the estimated apparent half
affinity constant for methane (37 mM) during the AOM-SR process; and (iv) sulfide,
which is a product of the bioconversion, can be inhibitory. All of these aspects create
a great challenge for the cultivation and isolation of ANME.

It is recognized that culturability can be enhanced when the conditions used for
cultivation mimic well those of the natural environment. Cultivation efforts have
focused mainly on increasing dissolved methane concentrations. To enrich ANME
mediating AOM-SR ex situ, batch and continuous reactors operated at moderate and
high pressures have been tested for 24 months. To avoid potential sulfide toxicity,
attention has been paid to exchanging the medium so that the sulfide concentrations
do not exceed 10 to 14 mM (44, 187).

Conventional In Vitro Enrichment Techniques of ANME Mediating AOM-SR

The conventional in vitro incubation in gas-tight serum bottles provides an oppor-
tunity to test the microbial activities, kinetics of the metabolic reactions, and enrich-
ment of the microbes, more specifically for the large number of uncultured anaerobes
like ANME. Conventional serum bottles are widely used when the incubation pressures
do not exceed 0.25 MPa (69, 112, 188, 189).

A batch bottle experiment provides the flexibility to operate many different exper-
iments in parallel (large numbers of experimental bottles can be handled at the same
time) by controlling different environmental conditions, such as temperature, salinity,
and alkalinity. The batch incubation-based experiments are relatively easy to control
and manipulate, especially with very slowly growing microbes like ANME, which require
strictly anaerobic conditions. AOM activity is negligible in the presence of oxygen (173).
The commonly used batch serum bottles or culture tubes with thick butyl rubber septa
facilitate the sampling while maintaining the redox inside, although there are several
other factors which can be key for ANME enrichment, such as the low solubility of
methane and the possible accumulation of toxic sulfide levels in the stationary batches.

As shown in Tables 2 and 3, several studies have estimated the AOM rate by in vitro
batch incubations (99, 165, 190). Kriiger et al. (147) determined AOM rates of 4,000 to
20,000 nmol g (dry weight)~'day~" by incubating microbial mats from the Black Sea.
Holler et al. (188) estimated AOM at a rate of 250 nmol g (dry weight)~"day~" by
ANME-1 from the Black Sea (Table 2). ANME-2-dominated communities from the
Hydrate Ridge of the northeast Pacific exhibited 20-times-higher specific AOM rates
[20 mmol g (dry weight)~" day—'] than ANME-1 from the Black Sea pink microbial mat
(125).

During the in vitro incubations under different environmental conditions, unlike the
sulfate concentration, pH, and salinity variations, temperature was found to be a major

September 2019 Volume 83 Issue 3 e00074-18

Microbiology and Molecular Biology Reviews

mmbr.asm.org 17


https://mmbr.asm.org

Microbiology and Molecular Biology Reviews

Bhattarai et al.

“Juswainsesaw A1siWayd Is1em a10d,
‘uone[nd|ed [PPop

"JUsWIAINSeaW J9dRII0IpRI NYIS XI>
JUSWIRINSBAW OUJIA Ulq

‘(yBram A1p) wielb ‘Mpb ‘s93U13434 3y} 0} SDI0UI00) Ul PIIRDIPUL I8 SIUSWSINSLIW (YS) UOIINPaI d1BYNS PuB (WOY) SULYISW JO UOIIRPIXO DICOISBUR JO SPOYISW JUSIIYIP dYlp

plS —Aep ¢_wd jowu z'15-1'LL L-IWNY € 00t'T 1USA [ewsaY10JpAYy 36pry edang4 3p uens
9591 \_Kep | _mpb jowu 05z ,_Kep |, _mpb jowu 00z’L L-JWNY JUSA |ewiaylolpAy uiseg sewAeno
(0,001 03 0L ‘dwa)) SIUDA |ewIdYI0IpAH
2991 '9LL 1—Kep _mpb jown g 1—Kep | _mpb jown £1°0-50°0 €-INNY 14 9 Sy uabulanain axe
pSLC 1—ABp ¢_wd |owu £Z00'0 T4 6L-1L> 002'C-00% JUBWIPSS uIbiew uedLyY 1S9M
2GS/ 1—Kep ¢_w> jowu ¢ €- ‘T-AINNY 14 €l 80¢€ JuRWIPaS selabeys
SELL 1—Aep ¢_wd jowu 59¥-07 1—Aep ¢_wd jowu y1-| CIANNY 129l 8'0-100°0 14 swWIpas Aeg opiojuiaxd3/eas dhjeq
pLT 1 Aep ;_w> jowu 06-0F S'S 14 002 JUBWIPSS B3S UBIUYIOg
(2,02-1 ‘dwal) syusWIPas Ydu-aueys
SELT 1-Aep ¢_wd jowu 9p-¢ 1—Aep ¢ wd jowu g-'| Z-'I-AWNY  07-0€ STl S/ IUBWIP3s e3S YUON ‘eale abedass usypwwo]
STl TLL 1—Aep Jowu |'€-£0°0 Z- 'L-AWNY LLO'0 00S'L-00L 131em 35 Ydeg
L1 1—Aep z_w> jowu 681-851 1-Aep _w> jowu $01-0L l- ‘T-AWNY  O0v-0L €1-1000 060018 S90UBD|OA PNW ‘ZIPeD JO 4N
5991 ‘8pL —Kep ¢_wd jowu oz Z- ‘L-IWNY 0z € 058-005 Sd1eIpAY pue Spunow 33eUOqIed ‘Uiseg JAY |93
201 ‘8L 1-Aep z_w> jowu 00’6 + 00%'S 1—Kep z_w> jowu 09%  08Z Z- ‘L-AWNY 0z 9-T  059-0SS a1e1pAy ‘013N JO JIND
98 1-Kep z_w> jowu 057 1—Kep ;_w> jowu 000'-€£7'L €- ‘T-INNY £S00°0-£000°0 0sZ'l B35 siualeg ‘ouedjoA pniN AQso uoxeey
altrl 1—Aep | _mpb jowu 000'02-000y  1-Aep _mpb jowu 000’sL-000'C - 'L-FANNY  SL-6 L€ 08l (S1eW [eIGOIDIW JBY30) B3S dfdelg
q€¥L ‘91 1—Kep,_mpb jowu 000'61-00€ -Aep ,_mpb | _jowu 000'LZ-008'L L-INNY LL 8T 0€e (Asuwiy> a1euoqied juelb) eas yoe|g
a617-90T | -Aep ;W [owu 000'000'99-000'00L 1 -Aep ;W |OWU 000'009'€-000°00L €- ‘- ‘L-IWNY oL 8-T 00T'€-00S 23S UBBURLIBUPIIN UIDISE]
(0,02-6"L ‘dway) sdass pjod
(s)@dua49)9y el Ys el WOV (s)adAy  (Ww) (Ww) (w) yadep uoI1ed0| pue lenqey auLe
JWNY Jofey aieyns aueydy 1918\

»S9dA} JWNYV JUeUIWOP pue SIelgey SULeW [BINJRU JUBISPIP Ul YS pue WOV JO sdiey Z 314V.L

mmbr.asm.org 18

Issue 3 e00074-18

September 2019 Volume 83


https://mmbr.asm.org

Microbiology and Molecular Biology Reviews

Anaerobic Methane Oxidation by Archaeal Methanotrophs

‘wniuowiwie pue a1edliu Yim wnipsw JIsjemysalj ul uoneqndujp

uoneqnou|,

‘(£12) >eg pue [9ppIM Aq paqudsap se paledald wnipaw [esaulw J191eM)[eS [eIDYILIE Ul Uoeqndulq
‘uondNPal 33e)Ns ‘Ys {aybram Aip) weih ‘Mph sadu19404 B} 0} SIJ0UI004 Ul PAIRIIPU S8 UOIIRGNDUL 10) PISN BIPSW [RISUIW JUSISYIP 3Ylp

pl9 1-Aep W7 0011 PZ-IWNY L-6'0 S€-zz sAep 067-0€T ‘xoweuue pue WOY Uyo1eq-pad
(-IWNY) -Aep | _mpb
(T-3WNV) ¥20°0 (L-3WNY) ¥'L low 810 ‘(L-JWNV) (snonupuod) walsAs
5022 (L-IWNVY) €00 “(T-IWNY) L'L —Aep ,_mpb jowr ¢ 0L X 6 T 'L-IWNY L S skep 00t ‘Aeg a131u0ly  J0lRQNOUI BuRYISW DIgOIdRUY
Lz 1—Kep W 00€ Z-IWNY L Sl skep 8€¢ ‘zipe) 4o Jno 12y buppulolg
a6 'LT -Kep W gL T 'L-IWNY L Sl skep 8y ‘zipeD jo y|no 121y Buippulolg
J0joealolq AmIDv
a8lT \—Kep ,_mpb jowr 6/€0  €- ‘- 'L-ANNY L oL skep €10z ‘'ybnou] teyueN  dbuods Buibuey moyumog
skep 05z
aS9l €T 1—Kep ,_mpb jowrl 7| L-IWNY ST S9-tv ‘JuswIpas uiseg sewAeno yoreq
skep 08 ‘zipeD 40 yNo
al6l 1—Kep |_mpbB jowr 7 eZ-3INNY 0oL Gl ‘ouedjop pniy Aounnhiy uteided yoleg
al6l ‘961 ("HD) Wwi £g ST (4S) 1-Aep ,_mpb jowr zz'6 -IWNY 08 Sl skep 98z ‘zipeD jo 4ino yd1eq-pa4
alll ("HD) Wwi L —Kep ,_mpb jown yz¢ €-INNY St Sl skep £/ 'usbuijanain axe] yoieg
q061 4 1—Kep | _mpb jowr g¢| L-INNY Sl 4} skep 051 ‘03IX3 JO JIND ydleg
skep 00/
abtr ("HD) Ww 0L< €000 L 1—Kep —mpb jown ogz T-AINNY vl Sl “2ypded ises-yuoN ‘abpry a1eipAy Uo1eg-pa4
skep 9z/ ‘ziped J0)0e3I0Iq dueIqusW
q9¢ \—Kep | _mpb jown z'| Z-INNY L Sl JO §nD ‘oued|OA pny Bingsuin uolnesjyes|n |eusaixy
YHD 104 BN SL0°0 skep 88 paxiw [|@M snonuiuod
aCll ‘€T '(-2"0S 10§) Ww 50> 9000 8'€ 1—Kep |_mpb jown 9gz ez-3JNNY L Sl ‘Aeg apigjuiaxd3/eas dlijeq ‘1015e3101q duURIGUIA
sIA g ‘ueaueld)paly
aSS L J3Y] joww ¢ Z-AWNY € ¥T UI1583 JUSWYILUD SIS| sayd1eq ainynd
(s)edualia)ay (“y) Anuyye (.—Kep) 1 (sow) awin a1el WOV (s)adAy (ed <0l) (D) pouad uoneqndul pue wnjndou| apow juswydrul
juaseddy ‘3es yumoun bBuiignop JUWNY JWNV payduug aunssaid dwa)

»WWOV JO SIIPNIS 0J}IA UJ 10} SR NOY PUe SUORIpUOod JuswydUuUl € 31dVL

mmbr.asm.org 19

Issue 3 e00074-18

September 2019 Volume 83


https://mmbr.asm.org

Bhattarai et al.

influential parameter for AOM rates in ANME-1 and ANME-2 communities (125). Both
ANME communities showed an increment in the AOM rate with elevated methane
partial pressure. However, when the microbial mat from the Black Sea with both
ANME-1 and ANME-2 was incubated in batch at low methane concentrations, ANME-1
growth was favored over the growth of ANME-2 (189). In vitro incubations of samples
from marine Lake Grevelingen at different CH, partial pressures showed that ANME-3
cells were more pressure sensitive than ANME-2 cells (177). ANME-3 activity was higher
(324 umol g [volatile suspended solids]~' day—') at lower (0.1 and 0.45 MPa) than at
higher (10, 20, and 40 MPa) CH, partial pressures (177). Furthermore, Bhattarai et al.
(191) showed that both temperature and pressure influence the AOM rate of an
enriched ANME-2 (3 years in a continuous-high-pressure reactor at 15°C and 8 MPa)
inoculum from Captain Aryutinov Mud Volcano (Gulf of Cadiz) sediment.

Optimum pH, temperature, salinity, and sulfide toxicity were determined to be 7.5,
20°C, 30%o, and 2.5 mM, respectively, for the ANME-2 enrichment from Eckernférde Bay
when sediments were incubated in 35-ml serum bottles (112, 173). Likewise, possible
electron donors and acceptors involved in the AOM process were studied in batch
incubations. The sediment from Eckernférde Bay was also incubated with different
methanogenic substrates, which have been speculated to be the interspecies electron
carriers between the ANME and SRB (124). The AOM activity with electron acceptors
other than sulfate, i.e., Fe(lll) and Mn(lV), by Eel River sediment was estimated by batch
incubations for the detection of iron/manganese-dependent AOM (69). Moreover,
when thermophilic AOM was studied in batch assays within different temperature
ranges (up to 100°C) with Guaymas Basin hydrothermal vent sediment, AOM was
observed up to 75°C, with the highest AOM rate at 50°C (165).

Modified In Vitro ANME Enrichment Approaches

The growth of ANME-2 was documented (44) in batch incubations using a glass tube
connected via a needle to a syringe and placed inside a pressure-proof steel cylinder
(187). The syringe, which was filled with medium, transmits the pressure of the cylinder
to the medium inside the tube. Using this design, methane hydrate sediment was
incubated at 1.4 MPa for 2 years with intermittent replenishment of the supernatant by
fresh medium and CH, (21 mM at 12°C). During the incubation period, the volume of
the ANME-2 and SRB consortia, which was tracked using FISH, increased exponentially
(44).

A batch incubation, with intermittent replacement of supernatant by fresh medium
(i.e., fed-batch system) once a month, was used to successfully achieve enrichment of
ANME-2d with a relative abundance of about 78% (61). The inoculum was a mixture of
sediment from a local freshwater lake, anaerobic digester sludge, and activated sludge
from a wastewater treatment plant in Brisbane, Australia (Table 3) (174). The retention
of biomass in the fed-batch system was achieved via a 20-min settling period, prior to
the replacement of the supernatant by fresh medium. The cultivation of this freshwater
ANME-2d can have the advantage of higher solubility of methane in freshwater than in
seawater (192); however, this microorganism was enriched at 35°C, and methane
solubility decreases at increased temperatures (174). As previously specified (see “AOM
Coupled to Nitrite and Nitrate Reduction”), this ANME-2d microorganism, named
“Candidatus Methanoperedens nitroreducens,” utilizes nitrate instead of sulfate as an
electron acceptor for AOM. This physiological trait likely contributed to the successful
enrichment of this novel ANME clade at high abundance in a relatively short time
period (about 2 years), because AOM coupled to nitrate yields about 45-fold more
energy than its sulfate-dependent counterpart (Fig. 3).

Continuous Bioreactor-Based Enrichment of ANME Mediating AOM-SR

The design rationale of continuous-flow incubation columns is to provide nutrients
and to remove end products at environmentally relevant rates (Table 3) (193). In such
systems, 0.2-um-filtered seawater, reduced with hydrogen sulfide (510 uM) and satu-
rated with methane (1.5 mM) in a conditioning column (4 h at 0.5 MPa), was used to

September 2019 Volume 83 Issue 3 e00074-18

Microbiology and Molecular Biology Reviews

mmbr.asm.org 20


https://mmbr.asm.org

Anaerobic Methane Oxidation by Archaeal Methanotrophs

feed cold seep and nonseep sediment cores maintained in polyvinylchloride (PVC)
tubes at 0.2 MPa and 5°C (193). The methane oxidation rates before and after incuba-
tions of the seep sediments were the same, probably because the incubation time was
only 2 weeks. However, some increases in AOM rate and ANME-2c population size were
detected in the nonseep sediment incubations. In a second experimental run, the same
continuous-flow reactor was used, but the incubations were conducted at 1 MPa. The
incubation time was 7.5 months (30 weeks), and a preferential proliferation of ANME-1
over ANME-2 was observed in the nonseep sediments at the highest pore water
velocity tested (90 m year—') (220). In addition, an increase in the AOM activity was
reported as measured using batch incubations in serum bottles inoculated with the
sediment (seep and nonseep sediments used in the continuous-enrichment experi-
ments) without headspace, using 0.2-um-filter-sterilized anoxic seawater containing
2.0 mM methane and 1 mM hydrogen sulfide (220).

In efforts to attain methane concentrations close to in situ values, continuous
reactors that can handle hydrostatic pressures up to 45 MPa with methane-enriched
medium and without free gas in the incubation chamber have been used (194). This
reactor configuration is flexible to operate in batch, fed-batch, or continuous mode.
Incubation of sediments from the Black Sea showed a 6-fold increase in the volumetric
AOM rate when the methane partial pressure was increased from 0.2 to 6 MPa. In all
operation modes, AOM rates were estimated based on sulfide production. However,
when under otherwise similar operation conditions the CH,-saturated medium was
replaced by CH,-free medium, sulfide levels decreased rapidly and stabilized at input
levels. This indicated that the sulfide production was indeed coupled to methane
oxidation. During continuous operation of such high-pressure reactors, a CH, concen-
tration of 60 to 65 MM can be readily attained. Noticeably, during continuous opera-
tion, the influent sulfate concentration used was 8 mM, which is lower than concen-
trations in seawater (194). The hydraulic retention time was set at 14 h, which
corresponded to a dilution rate of 1.7 day~'. Assuming a reactor containing homoge-
neously mixed sediment, this means that microorganisms growing at rates of
<1.7 day~" would be washed out from the reactor, which is the case with ANME with
much lower growth rates, i.e., 0.006 to 0.03 day~' (23, 112, 220). Additionally, these
tests of continuous operation with CH, addition lasted only 16 days, and whether and
how biomass was retained in the system was not reported (194).

Similar high-pressure systems have been operated at up to 60 MPa hydrostatic
pressure and 120°C (195). The flexibility of this system allows the subsampling of
medium without loss of pressure, and it can be operated in batch or continuous mode
(195). The system was tested by incubating sediments from the Isis Mud Volcano from
the Egyptian continental margin (~991 m below sea level), using artificial seawater
preconditioned with 4 MPa of CH,, resulting in dissolved concentrations of ~96 mM
CH,. Following methane saturation, the hydrostatic pressure was increased to 10 MPa
using artificial seawater and incubations were conducted for 9days at 23°C. No
measurements of biomass concentration and yield were conducted, but an increase in
the sulfide concentration was detected upon addition of methane to the reactor (195).

A continuous high-pressure reactor capable of withstanding up to 8 MPa was used
in fed-batch and continuous modes at pressures from 1 to 8 MPa and with a hydraulic
retention time of 100 h during a 286-day incubation of sediments from a mud volcano
located in the Gulf of Cadiz (196). Under such conditions, the ANME-2 biovolume (count
of cells and aggregates) increased about 12-fold (197). There was no description of the
biomass retention time and AOM rate in the system.

ANME can also be enriched at moderate pressures or even ambient pressure,
provided that biomass retention is applied. Biomass retention can be achieved by
introducing a submerged membrane (pore size of 0.2 um, and effective surface of
0.03 m?) within a reactor with a 2-liter volume (23). Methane was sparged continuously
at 190 mmol liter—"day~", thus providing mixing, stripping off of the sulfide, and
restricting fouling of the membrane. This bioreactor was operated at 15°C and at a
slight overpressure (0.0025 MPa) to avoid O, intrusion. The sulfate loading rate was
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FIG 8 Different bioreactor configurations to enhance ex situ growth of ANME mediating AOM-SR mimicking different characteristics of the
growth modes of ANME in natural habitats.

3 mmol liter="day~", and the hydraulic retention time was 7 days. Sediment retrieved
from the Eckernforde Bay in the Baltic Sea was used as the inoculum, and the reactor
was operated for about 3 years. Growth of ANME was inferred by the increase in sulfide
production in the membrane reactor, and the increase in AOM rates was monitored by
carrying out batch experiments with reactor biomass amended with 3C-labeled CH, at
regular time intervals (23). The ANME in the reactor could be affiliated with ANME-2a,
and the doubling time of these microorganisms was estimated at 3.8 months (i.e.,
growth rate, 0.006 day—").

Although high-pressure reactors operate at high dissolved CH, concentrations, their
maintenance and operation are cumbersome and various safety criteria must be met
for their implementation. When successful enrichment was reported at moderate
pressures in fed-batch reactors, a key feature was a good biomass retention via settling
(ANME-2d) (61) or membranes (ANME-2c) (23).

Future Development in Ex Situ Enrichment Approaches

Mimicking the natural conditions in bioreactors can be a fruitful strategy for
enrichment of ANME mediating AOM-SR. Reproducing in situ conditions in the labo-
ratory is quite challenging, but artificial material and equipment can be used to mimic
the natural environment (Fig. 8). Mimicking natural conditions is possible by using
suitable reactors capable of achieving extreme environmental conditions such as high
pressure or temperature and with suitable or similar natural packing material.

The carbonate minerals, where ANME mediating AOM-SR have been found to form
microbial reefs, are very porous. This porous natural matrix can harbor aggregates of
AOM-performing consortia (148). Similarly, polyurethane sponges are a porous material
and can be used as packing material in a packed-bed bioreactor configuration to
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promote the adhesion, aggregation, and retention of biomass. The collected marine
sediment can be entrapped in the porous sponges so that methane can effectively
diffuse through them, while the medium containing necessary nutrients and electron
acceptor flows through the material (198). In a recent study, fresh bituminous coal and
sandstone collected from a coal mine were used in a flowthrough type reactor system
at high pressure to simulate and study geological CO, sequestration and transforma-
tion (199). Similarly, naturally occurring materials which assist in biomass retention in
the ANME enrichment can be used as packing materials in bioreactors. Recently,
biotrickling filters with polyurethane foam as the packing material have been used to
enrich ANME-1 with a relative abundance of 40% (27), ANME-2 with a relative abun-
dance of 37%, and SRB consortia with a relative abundance of 55% (28, 29) at ambient
pressure and temperature using, respectively, sulfate, thiosulfate, and elemental sulfur
as the electron acceptor.

Considering the importance of substrate availability, especially for ANME, which
oxidize a poorly soluble compound like methane, membrane reactors can be used to
facilitate the contact between substrate and biomass (26). Bhattarai et al. (26) showed
that ANME-2 from a cold seep environment could be enriched at ambient temperature
and pressure in an external ultrafiltration membrane bioreactor. Moreover, a hollow-
fiber membrane reactor was successfully applied for methane-dependent denitrifica-
tion (64). Methane passes internally through the hollow-fiber membranes and diffuses
to the outside layer, where a biofilm of ANME can be retained and grown (Fig. 8). A
silicone membrane can also be used as a hollow-fiber membrane, which allows the
bubbleless addition of gas to the bioreactor compartment. These gas-diffusive mem-
branes are also applicable for AOM coupled to sulfate reduction, where the diffused
methane can be immediately taken up by the ANME consortia that are suspended in
the sulfate-containing medium. This mode of methane supply produces minimal
bubbles, and the gas supply can be controlled by maintaining the gas pressure inside
the membrane. As the microbial metabolism of AOM is slow, the slow diffusion of
methane can reduce the large amounts of unused methane released from a bioreactor
system, thus reducing the operational costs. Another benefit of the membrane is
biomass retention, as the biomass usually develops as a biofilm or flocs (200). Moreover,
the sulfide and pH can be continuously monitored by using pH and pS (sulfide sensor)
electrodes and the sulfide can be removed before reaching the toxic threshold. Process
control algorithms have been developed for the sulfate reduction process (201), which
are also applicable for AOM bioreactors.

Several studies have hypothesized an electron transfer between ANME and SRB (see
“Electron Transfer between ANME and SRB,” above). Based on this assumption, bioel-
ectrochemical systems (BES) could also be used to study the electron transfer mecha-
nisms (133). The methane oxidation process by the ANME takes place at the anode, and
sulfate reduction takes place at the cathode (Fig. 8). Using BES, compounds which can
act as e-shuttles (e.g., electron mediators or conductive nanominerals such as iron
oxides) between the electrodes and the ANME can be added to facilitate electron
transfer from the ANME to the electrode and study of the mechanism of this transfer
(202). The electron exchange between the electrodes and the microbes can be deter-
mined by measuring the electrode potentials (203). Another advantage of AOM studies
using BES is that they might allow isolation of the ANME, as the conductive membrane
or electrode can replace the bacterial partner to act as an electron sink, assuming that
the bacterial partner is required. In addition, the electrode can be poised at a desired
potential to serve as an electron acceptor, and then ANME growth can possibly be
maximized by fine-tuning the electrode potential. Thus, the electrodes in BES facilitate
experiments with electron transfer of CH, to the conducting surface and also serve as
an electron acceptor by which ANME growth is possibly accelerated.

CONCLUSIONS
The marine habitats hosting ANME mediating AMO-SR have been widely explored
in the past, and much was learned about ANME in the last 4 decades. However, details
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on niche differentiation among the various ANME clades need to be further assessed.
Although a few investigations on AOM in freshwater environments have been con-
ducted, unambiguous links between the presence and activity of AOM in these
environments are still required. The most challenging drawback is not being able to
readily obtain enrichments of sulfate-dependent ANME. With the exception of a few
studies in which ANME-2a enrichments were obtained after 8 (55) and 3 (23) years in
bioreactors, most biochemical studies have been conducted using naturally ANME-
enriched sediments, of which the retrieved small quantities often limit experimental
testing. In such a context, proper handling of the ANME biomass from the seafloor to
the laboratory as well as enrichment in bioreactor configurations mimicking in situ
conditions is a priority.
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