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ABSTRACT The metabolism of methane is an important part of the biogeochemical

cycling of carbon. Methane is also a major contributor to climate change. A special- Accepted manuscript posted online 19
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ized group of microbes that consume methane, the methanotrophs, represent a nat- )
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from laboratory manipulations. The mechanistic details of how and why the metha-

notrophs share their carbon with other species, and whether and what they gain in

return, are still sparse. In this minireview, we highlight recent studies that led to this

new concept of community function in aerobic methane oxidation. We first describe

stable isotope probing experiments employing heavy-carbon-labeled methane and

tracing methane carbon consumption. We then present an analysis of data on mi-

crocosm community dynamics. We further discuss the role of a synthetic community

approach in elucidating the principles of carbon flow and species cooperation in

methane consumption. Finally, we touch on the role of lanthanides, which are rare

Earth elements previously thought to be biologically inert, in bacterial metabolism of

methane.
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ethane is produced both abiogenically, through processes in the Earth’s crust (1,

2), and biogenically, through microbial methanogenesis (3), and its metabolism is
a significant part of the global carbon cycle. Therefore, microbes that consume meth-
ane, the methanotrophs, play a major role in methane emission mitigation (4). Methane
oxidation takes place in both oxic and anoxic environments, the former carried out by
aerobic methanotrophs that are bacteria (5, 6) and the latter carried out by anaerobic
methanotrophs that are archaea (i.e., anaerobic methane-oxidizing [ANME] archaea) (7,
8) or bacteria (9). Aerobic methanotrophy was first discovered in the early twentieth
century (10, 11), and the physiology and biochemistry of this mode of methanotrophy
have been characterized in pure cultures of methanotrophs belonging to Alphaproteo-
bacteria and Gammaproteobacteria and, more recently, Verrucomicrobia (6) (Fig. 1A).
The unique biochemistry employed by these microbes involves enzymes for oxygen-
dependent methane oxidation, i.e., particulate and/or soluble methane monooxyge-
nases, converting methane into methanol (12). Methanol is further oxidized to form-
aldehyde, formate, and CO, by the respective enzymes and pathways, while biomass is
built from formaldehyde, formate, CO,, or a combination (6). Specific genes involved in
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FIG 1 Different modes of methanotrophy and different types of syntrophy in methanotrophy. (A) Aerobic
methanotrophy. Aerobic methanotrophs require oxygen and can grow as pure cultures; in nature, however, they
appear to form consortia with other bacteria. P, Proteobacteria; V, Verrucomicrobia. (B) AOM by ANME archaea (A)
linked to sulfate reduction by sulfate-reducing bacteria (S), involving extracellular electron transfer. (C) AOM by
ANME archaea linked to anaerobic ammonium oxidation by Kuenenia (K). (D) AOM by ANME archaea via direct
electron transfer to insoluble metals. (E) AOM by ANME archaea directly coupled to sulfate reduction. (F) AOM by

ANME archaea linked to denitrification, in which NC10 bacteria (N) assist with nitrite removal, linking its reduction
to oxygen-dependent methane oxidation. The source of oxygen for the latter is unclear.

each of these functions, in combination, represent genetic signatures of aerobic
methanotrophs (13).

The biochemistry of anaerobic oxidation of methane (AOM) by archaea is very
different and involves the same enzymes and cofactors that are involved in methano-
genesis, acting in reverse (14, 15). Because the energetics of this process are severely
constrained, the process can take place only through syntrophic cooperation, involving
interspecies electron transfer or other interdependencies (16). Accordingly, ANME
organisms have never been obtained in pure cultures (7, 8). Syntrophy in AOM may
involve sulfate-reducing bacteria (SRB) as partners, based on the well-documented
cooccurrence and tight physical association of ANME archaea and SRB (17-19) (Fig. 1B).
AOM may also be linked to denitrification (20, 21). This metabolism was proposed to
involve a different syntrophic partner, the anaerobic ammonium-oxidizing bacteria
of the genus Kuenenia (Planctomycetes) (20) (Fig. 1C). Insoluble iron(lll) and man-
ganese(lV) were also proposed as electron acceptors for AOM, and these processes
may take place via extracellular metal reduction (22) (Fig. 1D). Direct coupling of
AOM to sulfate reduction by ANME archaea, not requiring SRB partners, was also
proposed (23) (Fig. 1E).

Bacterial AOM linked to denitrification and carried out by species of the NC10
phylum has also been described; these species appear to be syntrophic, as they have
never been obtained in pure cultures (9, 24). Indeed, NC10 bacteria are often enriched,
along with ANME archaea, in denitrifying reactors (20, 24) (Fig. 1F). However, NC10
bacteria do not use the reverse methanogenesis pathway. Instead, they use the
pathway in which methane is activated by oxygen and converted to CO,, which is a
typical aerobic methanotrophy pathway (9). The source of oxygen for methane activa-
tion in such a metabolic scheme is unclear, but the oxygen was proposed to originate
from a dismutation reaction (9); this proposition is still awaiting biochemical demon-
stration.

While syntrophy in anaerobic methanotrophy has been well documented and is
supported by the existence of the energetic constraints or other interdependencies
described above, a concept of syntrophic behavior by aerobic bacterial methanotrophs
has also existed for a while, based on observations of the cooccurrence of metha-
notrophs and nonmethanotrophs in a variety of natural and experimental settings (25,
26). In this minireview, we describe a series of experiments that support community
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FIG 2 Schematic of an experimental design combining stable isotope probing with whole-genome shotgun sequencing. While
Methylotenera cannot oxidize methane, it accumulates significant amounts of label through cross-feeding (32).

functions in aerobic methane oxidation, identify specific syntrophic partnerships, and
present some mechanisms for carbon transfer. We outline the potential of synthetic
communities as models for studying syntrophic interactions, and we discuss challenges
in interpreting the behavior of such communities in the laboratory, with relevance to
mechanisms and principles underlying metabolic synergy among different microbial
guilds in nature. We also address the potential role of lanthanides in shaping methane-
utilizing communities, both in the laboratory and in nature.

AEROBIC METHANOTROPHS APPEAR TO SHARE CARBON WITH OTHER SPECIES
Aerobic methanotrophs have been studied as pure cultures for over 100 years, since
they were first discovered (10, 11). However, it has been noted that some metha-
notrophs are difficult to isolate in pure cultures due to the persistent presence of
contaminating organisms (25, 27), suggesting that methanotrophs tend to release
organic carbon and feed their satellites (26, 28). The carbon released has been pro-
posed to be free-for-all “public goods” (26, 28). Experimental evidence for the nature
of the satellite communities consuming methane-derived carbon has been gained
through the stable isotope probing (SIP) approach, a method that follows the fate of
carbon by analyzing fractions of DNA labeled with 3C (29). A combination of SIP with
16S rRNA and functional gene profiling revealed that, in addition to bona fide metha-
notrophs, microbial guilds known for methanol utilization (alphaproteobacterial and
betaproteobacterial methylotrophs), as well as guilds not known for methylotrophy,
were feeding on carbon from methane (30, 31). However, the biochemistry of this
process and the specific metabolic pathways involved remained unknown. Finer details
of communities consuming methane, including genomic contents, were obtained
through high-resolution metagenomics (a combination of SIP and metagenomic se-
quencing) applied to a lake sediment community (32). Sequencing of the DNA fraction
labeled with heavy methane revealed two major consumers of the labeled carbon,
namely, gammaproteobacterial methanotrophs of the family Methylococcaceae (mainly
Methylobacter) and betaproteobacterial nonmethanotrophic methylotrophs of the fam-
ily Methylophilaceae (mainly Methylotenera) (Fig. 2). Whole-genome metabolic recon-
struction revealed that Methylobacter was capable of methane oxidation, while Methy-
lotenera lacked methane oxidation genes. Both organisms possessed genes for
denitrification, suggesting one mechanism for adaptation to hypoxic niches, such as
methane/oxygen countergradients existing in lake sediments (33, 34). A follow-up
metagenomic study that investigated the same methane-consuming sediment com-
munities under conditions of oxygen and nitrate additions confirmed the correlation
between the abundances of the populations of Methylococcaceae and Methylophi-
laceae. These data suggested not only that Methylophilaceae can obtain carbon from
methane but also that there may be selective pressure for these organisms to work in
unison with the methanotrophs (35). Supporting this observation was a study that
employed Arctic permafrost samples, in which Methylophilaceae were found to be
colabeled with Methylobacter by heavy methane in DNA-SIP experiments (36). A
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separate study that analyzed in situ transcriptomes in melting permafrost samples
found that Methylobacter and Methylotenera cooccurred in all samples and both species
were transcriptionally active (37).

In marine environments, partnerships in methanotrophy appear to include addi-
tional actors. A bloom in methanotroph populations was observed in response to the
natural gas spill during the Deepwater Horizon disaster of 2010, dominated by Gam-
maproteobacteria with a significant proportion of Methylococcaceae, and their abun-
dances were correlated positively with the concentrations of hydrocarbons and nega-
tively with the dissolved oxygen concentrations (38, 39). The nonmethanotrophic
methylotroph populations that were part of these blooms were represented by Methy-
lophaga and Methylophilaceae species, while nonmethylotrophic actors were repre-
sented by Flavobacteriaceae (38-40). Similar communities are typically found in micro-
bial mats surrounding methane slips, which have constant supplies of methane (41, 42).

METHANE-FED MICROCOSM DYNAMICS SUGGEST THAT SYNTROPHY IN
AEROBIC METHANE OXIDATION MAY BE SPECIES SPECIFIC

One way to support observations from the SIP experiments and the cooccurrence of
species in natural environments, all hinting at a communal function in methane
oxidation, is to test cooperative behavior in microcosm experiments. Such experiments
were carried out with Lake Washington sediment samples, which were incubated under
semi-in situ conditions under an atmosphere of methane, with weekly dilutions and
transfers. This method allows competitive species to persist over time, while noncom-
petitive species are diluted out of the microcosm (43). Two oxygen-partial-pressure
regimens were implemented, i.e., high and low, to mimic oxygen concentrations along
the oxygen gradient in a natural lake sediment (33, 34). A very rapid decline in
community complexity was observed after just several dilutions, with the two most
competitive species being Methylococcaceae and Methylophilaceae in each microcosm
(43). However, different community dynamics were observed between the low- and
high-oxygen regimens, with the former selecting for Methylophilaceae of the Methylo-
tenera type, including dynamics among different Methylotenera ecotypes (Fig. 3), and
the latter selecting for Methylophilus types (43). In a separate series of experiments (44),
a wider range of oxygen concentrations was used, with more frequent oxygen addi-
tions, and communities were profiled at 10 and 16 weeks, at which point they were
assumed to be stable (Fig. 3). Among the Methylophilaceae, again Methylotenera types
prevailed under low-oxygen conditions while Methylophilus types prevailed under
high-oxygen conditions. In these experiments, however, an additional methanotroph
actor, Methylosarcina, was observed and appeared to outcompete Methylobacter under
high-oxygen conditions. In these microcosms, while Methylococcaceae and Methylophi-
laceae were the most abundant species, some low-abundance species also appeared
nonrandom, as they were identified in each microcosm; these species were Bacte-
roidetes, mostly represented by Flavobacterium, and Burkholderiales, mostly represented
by Acidovorax (43, 44). Independent time-series microcosm experiments were carried
out more recently, followed by large-scale metagenomic sequencing, which uncovered
very similar trends in community dynamics, with Methylobacter-Methylotenera partner-
ships persisting under low-oxygen conditions and Methylosarcina-Methylophilus part-
nerships persisting under high-oxygen conditions and Bacteroidetes and Burkholderiales
species being present in each microcosm (M. E. Hernandez and L. Chistoserdova,
unpublished data).

A similar experimental design was used to investigate methane-consuming com-
munities in a landfill cover soil, at three different partial pressures of oxygen (45). In
these experiments, communities also simplified rapidly to select for Methylocystis
(alphaproteobacterial methanotrophs) and Methylophilaceae, with minor amounts of
other bacteria, including Bacteroidetes. Overall, it was concluded that oxygen limitation
promoted greater carbon transfer to the satellite community and resulted in greater
community diversity (45). The results of these experiments strongly suggest that
partner selection may be both species specific and environment specific. However,
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FIG 3 Community dynamics in laboratory microcosms incubated under methane, with transfers and dilutions to identify species that are most
competitive in communal methane consumption. The duration of experiments is shown at the bottom, in weeks (W). Sediment, sediment
community at time zero. See references 43 (left) and 44 (right).

these findings disagree with the mechanism of public goods leaked by the metha-
notrophs, because, in the diverse multispecies communities present in natural samples,
specific functional guilds (such as Methylophilaceae) appear to be most successful in
consuming these goods.

WHAT ARE WE LEARNING FROM MANIPULATING SYNTHETIC COMMUNITIES?
While important insights have been gained by investigating natural methane-
oxidizing communities, in situ or in the laboratory, such communities tend to display
significant variations between biological replicates (43, 44) (Hernandez and Chistoser-
dova, unpublished), likely due to the complexity of the communities, with multiple
species being involved in competitions within and between different functional guilds;
they are also likely affected by the activities of predatory species, phages, and other
factors that cannot be controlled for in “wild” experimental settings. One approach to
overcoming these obstacles is manipulation of simplified synthetic communities,
whose composition is predetermined by the knowledge gained in experiments with
natural communities but is limited to a select set of strains, with characterized genomes
and physiologies (46). Synthetic community experiments are also a prominent ap-
proach for hypothesis testing. For example, the data on cooccurrence of specific
functional guilds in the environment and selection for specific functional guilds in
methane-fed microcosms contradict the public goods hypothesis (26, 28). To date, two
types of synthetic community experiments have been carried out to test this hypoth-
esis. The first type employed a collection of pure culture isolates originating from the
same ecological niche, including species that revealed the most competitive behavior
in natural microcosms, as described above, and the isolates were incubated with
transfers and dilutions designed to select for the most competitive species (47). The
second type employed randomly combined species originating from nonrelated envi-
ronmental niches, and the species were not subjected to competition (48, 49). The
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FIG 4 Dynamics among three methanotroph species in simple synthetic communities, under different conditions. The duration of
experiments is shown at the bottom, in days. Based on data from reference 47.

outcomes of these experiments were very different. Yu and colleagues (47) employed
communities built of 50 pure cultures isolated from Lake Washington sediment (10
methanotrophs and 40 nonmethanotrophs) and incubated them under different reg-
imens with transfers and dilutions, following community dynamics via iTag profiling.
They observed that general trends in synthetic community dynamics were similar to
trends in natural communities (43, 44). As observed for wild communities, representa-
tives of Methylococcaceae and Methylophilaceae dominated the synthetic communities,
while the relative abundances of other methylotrophs steadily declined. As in natural
microcosms, Bacteroidetes and Burkholderiales remained relatively abundant over time.
However, species dynamics among different methanotrophs were different in synthetic
communities. While Methylobacter and Methylosarcina were repeatedly observed in
natural communities, Methylomonas species appeared to be most competitive in
synthetic communities under most regimens, in accord with their performance and
fitness as pure cultures (34). To confirm these results, representatives of Methylomonas,
Methylobacter, and Methylosarcina were competed against each other in two- or
three-species microcosms; Methylomonas revealed competitive fitness under most
regimens, with the exception of a low-methane regimen, under which Methylosarcina
prevailed (Fig. 4). These experiments demonstrated certain discrepancies between wild
and synthetic microcosm behavior. However, the general trends reminded similar, with
Methylococcaceae and Methylophilaceae being the most competitive species, support-
ing data from DNA SIP experiments as well as data from naturally cooccurring species.

In contrast, Ho and colleagues concluded that interactions among species were not
necessarily exclusive and that any randomly selected partner could enhance metha-
notroph activity, as long as more than one partner was present (“the more the merrier”)
(48). In that particular study, growth of the methanotroph did not appear to be
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stimulated by the partner species, as no changes in cell counts were observed; this
observation contradicted a prior report from the same group, in which the growth of
methanotrophs was stimulated up to 4-fold by some randomly selected partners (49).
These discrepancies highlight the need for further studies, including synthetic com-
munity manipulation, toward understanding the patterns and details of syntrophic
interactions in aerobic methanotrophy.

THE RARE EARTH ELEMENT SWITCH AND ITS ROLE IN COMMUNITY FUNCTION
One of the most surprising and potentially very important recent discoveries in the
biochemistry of aerobic methane oxidation has been the discovery of the so-called rare
Earth element (REE) switch (50-52), a regulatory mechanism that determines the switch
between two alternative methanol dehydrogenases (MDHs), i.e., the calcium-
dependent enzyme (MxaFl) and the REE-dependent enzyme (XoxF). In itself, demon-
stration of a biochemical function for REEs is very important, as it overturns the
long-held dogma of biological inertia of REEs (53, 54). With respect to methanotrophy
and more broadly methylotrophy, this discovery points to the gaps in our understand-
ing of these processes, especially given the fact that expression of the two enzymes is
inversely regulated (50-54). What is the significance of the coexistence of these two
types of enzymes in a single organism, and what is the physiological significance of the
REE switch? In pure cultures of methylotrophs, as so far reported, the switch acts in a
straightforward fashion, i.e., when REEs are present, transcription of MxaFl genes goes
down and transcription of the XoxF gene(s) goes up (50-52). However, a recent
investigation involving a simple, two-species, synthetic community model revealed that
the REE switch may function differently in communities versus pure cultures (55). In
those experiments, Methylobacter was employed as the methanotroph model and was
cocultured separately with two different strains of Methylophilaceae (Methylotenera
mobilis JLW8 and Methylotenera mobilis 13) as nonmethanotroph satellite models, and
all (co)cultures were supplemented with REE lanthanum. Transcriptomes were se-
quenced for the cocultures and for each pure culture. From transcriptome analysis,
some of the most differentially expressed genes were the genes for alternative MDH
enzymes in both Methylobacter and Methylotenera. While xoxF, the gene for the
REE-dependent MDH, was expressed at the highest level in pure cultures of Methylo-
bacter, genes for MxaFl, the calcium-dependent MDH, were most highly expressed in
cocultures (55) (Fig. 5). In M. mobilis JLW8, which does not encode MxaFl but encodes
two different XoxF enzymes, the gene for one (xoxF_1770) was more highly expressed
in pure cultures, while the gene for the other (xoxF_2048) was overexpressed in
cocultures. In M. mobilis 13, a gene encoding one of the multiple REE-dependent MDH
enzymes (xoxF_0600) was overexpressed in cocultures and another gene (xoxF_0895)
was overexpressed in pure cultures, while the third xoxF gene (xoxF_2044) and the
mxaFl genes were expressed at low levels (55) (Fig. 5). These results suggest that the
REE switch acts differently depending on whether an organism is engaged in commu-
nity functions or is growing as a pure culture. These results also demonstrate that the
REE switch acts differently on different xoxF genes when multiple copies are present in
the same genome, suggesting a more complex nature for the REE switch than previ-
ously appreciated. While the precise roles of (multiple) alternative MDHs in each
organism require further investigation, these data clearly point to the importance of
methanol metabolism and suggest that methanol must be one of the metabolites that
feeds the Methylophilaceae. In support of this finding, a double-knockout mutant of M.
mobilis JLW8 that does not produce any functional MDH enzymes and thus is incapable
of metabolizing methanol was tested (56). This mutant was not able to establish
cocultures with Methylobacter, further supporting methanol as one metabolite shared
between Methylococcaceae and Methylophilaceae (55). However, yet more complex
biochemistry may be governed by the REE switch, as other REE-dependent enzymes
may participate in communal metabolism of methane. Recently, an enzyme (ExaF) only
distantly related to either MxaF or XoxF has been described as an REE enzyme, showing
broad substrate specificity toward alcohols and aldehydes (57). While homologs of this
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FIG 5 Heatmap depicting differential expression of genes for alternative methanol dehydrogenases (xoxF
and mxaF) in pure cultures versus cocultures of Methylobacter tundripaludum and Methylotenera mobilis,
demonstrating that communal living triggers the rare Earth element switch (55).

enzyme are not present in the genomes of the methanotrophs or the Methylophilaceae,
they are present in the genomes of some of the organisms representing minor
populations in the communities (47) (Z. Yu and L. Chistoserdova, unpublished data).
These enzymes may play important roles in primary substrate consumption, competi-
tion for REEs, or both, thus presenting another mechanism for community member
interdependency.

CONCLUSIONS AND FUTURE PERSPECTIVES

Methane oxidation as a community function is still a novel concept. In this way,
methanotrophs appear to act as “primary producers,” akin to photoautotrophs, which
also tend to support diverse communities by releasing carbon as a form of public goods
(58, 59) but appear to select for specific partners (60, 61). A recent study that explored
species interdependencies in a cyanobacterial consortium, both in the laboratory and
in situ, applied the black queen hypothesis (BQH) to explain nonrandom distribution of
the public goods in such communities, identifying vitamin B,, as one of the metabo-
lites exchanged between species (61). In accordance with the BQH, species can greatly
benefit from a loss of function as long as this function can be fulfilled by helper species,
altruistically or in exchange for other goods (62). Vitamin B;, exchange has been
previously implicated in maintaining stable cocultures of methanotrophs and non-
methanotrophs (63). However, this does not appear to be the mechanism that selects
for Methylobacter-Methylotenera or Methylosarcina-Methylophilus partnerships, as all of
these species are capable of growth in minimal media (64, 65) and no support for B;,
dependency emerged from comparative transcriptomic analysis (55). However, meth-
anol has been identified as a carbon compound shared between Methylococcaceae and
Methylophilaceae, and its metabolism appears to be subject to the REE switch (55).
Other metabolites released by the methanotrophs likely include acetate, a product of
methane fermentation (28) that feeds the Acidovorax and other Burkholderiales, and
polymeric substances that are released by both Methylococcaceae and Methylophilaceae
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FIG 6 Schematic of a rationally designed community experiment in which differences in cell size and
shape allow real-time monitoring of species dynamics.

and feed Bacteroidetes. Whether and what the methanotrophs may be gaining in return
remains unclear. Interspecies electron transfer may be taking place, contributing to
methane activation, but such a mechanism would need experimental validation. Nei-
ther Methylococcaceae nor Methylophilaceae encode any multiheme cytochromes that
are implicated in such transfers (66, 67). However, such cytochromes were previously
characterized from the thermophilic methanotroph Methylococcus capsulatus (68). Both
Methylobacter and Methylophilaceae encode and highly express pilus functions (69, 70)
(Yu and Chistoserdova, unpublished), which are also implicated in interspecies electron
transfer (67, 71). To further investigate the mechanistic details of syntrophic interactions
in aerobic methane oxidation, the synthetic community manipulation approach bears
promise. However, this approach faces serious methodological challenges. Because
most of the microbes involved can survive and thrive on their own as pure cultures
(based on their behavior in the laboratory), the choice of experimental conditions (e.g.,
medium composition, partial pressures of methane and oxygen, and nitrogen sources)
conducive to cooperative behavior must be important. Other factors also may be
important in controlling species ratios in natural communities, including functional
guilds not primarily involved in methane utilization or cometabolism but sporadically
influencing community structure, such as predatory species, species harboring preda-
tory plasmids or phages, or free-living phages. Overall, there may be tradeoffs between
manipulation of natural communities versus synthetic communities, with the out-
comes, in terms of the community structure or the activity of individual species, being
somewhat different, as observed in the experiments described above. Ultimately, while
some fundamental questions could be addressed through manipulation of very simple
synthetic communities, an understanding of the finer details of interspecies interactions
might require experiments with communities more precisely reflecting the activities of
natural communities. To achieve that goal, synthetic communities should probably be
modeled to better reflect natural communities, as observed from manipulation of
microcosms initiated with native environmental samples, and manipulations should
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ideally recreate conditions approximating natural conditions, as much as reasonably
possible in laboratory settings. We imagine that an intelligent community design, as
opposed to a random selection of species, can be achieved as long as a selection of
appropriate model organisms is available, representing different functional guilds. The
dynamics of these rationally designed communities can be monitored in real time,
using, for example, flow cytometry to distinguish between different cell sizes and
shapes (Fig. 6). Each species’ signature features, such as differential gene transcription
(or protein expression or metabolite production), could then be determined to gain
insights into which functions may be important for cooperative behavior, as has already
been revealed for the alternative MDH enzymes and the REE switch. Additional points
of cross talk between the community partners could then be elucidated via knockout
mutant manipulation, which can be carried out on a large scale with high throughput.
Such approaches will be most powerful when combined with analyses of purified
protein activity levels for select targets identified through omics, as part of community
function analysis.
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