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Executive Summary

The research conducted as part of this project contributes significantly to the
understanding of the microbes and their activities involved in methane metabolism in
freshwater lake sediments and in the environment in a more global sense. Significant
new insights have been gained into the identity of the species that are most active in
methane oxidation. New concepts have been developed based on the new data on how
these organisms metabolize methane, impacting not only environmental microbiology
but also biotechnology, including biotechnology of next generation biofuels. Novel
approaches have been developed for studying functional microbial communities, via
holistic approaches, such as metagenomics, metatrancriptomics and metabolite analysis.
As a result, a novel outlook has been obtained at how such communities operate in
nature. Understanding methane-oxidizing communities in lakes and other environments
is of significant benefit to the public, in terms of methane emission mitigation and in
terms of potential biotechnological applications.

Project Results

The actual accomplishments of this project are in line with the original goals and
objectives, as proposed. One additional outcome is a novel concept of methane
oxidation as a community function. This concept suggested some preliminary
investigations that laid the groundwork for a new project now funded by the DOE.

Identification of actively transcribed pathways

In collaboration with the JGI, as part of the SCP program, we generated
metagenomic sequence datasets representing communities responding to methane
stimuli in a variety of conditions, as follows. Four were labeled with methane in oxic and
microoxic conditions and in the absence or in the presence of nitrate. Four additional
samples were obtained by sorting specifically fluorescently labeled cells, after methane
stimulation. Two of the samples represented unamended native sediment communities.
All the datasets were analyzed for the signatures of the active methane-utilizing species,
identifying Methylobacter as the major active species, contrary to prior understanding. In
addition to Methylobacter, prominent signatures were found for species belonging to
Methylophilaceae, implicating them in methane metabolism, through cooperative
behavior/crossfeeding. A strong signature was also detected for nitrate metabolism
genes, corroborating a positive effect of nitrate on the methane oxidizing communities,
thus connecting the methane cycle to the nitrogen cycle. Surprisingly, Methylobacter
signatures were also strong in microoxic conditions, pinpointing their role in microoxic
niches. This property, along with the fate of the carbon from labeled methane that we
identified in a variety of non-methanotroph species, suggested a novel mode of
metabolism involving community function. Indeed, experiments with model organisms
provided further evidence for novel metabolism, obtaining, for the first time, experimental
evidence of fermentation of methane. Transcriptomics and metatranscriptomics



experiments provided validation for metabolic reconstruction of methane metabolism as
carried out by bacterial consortia. Isolation of the major players in pure cultures and
comparative genomic analysis validated the conclusions from the genomes. These new
isolates will serve as model organisms for future research.

Identification of physiologically active pathways

We developed and implemented methods for detection and quantification of
organic and amino acids, sugars and sugar phosphates that are signatures of alternative
metabolic pathways participating in assimilation of carbon from methane, for both pure
cultures of methanotrophs and for mixed communities (microcosms). We demonstrated
that the ribulose monophosphate pathway was prevalent in the communities, supporting
data from metagenomics and metatranscriptomics. Moreover, label-based tracing of
specific intermediates in this cycle demonstrated that key methanotrophs such as
Methylobacter predominantly utilize the most energy-efficient variant of assimilatory
metabolism, involving reactions of glycolysis, which in turn allows for fermentative mode
of methane metabolism. This is one of the key discoveries of this project.

Identification of activities of individual cells

NanoSIMS was employed to follow the fate of methane and CO2, to follow the
fate of carbon in select methylotrophs and in communities stimulated by labeled
methane, in order to refine the metabolic schemes employed by key methane oxidizers.
NanoSIMS-based analyses were also utilized to evaluate cell-to-cell variation in carbon
flux.

Additional experiments

We carried out additional experiments in order to test a hypothesis of methane
metabolism in lake sediment as a community function. We followed dynamics of
microcosms stimulated with methane and uncovered stable assemblages of
methanotrophs with non-methanotrophs. We also observed that species selection in
such microcosms is determined by environmental parameters such as oxygen tension
and temperature. These experiments provided the necessary preliminary data for the
follow up research, currently funded by the DOE. These data also validated our
conclusions from the analysis of the metagenomes and metatranscriptomes.
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Other products

Databases

Ten metagenomic datasets are available through the IMG/M interface
(https://img.jgi.doe.gov/cgi-bin/m/main.cgi)

Sixty genomic datasets are available through the IMG interface
(https://limg.jgi.doe.gov/cgi-bin/w/main.cgi)

Physical collections
Over 200 methylotroph isolates have been preserved as part of the laboratory collection,
available on request.



