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Abstract
Methanotrophic microorganisms utilize methane 
as an electron donor and a carbon source. To 
date, the capacity to oxidize methane is restricted 
to microorganisms from three bacterial and 
one archaeal phyla. Most of our knowledge of 
methanotrophic metabolism has been obtained 
using highly enriched or pure cultures grown in 
the laboratory. However, many methanotrophs 
currently evade cultivation, thus metagenomics 
provides a complementary approach for gaining 
insight into currently unisolated microorganisms. 
Here we synthesize the studies using metagenom-
ics to glean information about methanotrophs. 
We complement this summary with an analysis 
of methanotroph marker genes from 235 publicly 
available metagenomic datasets. We analyse the 
phylogenetic and environmental distribution of 
methanotrophs sampled by metagenomics. We 
also highlight metabolic insights that methano-
troph genomes assembled from metagenomes 
are illuminating. In summary, metagenomics 
has increased methanotrophic foliage within the 
tree of life, as well as provided new insights into 
methanotroph metabolism, which collectively can 
guide new cultivation e#orts. Lastly, given the 
importance of methanotrophs for biotechnological 
applications and their capacity to $lter greenhouse 

gases from a variety of ecosystems, metagenom-
ics will continue to be an important component 
in the arsenal of tools needed for understanding 
methanotroph diversity and metabolism in both 
engineered and natural systems.

Introduction
Ferdinand Cohn described a $lamentous microor-
ganism that quickly earned infamy for %ourishing 
in European waterworks and obstructing the 
%ow of water in the late 1800s (Cohn, 1870). 
More than 100 years a&er the initial discovery 
of Crenothrix polyspora, this organism still evades 
cultivation. In the past 40 years, ultrastructure 
evidence (Völker et al., 1977) and the presence 
of key functional genes (Stoecker et al., 2006) 
hinted that these pervasive $lamentous cells 
grew using methane as a carbon and energy 
source. In 2017, metagenomic sequencing, or 
the untargeted sequencing of DNA directly from 
a microbial community, led to the $rst insight 
into Crenothrix genomic contents (Oswald et al., 
2017). In combination with other chemical and 
imaging technologies, here metagenomics con-
$rmed that these mysterious, $lamentous cells 
were methanotrophs. !is is only one example 
of how metagenomics, especially when combined 
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with other methodologies, has demysti$ed the 
physiology of uncultivated microorganisms 
(Brown et al., 2015; Solden et al., 2016).

Methanotrophic microorganisms play 
immense roles in mediating biogeochemical 
cycles. !ese organisms can $lter 50–97% of 
methane from ecosystems (Segarra et al., 2015), 
and therefore have a large impact on the release 
of this potent greenhouse gas to the atmos-
phere. In addition to the carbon cycle, it has 
also been shown that methanotrophs can aid in 
the removal of 90–99% of the nitrogen during 
wastewater treatment ( Jewell et al., 1992; He et 
al., 2015). More recently, methanotrophic strains 
have been harnessed to degrade organic pollut-
ants, produce a variety of industrial precursors, 
and scavenge metals such as copper (Sullivan 
et al., 1998; Semrau et al., 2010; Puri et al., 
2015; Strong et al., 2015, 2016). Given their 
important biogeochemical and biotechnological 
applications, metagenomics is a critical research 
tool for improved understanding of methano-
troph diversity and physiology in natural and 
manmade se"ings.

Today, with the power of recovering near-
complete to closed genomes directly from 
microbial communities, axenic cultivation is no 
longer a requirement for investigating a micro-
organism’s metabolic capabilities (Solden et al., 
2016). Metagenomics, which provides an inven-
tory of the metabolic potential of a community, 
is especially powerful when utilized in parallel 
with metatranscriptomics (community RNA 
sequencing) or metaproteomics (community 
protein analyses). !ese la"er technologies pro-
vide information on gene and protein expression 
in a microbial community, indicating metabolic 
processes and organisms that are responding 
to speci$c environmental conditions. Here our 
objective is to describe how metagenomics and 
enabled ‘omic’ technologies (multi-omics) have 
altered perspectives on methanotroph environ-
mental distribution, phylogenetic diversity, and 
metabolism. Leveraging recent metagenomic 
studies, we (i) summarize key $ndings from a 
variety of ecosystems, (ii) describe the metha-
notroph genomic foliage added to the tree  
of life, and (iii) discuss how metagenomic 
analyses of methanotrophs has impacted other 
scienti$c disciplines.

Overview of methanotroph 
phylogenetic and metabolic 
diversity
Methanotrophs are currently assigned to three bac-
terial and one archaeal phyla (Fig. 3.1). Today all 
known Bacterial methanotrophs encode methane 
monooxygenase (MMO), the enzyme complex 
that oxidizes a C–H bond in methane using oxygen. 
!ere are two forms of this enzyme, particulate 
(pMMO) and soluble (sMMO), and at least one of 
these is required for aerobic oxidation of methane 
(Dalton, 1983). Functional marker genes for the 
particulate (pmoA) and soluble (mmoX) forms are 
commonly used to probe for bacterial methano-
trophs (McDonald et al., 2008; Knief, 2015).

!e most well studied bacterial methanotrophs 
belong to the phylum Proteobacteria speci$cally 
within the Gammaproteobacteria and Alphapro-
teobacteria classes. !e Gammaproteobacteria 
methanotrophs belong to the order Methylococ-
cales, and are o&en referred to as ‘Type I’ and ‘Type 
X’ methanotrophs. Within the Alphaproteobacte-
ria, methanotrophs are associated with the order 
Rhizobiales, referred to as ‘Type II’ methano-
trophs (Dalton, 1983). !ese two Proteobacteria 
methanotroph classes are distinguished not only by 
phylogenetic assignment, but also have di#erences 
in carbon assimilation pathways and intra-cytoplas-
mic membrane ultrastructure (Dalton, 1983; Knief, 
2015).

!e second bacterial phylum containing 
methanotrophs is the Verrucomicrobia. Here 
members of the family Methylacidiphilales, have 
core methane oxidation pathways resembling Pro-
teobacteria methanotrophs. However, unlike the 
Proteobacteria methanotrophs, these taxa may also 
utilize hydrogen as an alternative electron donor 
and require lanthanide metals for growth (Pol et al., 
2007, 2014; Mohammadi et al., 2017). !e third 
bacterial phylum of methanotrophs is the Methy-
lomirabilota, which contains the genus ‘Candidatus 
Methylomirabilis’ and were previously classi$ed as 
members of the candidate NC10 phylum (E"wig et 
al., 2010; Glöckner et al., 2017; Parks et al., 2018). 
!ese methanotrophs are proposed to generate 
molecular oxygen for methane oxidation by reduc-
ing nitrite, followed by dismutation of nitric oxide 
into dinitrogen and dioxygen (E"wig et al., 2008, 
2010; Wu et al., 2015). !us, these bacteria are pro-
posed to couple aerobic methane oxidation with 
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all currently known ANME lineages are members 
within the Methanomicrobia class of the Euryar-
chaeota phylum. Within the Methanomicrobia, the 
ANME-1 appear to be a distinct order, several line-
ages of ANME-2 form a monophyletic clade within 
the Methanosarcinales order, while the ANME-3 
likely represent a speci$c genus within the Metha-
nosarcinaceae family (Kni"el and Boetius, 2009; 
Glöckner et al., 2017; Timmers et al., 2017).

Single marker gene sequencing of the 16S rRNA 
genes along with bacterial MMO (pmoA, mmoX) 
and archaeal MCR (mcrA) genes have sampled 
methanotrophs from a wide range of environments. 
From these studies it is inferred that a minor frac-
tion of methanotrophic phylogenetic diversity 
is represented by axenic cultures. In fact, entire 
clades of methanotrophs still lack a single isolated 
representative, including ANME and Ca. Methy-
lomirabilis. By comparing small subunit ribosomal 
protein S3 (rpS3) genes recovered in metagenomes 
with known reference isolate genomic sequences, 
we highlight that metagenomics continues to 
recover potentially novel species, i.e. 251 out of 
641 recovered genes shared < 95% amino acid iden-
tity to methanotroph isolate genomes (see Web 
resources). Furthermore, this includes the identi$-
cation of numerous potentially novel species, using 
the same criteria, even among the well-sampled 
phylogenetic groups such as the Gammaproteobac-
teria, e.g. 170 out of 539 rpS3 genes recovered from 
metagenomes (see Web resources). Recent meta-
omic studies continue to uncover and de$ne new 
lineages of methanotrophs, as well as provide nec-
essary metabolic and ecological context, thereby 
playing a critical role in advancing our under-
standing of methanotrophy from single genes, to 
microbial communities, to entire ecosystems.

Metagenomic approaches used 
to study methanotrophs in situ 
and in vitro
A ‘metagenome’ is the theoretical collection of 
genomes or genomic information from members of 
a given microbial community. While metagenomic 
methods and sequencing technologies have changed 
over time, the core principle remains: the untargeted 
sequencing of DNA from a microbial community. 
!e earliest metagenomic methanotroph studies 
relied on sequencing libraries containing large 

inserts of DNA cloned into plasmids (Hallam et al., 
2004; Meyerdierks et al., 2005; Ricke et al., 2005; 
Dumont et al., 2006; Chen and Murrell, 2010). 
Contemporary metagenomics leverage next-gener-
ation sequencing advancements, typically resulting 
in fragments (reads) with increased sequencing 
depth per sample (Escobar-Zepeda et al., 2015). 
However, as sequencing technology continues to 
improve, metagenomics show increasing promise 
in complete genome recovery from complex envi-
ronmental samples.

Metagenomic data can be analysed using two 
main approaches: gene-centric or genome-centric 
(Fig. 3.2). In one gene-centric approach, sequenc-
ing reads are aligned (mapped) to a database of 
microbial genomes or reference genes to assign 
reads to closely related genes, pathways or genomes 
contained in a database. While both time- and cost-
e#ective, this approach may miss novel genomic 
information, owing to insu'cient representation in 
databases. In an alternative gene-centric approach, 
sequencing reads can be de novo assembled into 
larger genome fragments, which are then com-
pared to nearest neighbour genomes. Here the 
advantage is that novel functional and phylogenetic 
markers can be reconstructed from an environ-
mental sample. !e limitation of both gene-centric 
approaches is the lack of a holistic genome content 
and organization, hindering the precise under-
standing of the metabolic pathways or phylogenetic 
signals essential in description of novel taxa and 
pathways.

In contrast, in the genome-centric approach, 
the assembled genomic fragments (contiguous 
sequences, or contigs) are clustered together to 
form distinct, population-level genome bins. In 
the past 15 years, these Metagenome-Assembled 
Genome bins (MAGs) have yielded near-complete 
or essentially closed genomes from a myriad 
of environmental samples (Tyson et al., 2004; 
Sharon and Ban$eld, 2013; Parks et al., 2017). !is 
approach allows for genome wide comparisons, 
which provide expanded phylogenetic resolution 
through the use of conserved housekeeping genes, 
residing at various locations in the genome (Rinke 
et al., 2013; Hug et al., 2016; Yeoh et al., 2016; Parks 
et al., 2017), as well as for the extended analysis of 
the metabolic pathway content (Anantharaman et 
al., 2016), virus–host linkages via CRISPR-Cas 
loci, etc. (Edwards et al., 2016). A combination 
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Metagenomic sampling of 
methanotroph phylogeny and 
physiology across diverse 
habitats
We queried 741 metagenomes and metatranscrip-
tomes associated with methane cycling from the 
Integrated Microbial Genomes database (IMG, 
4th June 2018), provided by the Joint Genome 
Institute. We used ribosomal protein S3 (rpS3) 
genes from know methanotroph genomes to mine 
a total of 566 methanotroph rpS3 proteins, from 
235 metagenomic samples, spanning a variety of 
taxa and ecosystems (see Web resources). In addi-
tion to this gene-speci$c search, we also recovered 
the rpS3 genes from 75 methanotroph MAGs (37 
inferred methanotroph MAGs lacked this gene) 
(see Web resources). !ese two metagenome-
derived rpS3 data sets, along with reference rpS3 
proteins from the known methanotroph isolate 
lineages, were used to construct a phylogenetic 
tree visualizing the methanotroph phylogenetic 
diversity captured by both isolation and metagen-
omic sampling (Fig. 3.3). Auxiliary rings on the 
phylogenetic tree provide additional information 
for class level assignment, the type of sequencing 
performed, and the ecosystem from which the 
sequence was recovered. !e dissimilarity between 
reference isolate genomes and MAGs’ rpS3 genes 
shows that many MAGs are not well represented 
by isolates – in only 22 out of 112 MAGs did the 
rpS3 gene peptides share > 95% amino acid identity 
with reference genomes. MAGs continue to play an 
important role in expanding the methanotroph foli-
age on the tree of life. Using our meta-analysis as a 
guide, below we highlight some of the prominent 
metagenomic studies performed across a range of 
di#erent habitats, and indicate the insights gleaned 
about methanotrophs from these studies.

Marine and terrestrial hydrocarbon 
and methane seeps
Gene-centric metagenomics have provided 
genomic insights into the anaerobic methane-
oxidizing taxa from natural hydrocarbon seeps 
at Coal Oil Point (California) (Håvelsrud et al., 
2011), Troll petroleum reservoir (Norway) (Håv-
elsrud et al., 2012), Lei-Gong-Hou mud volcano 
(Taiwan) (Tu et al., 2017), and the Mississippi 
Canyon (Gulf of Mexico) (Vigneron et al., 2013). 
In these ecosystems, reaching up to 1100 metres 

in depth, the ANME types were the most abun-
dant methanotroph taxa. Here, it was inferred 
that the electron acceptor for methane oxidation 
was ferric hydroxides or sulfate, the la"er reduced 
through a partnership with sulfate-reducing bacte-
ria (SRB). !ese results are consistent with much 
of our understanding of extremely diverse ANME 
metabolism derived primarily from naturally and 
arti$cially enriched vent samples (Kni"el and 
Boetius, 2009), discussed in more detail in sections 
below. Beyond anaerobic methane oxidation, some 
additional evidence was provided that aerobic 
methanotrophs may also be important in marine 
methane seep systems, as reads mapping to aerobic 
methanotroph genomes from the Proteobacteria 
(Methylococcales and Rhizobiales), Verrucomicro-
bia (Methylacidiphilales), and Methylomirabilota 
(Ca. Methylomirabilis) were also present in many 
of the metagenomes (Håvelsrud et al., 2011, 
2012; Tu et al., 2017). Additionally, gene-centric 
metagenomics performed on a hydrocarbon seep 
in the Red Sea reconstructed functional genes for 
methane oxidation not detected in clone libraries, 
and was one of the $rst studies showing that sMMO 
genes were more abundant than pMMO genes in a 
natural ecosystem (Abdallah et al., 2014).

In addition to the naturally occurring methane 
seeps, anthropogenic sources of hydrocarbons 
also occur in marine and terrestrial systems, and 
represent another focus for the methanotrophy 
research. Following the Deepwater Horizon spill 
in 2010, several metagenomic studies revealed that 
aerobic Gammaproteobacteria methanotrophs of 
the order Methylococcales must have consumed 
nearly all the methane in the water column, mitigat-
ing methane release to the atmosphere (Mason et 
al., 2014; King et al., 2015; Yergeau et al., 2015). 
!e methane consumption activity also caused an 
oxygen anomaly as well as depleted certain metals 
in the water column (Kessler et al., 2011; King et 
al., 2015; Shiller et al., 2017). Taken together, these 
studies demonstrate both the positive and poten-
tially the negative impacts methanotroph activity 
may have on an ecosystem scale.

An additional hydrocarbon source is oil sand 
tailing ponds, which are small natural freshwater 
bodies contaminated with hydrocarbon waste a&er 
industrial petroleum extraction from bituminous 
sands. SIP-enabled gene-centric metagenomics 
of Canadian tailings pond sediments recovered 
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this phenomenon, named high-a'nity methane 
oxidation (HAMO), likely occurred through 
the activity of uncultivated Alphaproteobacteria 
methanotrophs (Dun$eld et al., 1999; Holmes et 
al., 1999; Henckel et al., 2000). One of the early 
SIP-enabled metagenomics projects generated 
sequences of Bacterial Arti$cial Chromosomes 
(BACs) from forest soil, recovering fragments of 
genomes most closely related to members of the 
Alphaproteobacteria genus Methylocystis (Dumont 
et al., 2006). !is demonstrated the application of 
this technique for recovering the genomic contents 
of methanotrophs that are generally present at 
low abundance in complex soil communities. In a 
separate study, sequencing BACs from forest soils 
provided the $rst genomic information for the 
Alphaproteobacterial Upland Soil Cluster (USCα) 
methanotrophs, a prevalent lineage in forest soils 
implicated in oxidizing methane at atmospheric 
pressure levels (Ricke et al., 2005). !e gene-cen-
tric approach revealed that, based on the pMMO 
and neighbouring genes, the proposed USCα 
methanotroph was most similar to the known 
Alphaproteobacteria methanotrophs (Ricke et al., 
2005).

Recently, Pratscher et al. (2018) provided the 
$rst morphological information for the USCα, 
and recovered the $rst dra& genome of USCα 
methanotroph, by combining targeted cell sorting 
and metagenomic sequencing. !e resulting MAG 
lacked sMMO genes, but contained several pMMO 
gene variants (Pratscher et al., 2011, 2018). It was 
proposed that these di#erent pMMO variants may 
function in a manner similar to variants previously 
identi$ed in Methylocystis isolates, showing di#er-
ent substrate a'nities towards methane (Baani 
and Liesack, 2008; Dam et al., 2013). Additionally, 
the USCα genome encoded pathways for acetate 
utilization, signifying the signi$cance of the capa-
bility to utilize alternative carbon substrates as a 
means of adaptation for HAMO (Pratscher et al., 
2011, 2018). Mining of 16S rRNA gene-databases 
posited that USCα species are not restricted to 
forest soils, but are also present in lava cave bio-
$lms and arctic permafrost (Pratscher et al., 2018). 
Similar to these $ndings, Singleton et al. (2018) 
recovered a partial USCα methanotroph genome 
from partially thawed permafrost soils in Sweden. 
!e much wider distribution of USCα methano-
trophs, including non-arid environments such as 

permafrosts, suggests the importance of HAMO on 
a global scale.

In addition to the USCα methanotrophs, the 
$rst nearly complete genome of the divergent Gam-
maproteobacterial Upland Soil Cluster (USCγ) 
methanotroph has recently been recovered from 
cold, arid soils. !is genome was shown to be sig-
ni$cantly divergent from the genomes of known 
Methylococcales (Edwards et al., 2017) (Fig. 3.3; 
see Web resources), while encoding typical methy-
lotrophy metabolic pathways. Since their initial 
discovery in forest soils, the recovery of USCγ 
from Taylor Dry Valley in Antarctica demonstrates 
their distribution beyond forested environments 
(Edwards et al., 2017). Importantly, for both USCα 
and USCγ lineages, these MAGs alone cannot 
explain the speci$c metabolic requirements or the 
enzymatic di#erences that enable HAMO. Given 
the broad environmental distribution of these 
organisms (northern latitude forests, Antarctic 
deserts, and permafrost ecosystems), there is a need 
for cultivation and physiological studies targeting 
these lineages.

Freshwater lake sediments
One of the best-characterized ecosystems for 
microbial C1 cycling is freshwater lake sediments. 
!ese systems have anoxic conditions in the 
deeper sediments, resulting in methanogenesis, 
with methane di#using to oxic sediment–water 
interface, where aerobic methanotrophy occurs. 
One of the earliest uses of SIP in combination 
with metagenomics investigated the microbial 
taxa involved in methylotrophy in Lake Washing-
ton sediments (Kalyuzhnaya et al., 2008). Here 
sediments incubated with 13C-methane largely 
recaptured the data from the cultivation e#orts, 
showing that Methylobacter, of the Gammaproteo-
bacteria Methylococcales clade, were the dominant 
methane-oxidizing taxa (Auman et al., 2000). 
Additionally, these methane-fed communities were 
enriched for Betaproteobacteria species Methyloten-
era, which were likely labelled through consuming 
methanol, a by-product of methane oxidation. !is 
metabolic cross-feeding spurred a series of experi-
ments showing that at lower oxygen:methane 
mixing ratios, Methylobacter, consistently outcom-
peted other methanotrophs, and also produced 
methanol to cross-feed Methylotenera (Beck et al., 
2011; Oshkin et al., 2015; Krause et al., 2017). 
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Alternatively, under high oxygen:methane mixing 
ratios, members of the same family but di#erent 
genus (Methylosarcina) cross-fed di#erent Betapro-
teobacteria microorganisms (Methylophilus) 
(Hernandez et al., 2015). !ese $ndings highlight 
the role of cooperative metabolic exchanges fuelled 
by methanotrophy occurring across ecosystems, 
and the value of both laboratory and $eld based 
studies.

Thawing arctic permafrost
!ere is growing interest in the metabolic activity 
of methanotrophs in arctic peat and permafrost 
soils. !ese environments store approximately 
1300–1600 petagrams of carbon that is suscep-
tible to release under predicted climate warming 
scenarios (Dean et al., 2015). Warming tempera-
ture trends threaten to thaw permafrost, making 
the previously inaccessible carbon newly avail-
able. !e newly accessible organic carbon can 
be degraded to yield methane, which may be 
consumed by the methanotrophs or be emi"ed 
into the atmosphere, the la"er with future climatic 
feedbacks (MacKelprang et al., 2011). 

Several studies by Tveit et al. (2013, 2014) 
clearly articulated the importance of aerobic Gam-
maproteobacteria Methylococcales in warming 
permafrost. In the $rst two studies, metatranscrip-
tomic data were collected from permafrost soils 
in Svalbard, Norway. Here 14 nearly full-length 
assembled 16S rRNA genes (> 1330 nucleotides) 
in the metatranscriptome were assigned to the 
genus Methylobacter. Metatranscriptomic reads 
were mapped to pMMO, methanol dehydroge-
nase, and formaldehyde oxidation pathways from 
reference genomes, further demonstrating that 
members of Methylobacter were primarily respon-
sible for methane oxidation in these permafrost 
soils. Notably, genes from other methanotrophs 
were absent, or present at negligible counts (Tveit 
et al., 2013, 2014), demonstrating the metabolic 
prevalence of this one genus in these soils. Labora-
tory mesocosm incubations designed to examine 
the e#ects of thaw gradient (temperatures ranging 
from 1 to 30 °C) on these soils also demonstrated 
that Methylobacter remained the dominant metha-
notroph (Tveit et al., 2015). Taking these studies 
together, it is possible that in these permafrost 
soils, active methanotrophy today and under 
future warming scenarios may be mediated by a 

single genus of methanotrophic bacteria (Tveit et 
al., 2015).

Other studies have implicated Alphaproteo-
bacteria as key methanotrophs to respond to 
permafrost thaw. Mackelprang et al. (2011) used 
changes in the relative abundance of 16S rRNA 
and pMMO genes during in vitro thaw simulation 
experiment, to infer members of the genus Methy-
locystis as responsive species. A large-scale study 
at Stordalen Mire in Sweden found both classes 
of Proteobacteria methanotrophs to be present, 
but these were di#erentially distributed across the 
thaw gradient (Singleton et al., 2018). Metagen-
omes from partially thawed and intact permafrosts 
contained mostly reads mapping to Alphaproteo-
bacteria methanotrophs, particularly Methylocystis 
and USCα MAGs, while fully thawed permafrost 
metagenomes harboured reads that mapped mostly 
to Gammaproteobacteria Methylococcales MAGs. 
!is trend was matched by the distribution and 
diversity of pMMO and sMMO genes identi$ed 
in the metagenomes, as well as metatranscriptomic 
reads mapping to these genes (Singleton et al., 
2018).

Two other studies in the Canadian High Arctic 
also used metagenomics technologies to investigate 
methanotroph diversity and activity in perma-
frost soils. One gene-centric metagenomics study 
concluded that Gammaproteobacterial Methy-
lococcales were the dominant methanotrophs in 
the active layer and up to 2 m depth into the arctic 
permafrost (Yergeau et al., 2010). In contrast, a 
paired metagenomic, metatranscriptomic, and 
metaproteomic investigation of another perma-
frost site noted that Alphaproteobacterial USCα 
methanotrophs recruited most reads and peptide 
fragments in all datasets (Lau et al., 2015). It was 
inferred that the relative aridity and atmospheric 
methane consumption in this site, compared to 
other permafrost $eld locations, may have contrib-
uted to the prevalence of USCα. Similarly, Siberian 
permafrosts were also dominated by Alphaproteo-
bacteria members of the genus Methylocystis, but 
Gammaproteobacteria methanotrophs could also 
be detected (Rivkina et al., 2016).

In summary, while the active methane-oxidizing 
communities across several di#erent permafrost 
habitats were dominated by Proteobacteria metha-
notrophs, it appeared that the thaw stage was a major 
controlling factor for the distribution and activity 
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of di#erent clades of methanotrophs in these per-
mafrost ecosystems. !erefore, understanding 
the physiological constraints, e.g. temperature, 
hydrology, methane oxidation rates, etc. of Proteo-
bacteria methanotrophs will be critically important 
for improving predictions of methane release from 
Northern thawing permafrost ecosystems. Under-
standing these dynamics is important for predicting 
the e'cacy of methanotrophs in reducing methane 
release from ecosystems with large amounts of 
stored carbon.

Temperate hydric soils and 
sediments (peats or wetlands)
Temperate wetlands can be de$ned as %ooded or 
seasonally %ooded soils located in regions with rela-
tively mild climates, and these include freshwater, 
coastal, and peatland soils. Despite their small land 
coverage, on a global scale, these systems account 
for a disproportionate fraction of the total methane 
budget (Nazaries et al., 2013; Dean et al., 2018). 
Below we summarize some of the recent metagen-
omic investigations of these habitats.

In a boreal peat bog in Minnesota, SIP-
enabled metagenomes revealed enrichment for 
Alphaproteobacteria Methylocystis and Gammapro-
teobacterial Methylomonas pMMO genes, at a ratio 
of about 3:1 (Esson et al., 2016). At increasing 
depths, the Methylomonas signal was eventually 
below detection, consistent with qPCR and micro-
array data from the same study site (Esson et al., 
2016). Other studies also found that pMMO genes 
a'liated with Methylocystis and other Alphapro-
teobacteria methanotrophs tended to be more 
abundant, possibly owing to the acidic pH or to 
copper limitation (Chen et al., 2008; Kolb and 
Horn, 2012; Lin et al., 2014; Graham et al., 2017). 
Corroborating decades of interest in peatland 
systems, gene-centric analyses have rea'rmed the 
importance of Alphaproteobacteria methanotrophs 
in many of these acidic environments as natural $l-
ters of methane release.

In a restored peat ecosystem in California, 
metagenomes from samples collected up to 25 cm 
into the soil column revealed methanotroph rela-
tive abundances ranging from ≈ 1% to 3% of total 
microbial community (S. He et al., 2015). Both the 
number of pMMO genes and the reads mapped to 
components of methane oxidation pathways were 
enriched in plant-associated samples, dominated 

primarily by Alphaproteobacteria Methylocystis 
and Methylosinus. Data collected from grasslands, 
forests, mangroves, and systems replete in plants 
corroborated the $nding that Methylocystis types 
were the most prevalent methanotrophs in soils 
within the rhizosphere (Xu et al., 2014). !ere-
fore, further understanding of the physiology 
and metabolism of Methylocystis is important for 
improving models for methane cycling in vegetated 
environments.

!e Great Lakes region on the border between 
the United States and Canada stores large amounts 
of carbon (Nahlik and Fennessy, 2016), and 
wetlands adjacent to Lake Erie are known to be 
net methane emi"ers, with seasonal variations in 
methane output (Angle et al., 2017; Rey-Sanchez 
et al., 2018). Gene-centric approaches, 16S rRNA 
gene abundances and pMMO gene transcript 
inventories, have shown that Methylobacter species 
dominated the methanotroph community (Smith 
et al., 2018). Furthermore, pMMO transcription 
was season-dependent, and found to be increased 
in autumn relative to summer. In contrast, metha-
nogen gene expression was relatively stable over the 
sampling period, suggesting that the greater meth-
ane emissions observed in the summer months 
might be due to the reduced methanotroph activ-
ity and not to increased methanogenesis activity 
(Smith et al., 2018). A biogeographical survey con-
ducted by Smith et al. (Smith et al., 2018) detected 
pMMO genes similar to the those of Methylobacter 
lineages found in many methane-emi"ing Northern 
latitude environments that include Lake Washing-
ton (Chistoserdova, 2011a), the restored Twitchell 
Island peatlands (He, S. et al., 2015), and the Prairie 
Potholes region of North Dakota (Dalcin Martins 
et al., 2017). Despite major di#erences in the 
latitude, the prevalence of Methylobacter genotypes 
and their genomic conservation across geographi-
cally distinct wetland and permafrost habitats 
suggests that further studies of the representatives 
of this genus are relevant for global climate change 
research (Tveit et al., 2013).

Rice paddies and agricultural soils
Rice paddies represent inundated agricultural soils 
that contribute 4–20% to the atmospheric methane 
budget (Nazaries et al., 2013; Dean et al., 2018), 
despite most of the methane generated (up to 90%) 
being consumed by the methanotrophs (Bao et al., 
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2014; Lee et al., 2015). Given the large error in cur-
rent predictions for methane emissions from these 
habitats, there is a desire to be"er understand how 
agricultural land management impacts the activity 
of methane-cycling microorganisms. In particular, 
rice paddies are characterized by drastic oxyclines 
that occur along the water depth pro$le and along 
the distance from the plant roots, conducive of 
both aerobic and anaerobic methanotrophy (Reim 
et al., 2012; Lee et al., 2015). A study on Indian rice 
paddies with di#erent fertilizers by Bha"acharyya 
et al. taxonomically classi$ed reads, $nding that 
Gammaproteobacteria Methylococcales, par-
ticularly Methylobacter and Methylococcus, were 
the most abundant methanotroph taxa, regard-
less of fertilizer treatment (Philippot et al., 2010; 
Bha"acharyya et al., 2017). Alphaproteobacteria 
and Verrucomicrobia methanotrophs were also 
detected, but were less abundant. !e reconstruc-
tion of the formaldehyde assimilation pathways 
showed predominance of the serine cycle genes, 
which are present in both Alphaproteobacteria and 
Gammaproteobacteria methanotrophs (Ward et al., 
2004; Takeuchi et al., 2014).

Pro$ling active methane metabolism along 
rice paddy soil compartments, including water, 
soil, phyllo-, rhizo-, and endo-spheres, is a current 
research area. One study that applied metagenom-
ics in combination with metaproteomics to both 
the phyllosphere and the rhizosphere has found 
that proteins for both methane oxidation and 
methanogenesis were signi$cantly enriched in the 
rhizospheres. Both Alphaproteobacteria and Gam-
maproteobacteria methanotrophs were detected, 
and both sMMO and pMMO were expressed at 
approximately equal peptide spectra (Knief et 
al., 2012). In contrast, Bao et al. (2014) failed to 
recover any peptides mapping to Methylococcales 
and found that rice root metaproteomes mainly 
represented methanotrophic Alphaproteobacteria 
of the Methylocystaceae family, which carry out 
both methanotrophy and dinitrogen $xation in the 
vascular bundles and epidermal cells of rice roots. 
A separate metatranscriptomic analysis of rice 
paddy laboratory incubations found Methylococ-
cales to be the predominant methane oxidizer, but 
was restricted to the very narrow 2 mm thick oxic 
surface layers, and no transcripts a'liated with 
methanotrophs were detected in the anoxic zone at 
6–8 cm (Kim and Liesack, 2015).

Seasonal dynamics likely play a role in constrain-
ing methanotroph abundance and activity in rice 
paddies. During the drought season, rice paddies 
typically serve as net sinks of methane (Harriss et 
al., 1982; Kelley et al., 1995; Melling et al., 2007; 
Kolb and Horn, 2012). Incubation of rice paddy 
soils at high versus near-atmospheric methane 
mixing rations found a strong enrichment for Gam-
maproteobacteria genus Methylosarcina and mild 
enrichment of Alphaproteobacteria Methylocystis 
(Cai et al., 2016). From a combination of metatran-
scriptomics and SIP experiments, it was thought 
that Methylosarcina responded to the initial spikes 
of methane (≈9000 ppm methane), consuming 
methane to produce metabolites that are necessary 
to support HAMO (≈2 ppm methane) by the Alp-
haproteobacteria methanotrophs. Interestingly, this 
study noted that neither of the USC clades were 
detected in the metagenomes or metatranscrip-
tomes, therefore HAMO observed in these samples 
was dependent on the known methanotrophs and 
not on the expected USC-type methanotrophs.

Subsurface ecosystems sustained by 
methane
Microbial life in caves and subsurface ecosys-
tems, which typically lack organic carbon input 
by plant primary productivity, is dependent on 
chemolithotrophic metabolisms. Methane is a 
relatively rich source of energy and carbon in a 
variety of geographically unrelated subsurface 
ecosystems (Hutchens et al., 2004; Brankovits et 
al., 2017; Karwautz et al., 2018). A model cave 
system in Romania, Movile Cave, undergoes 
seasonal extremes of methane concentrations due 
to consumption by up to four distinct bacterial 
clades of methanotrophs – USCα, USCγ, and two 
potentially novel lineages (Waring et al., 2017). 
Metagenomic analysis revealed that aerobic 
methanotrophic marker genes were present in 
both the oxic mat and the anoxic sediment, and 
also showed that the predominant MMO types 
varied between niches (Kumaresan et al., 2018). 
In another subsurface environment, an arti$cial 
mine in a granitic system in Japan, methane oxi-
dation appeared to entirely rely on the ANME 
type Archaea, and a nearly complete genome of 
an ANME-2d organism has been reconstructed 
that di#ered from the previously reconstructed 
ANME-2d genomes by lacking any genes for 
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denitri$cation or metal reduction (Ino et al., 
2018). Instead, the genome encoded functions 
for a putative respiratory H2 oxidation as well as 
a possible pathway for utilizing zero-valent sulfur 
to exchange electrons with syntrophic partners 
(Milucka et al., 2012; Ino et al., 2018). Over-
all, caves and other subsurface ecosystems are 
relatively understudied environments, but the few 
examples in the literature suggest that these eco-
systems are home to interesting methanotrophs, 
and that methane oxidation occurs di#erentially 
along ecological niches.

Metagenome-derived genomes 
reveal methanotroph metabolic 
variability
In this review, we compiled the genomic informa-
tion for all 80 isolates and 112 MAGs available via 
the IMG or the National Center for Biotechnology 
Information (NCBI), assigned to methanotroph 
taxa or taxa described as a putative methanotrophs 
in publications (Fig. 3.4; see Web resources). 
Reconstruction of MAGs provides genomic infor-
mation for major clades entirely lacking a single pure 
culture representative, e.g. ANME, USCα, USCγ 
or Ca. Methylomirabilis. !ese MAGs provide 
essential information about these microorganisms 
that are phylogenetically and physiologically diver-
gent from the known, isolated methanotrophs. 
Genome-centric metagenomics approaches have 
more than doubled methanotroph genomic data-
base sampling in as li"le time as a decade. Below, 
we summarize the major discoveries that analyses 
of MAGs have added to the phylogenetic and meta-
bolic understanding of methanotrophs in natural as 
well as arti$cial se"ings.

MAGs represent the only genomic 
information from some uncultivated 
methanotroph lineages
To date there is not a single ANME representative in 
axenic culture. Genomic information for ANME-1 
was $rst obtained in 2005, linking methanogenesis 
and 16S rRNA genes on the same contig (Mey-
erdierks et al., 2005). !is $nding was followed 
by the $rst MAG described for ANME-1 lineage, 
recovered in 2010 by Meyerdierks et al. (2010) by 
fosmid sequencing of microbial mats in the Black 
Sea. From this MAG, the authors reconstructed the 

$rst near-complete pathway for Archaeal methane 
oxidation, inferring the methanogenesis pathway 
operating in reverse (Hallam et al., 2003; Meyer-
dierks et al., 2010). Additionally, they recovered the 
$rst [Fe–Fe] hydrogenases in Archaea, as well as the 
multiple multi-haem c type Cytochromes (MHC) 
that were proposed to act as the electron shu"ling 
intermediates involved in interactions with the 
sulfate-reducing bacteria (SRB) or in metal reduc-
tion (Meyerdierks et al., 2010). !ese genomes 
were critical, providing the $rst evidence for the 
types of anaerobic energy generation mechanisms 
encoded by the archaeal methanotrophs. Shortly 
a&er, combined metagenomic and metaprot-
eomic/metatranscriptomic studies corroborated 
the genomic potential postulated from the $rst 
ANME-1 genome (Stokke et al., 2012; Krukenberg 
et al., 2018).

Shortly a&er the recovery of the $rst ANME-1 
genome, a MAG representative of the ANME-2d lin-
eage was reconstructed from a methane consuming 
and denitrifying bioreactor inoculated with a mix-
ture of waste sludge and freshwater lake sediments 
(Haroon et al., 2013). !is near-complete genome 
is referred to as Candidatus Methanoperedens 
nitroreducens, named a&er the inferred metabolic 
capacity to couple methane oxidation, via reverse 
methanogenesis, to dissimilatory nitrate reduction 
(Haroon et al., 2013). In contrast to ANME-1, the 
Ca. Methanoperedens genome contained a full 
reverse methanogenesis pathway. An additional 
unique feature of this genome was the presence of 
only the $rst gene for denitri$cation, nar, which 
would only allow Ca. Methanoperedens nitrore-
ducens to reduce nitrate to nitrite (Haroon et al., 
2013). Metatranscriptomic coupled to 15N-nitrate 
SIP analysis applied to the bioreactor microbial 
community suggested that the nitrite generated 
was likely consumed by the nitrite-utilizing micro-
organisms, including Ca. Methylomirabilis, or by 
anaerobic ammonia-oxidizing microorganisms 
(Raghoebarsing et al., 2006; Haroon et al., 2013). 
Subsequent ANME-2 MAGs from enriched fresh-
water canal sediments in the Netherlands found 
that other Ca. Methanoperedens nitroreducens 
MAGs encoded the capacity to perform dissimila-
tory nitrate reduction to Ammonia (DN+, nrfH) 
(Arshad et al., 2015). Taken together, these stud-
ies are important for highlighting the coupling of 
anaerobic methane oxidation to nitrate reduction.
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a wealth of information on the metabolic diversity 
maintained among ANME lineages.

!ese reconstructed ANME MAGs have also 
enabled improved detection of the ANME-type 
methanotrophs from a wide range of ecosystems. 
For instance, sequences have been recruited to 
ANME genomes from deep marine ecosystems and 
wastewater treatment reactors (Raghoebarsing et al., 
2006; Håvelsrud et al., 2011, 2012; Lee et al., 2016; 
Welte et al., 2016; Cai et al., 2018), but also from 
rice paddies, wetlands, and peatlands soils, as well 
as from subsurface locations (Takeuchi et al., 2011; 
Vaksmaa et al., 2017; Ino et al., 2018). !e impact of 
ANME in ecosystems exposed to dynamic oxygen 
%uctuations is poorly understood relative to marine 
and wastewater treatment environments, but more 
genomic representatives in databases may result in 
promising new areas for future research.

In addition to ANME, methanotrophic repre-
sentatives of the Methylomirabilota, formerly of 
the candidate NC10 phylum, the Ca. Methylomi-
rabilis genus also lack any pure culture isolates. 
However, genomic insights into the metabolism 
of this group are enabled by at least eight MAGs. 
!ese genomes were reconstructed from denitrify-
ing wastewater treatment reactors (Raghoebarsing 
et al., 2006). !ese anoxic reactor %uids, when 
supplemented with nitrate and methane, became 
enriched with two anaerobic methanotroph 
populations: ANME-2, described above, and Ca. 
Methylomirabilis (E"wig et al., 2010). !e exact 
mechanism of nitrogen transformation in this 
system was largely unknown until the recovery of 
MAGs from the bioreactor. Analysis of the Ca. 
Methylomirabilis MAGs identi$ed a paradoxical 
lack of the nitrous oxide reductase (nos) genes 
that were expected to be responsible for the stoi-
chiometric conversions of nitrite to dinitrogen gas, 
observed in previous studies (E"wig et al., 2010, 
2012). To explain this phenomenon, E"wig et al. 
(2010) hypothesized that an unknown enzyme, a 
nitric oxide dismutase (NOD), was responsible for 
disproportionation of two nitric oxide molecules 
into one molecular nitrogen and one molecular 
oxygen. While the biochemistry of this hypoth-
esized enzyme remains to be fully elucidated 
(Reimann et al., 2015), intracellularly generated 
oxygen could explain the production dioxygen in 
cultures with no other exogenous sources, and 
enable the traditional aerobic methane oxidation 

using oxygen-dependent pMMO in anoxic condi-
tions (E"wig et al., 2010).

MAGs demonstrate the breadth of 
phylogenetic diversity within the 
Proteobacteria methanotrophs
Beyond the lineages comprised exclusively of 
uncultivated methanotrophs, MAGs have also 
sampled lineages represented by or closely related 
to the cultivated methanotrophs (Fig. 3.4). 
Multiple MAGs have been recovered related to 
the members of Methylobacter, Methylomonas, 
and Methylocystis (Fig. 3.4; see Web resources). 
Additionally, MAGs reconstructed from marine 
oxygen minimum zone and marine endosymbiont 
samples have sampled novel lineages within the 
Gammaproteobacteria. In this section, we high-
light the metabolic information derived MAG 
representatives of uncultivated Proteobacteria 
methanotroph lineages.

In marine systems, endosymbiotic methano-
trophs have been identi$ed, forming thus far a 
monophyletic lineage within Gammaproteobac-
teria Methylococcales (Petersen and Dubilier, 
2009). One of the most well-known marine ani-
mals to host the methanotrophs in its gill tissues 
is Bathymodiolus, a mussel found at the bo"om of 
the ocean (Fisher et al., 1987; Nix et al., 1995). 
Because endosymbiotic bacteria are di'cult to 
isolate, knowledge on their metabolism relies on 
these culture-independent methods. Phylogenetic 
analyses using 16S rRNA and pMMO genes 
and ultrastructure a'liated the endosymbiotic 
methanotrophs with the Methylococcales genus 
Methyloprofundus (Spiridonova et al., 2006; 
Tavormina et al., 2015; Sun et al., 2017).

Two recent publications independently 
reconstructed MAGs from distinct species of 
Bathymodiolus (Ponnudurai et al., 2017; Tak-
ishita et al., 2017). !e rpS3 genes recovered 
from these genomes were most closely related 
to each other and to Methyloprofundus (Fig. 3.3; 
see Web resources). !ese MAGs were not only 
enlightening for resolving the identity of the 
endosymbionts, but also for their function(s) 
within the host. Ponnundurai et al. (2017) con-
cluded that the methanotroph supplied carbon 
dioxide for assimilation by other non-methano-
trophic endosymbionts, as well as synthesizing 
amino acids and necessary cofactors for the host. 
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Takishita et al. (2017) found that the metha-
notrophic endosymbiont synthesized unique 
cholesterol intermediates that the mussel could 
not produce on its own. Further investigations 
into these relationships using metagenomics will 
likely uncover additional critical functions these 
endosymbiotic methanotrophs perform for the 
host, as well as further insights into the evolution 
of methanotroph-animal endosymbioses.

Recovery of MAGs from low-oxygen marine 
ecosystems have enabled the identi$cation of 
multiple uncultivated, novel Gammaproteobacte-
ria clades. From deep-sea marine vents at the 
Lau Basin, Methylothermaceae B42 is the only 
genomic representative of a likely novel genus 
in the Gammaproteobacteria Methylococcales 
(Skennerton et al., 2015). !is genome shares 
only 94% 16S rRNA sequence identity with 
its closest isolated relative in the genus Methy-
lohalobius. Similarly, the $rst genome from the 
uncultivated Operational PmoA Unit 3 (OPU3) 
lineage was recovered from Oxygen Minimum 
Zone (OMZ) of Gulfo Dulce, sharing < 93% 16S 
rRNA sequence identity with any Methylococ-
cales isolates (Hayashi et al., 2007; Padilla et 
al., 2017). OPU3 appear to be cosmopolitan in 
marine systems and are enriched in some OMZ 
ecosystems and during the Deepwater Horizon 
oil spill (Tavormina et al., 2010; Lesniewski et al., 
2012; Li et al., 2014). Both Methylothermaceae 
B42 and OPU3 MAGs were sampled from oxy-
gen-limited environments, and other 16S rRNA 
gene surveys indicate that the OPU3 are found 
in deep waters (100–2,000 m depth), suggesting 
tolerance to low dissolved oxygen concentrations 
(Tavormina et al., 2010), as discussed below. 
!ese two studies have both recovered genomic 
information for uncultivated lineages in marine 
systems, which likely signify the beginning of 
future discoveries of novel methanotrophic Gam-
maproteobacteria taxa in marine environments 
through metagenomics.

Although most information regarding the 
distribution and ecology of USC methanotrophs 
comes from forest soils, MAGs representing both 
USCα and USCγ have been reconstructed from 
polar latitudes (Edwards et al., 2017; Pratscher et 
al., 2018; Singleton et al., 2018). !ere is increas-
ingly strong evidence that the USCα are a divergent 
lineage closely related to Alphaproteobacteria 

genus Methylocapsa (Ricke et al., 2005; Pratscher 
et al., 2018; Singleton et al., 2018), but evolution-
ary history of the USCγ is less clear (Edwards et 
al., 2017). While the pMMO marker genes are 
similar to Methylococcales genus Methylocaldum, 
the 16S rRNA gene recovered in the MAG was 
most similar to microorganisms within the Gam-
maproteobacteria class Chromatiales (Edwards 
et al., 2017), similar to its placement upon the 
fringe of the Methylococcales clade in the rpS3 
gene phylogeny (Fig. 3.3). To our knowledge, 
there are no other close isolated relatives to the 
USCγ MAG, therefore more cultivation-based 
sampling is needed to make inferences about 
metabolic or phylogenetic relationships for this 
genome (Edwards et al., 2017).

Interestingly, the recovery of USCα MAGs in 
thawing permafrost by Singleton et al. (2018) 
uncovered more phylogenetic novelty within the 
Alphaproteobacteria. !is includes the presence 
of pMMO and sMMO genes in a novel genus 
of the non-methanotrophic but methylotrophic 
Alphaproteobacteria family Hyphomicrobiaceae 
(Singleton et al., 2018). !is is not the $rst occur-
rence of MMO detected in non-methanotrophic 
methylotrophic clade; a species of non-metha-
notrophic isolate genus Methyloceanibacter was 
isolated that encoded pMMO genes and could 
utilize methane (Vekeman et al., 2016a). !ese 
genome-centric studies in polar regions have not 
only improved the phylogenetic resolution of the 
USC methanotrophs, but have additionally pos-
ited a novel taxa capable of oxidizing methane.

Despite being studied for decades, novel line-
ages of methanotroph within the Proteobacteria 
are constantly being discovered. !is is true of 
ecosystems ranging from the bo"om and deep 
waters of the ocean to terrestrial ecosystems across 
the globe. Interestingly, much of the new diver-
sity is found within the existing methanotroph 
families, e.g. Beijerinckaceae, Methylocystaceae, 
and Methylococcaceae. Further analyses of these 
genomes may provide information on the strain-
level variations enabling adaptation to di#erent 
environmental conditions across the globe. It is 
apparent that natural ecosystems host many novel 
methanotrophs, and the employment of metagen-
omics will continue to resolve the vast diversity 
of methanotrophs by reconstructing MAG repre-
sentatives of uncultivated lineages.
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Methylococcales MAGs widely 
encode the denitrification potential, 
potentially enabling methane 
oxidation under low oxygen 
conditions
Using pure cultures, Stein and colleagues provided 
evidence that Gammaproteobacteria methano-
trophs may conserve oxygen for methane oxidation 
and use nitrate, rather than oxygen, to generate a 
proton motive force for energy generation (Kits 
et al., 2015). !is metabolic potential has been 
inferred from multiple, diverse MAGs, located 
across a range of ecosystems. It is thought that 
this capacity may enable methane oxidation in 
environments with low or below detectable oxygen 
concentrations.

In marine oxygen minimum zones, both the 
Methylothermaceae B42 and OPU3 MAGs 
encode genes for denitri$cation. !is includes 
the capacity to reduce nitrate to nitrous oxide 
(nar, nap, nir, nor). Both Methylothermaceae B42 
and OPU3 MAGs contained nar genes that are 
divergent from the genes in other Methylococcales 
methanotrophs, suggesting a recent horizontal 
transfer from non-methanotrophs (Skennerton 
et al., 2015; Padilla et al., 2017). It was theorized 
that denitri$cation can support methane oxida-
tion in marine waters where dissolved oxygen is 
commonly below detection limits. Interestingly, 
transcripts for one of the nar genes, encoded by 
the OPU3 MAG, were detected in anoxic marine 
waters (Padilla et al., 2017). !is is so far the only 
environmental evidence that these denitri$cation 
pathways, encoded by aerobic Gammaproteobac-
teria methanotrophs, are transcribed or expressed 
in situ (Padilla et al., 2017).

Beyond marine systems, the genomic potential 
for denitri$cation has been widely reported in meth-
anotroph MAGs from terrestrial environments. For 
example, Dumont et al. (2011) observed expres-
sion of Methylobacter-like denitri$cation genes in 
oxic incubations of lake sediments. Additionally, 
the $rst genome representative of the mysterious 
Crenothrix clade encoded the metabolic capacity 
for denitri$cation, possibly explaining the meth-
ane consumption activity in anoxic incubations of 
freshwater lake waters (Oswald et al., 2017). Lastly, 
Methylobacter MAGs from freshwater wetland soils 
also possessed the potential for denitri$cation, 
but the transcripts for this pathway was absent in 

metatranscriptomes from these soils (Smith et al., 
2018).

!e denitri$cation metabolic potential of Meth-
ylococcales isolates and MAGs has been recently 
inventoried several times (Padilla et al., 2017; Smith 
et al., 2018). !e most recent analysis by Smith et 
al. (2018) recovered at least partial denitri$cation 
(nar, nap, or nir) encoded in over 45 out of 57 
combined MAG and isolate genomes. Moreover, 
77% of the 18 reconstructed MAGs contained the 
capacity for reducing nitrate (Smith et al., 2018). 
Notably, both analyses failed to identify genes for 
the $nal step in denitri$cation, the reduction of 
nitrous oxide to dinitrogen gas by nitrous oxide 
reductase (nos), in any Methylococcales genomes 
(Padilla et al., 2017; Smith et al., 2018). !erefore, 
it remains unclear whether the greenhouse gas 
mitigation bene$ts from methane consumption 
activity across wider oxygen gradients or whether it 
might be o#set by the production of a more potent 
greenhouse gas nitrous oxide. !e prevalence and 
conservation of this metabolism among Methy-
lococcales suggests it is likely a valuable metabolic 
strategy, however more environmental context and 
expression data are required to truly understand the 
impacts of methanotroph-mediated denitri$cation.

Beyond denitri$cation, methanotrophs may also 
be able to tolerate much lower oxygen concentra-
tions than previously thought. Genome analysis of 
MAGs and isolate genomes has identi$ed the pres-
ence of high-a'nity cytochromes, e.g. cytochrome 
bd ubiquinol–oxidoreductase, in addition to the 
traditional low-a'nity cytochrome c oxidase. !e 
use of these high-a'nity oxidases would enable 
methane oxidation coupled to aerobic respiration 
in nanomolar range of oxygen (Skennerton et al., 
2015; Oswald et al., 2017; Smith et al., 2018). !us, 
it is possible that methane oxidation by aerobic Pro-
teobacteria may be occurring in environments with 
lower dissolved oxygen than currently assumed in 
global models (Riley et al., 2011; Xu et al., 2016).

Another possible adaptation for maintaining 
methane consumption in low oxygen conditions 
is ‘micro-aerobic fermentation’, which has been 
reported in pure cultures of Methylomicrobium 
buryatense (Kalyuzhnaya et al., 2013; Gilman et al., 
2015). Oswald et al. (2017) and Smith et al. (2018) 
both reconstructed pathways for fermentation in, 
respectively, Crenothrix and Methylobacter MAGs. 
!ese fermentation pathways would enable the 
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re-oxidation of NAD(P), and would ultimately lead 
to the secretion of mixed fermentation products 
including acetate, lactate, succinate, ethanol, and/
or hydrogen. However, discerning the likelihood of 
this fermentative metabolism from metagenomic 
or metatranscriptomic data alone is di'cult, and 
therefore future physiological investigations in 
these and other lineages are warranted to be"er 
understand micro-aerobic fermentation by metha-
notrophs.

A $nal possible mechanism for consuming 
methane when oxygen is relatively depleted is by 
scavenging oxygen via a bacteriohemerythrin. 
Hemerythrins are able to bind molecular oxygen, 
and they have been shown to interact with the 
pMMO enzyme, suggesting a role in directly pro-
viding oxygen to the methane oxidation machinery 
(Karlsen et al., 2005; Kao et al., 2008; Chen et 
al., 2012). Bacteriohemerythrin genes have been 
identi$ed in 80% of the methanotroph genomes, 
including at least four Methylococcales MAGs, 
18 Methylococcales, six Alphaproteobacteria, and 
one Verrucomicrobia methanotroph genomes 
(Rahalkar and Bahulikar, 2018). !eir wide dis-
tribution strongly suggests that they provide an 
important and conserved mechanism for sustaining 
methane consumption during oxygen limitation 
across the aerobic methanotrophic phyla. In fact, 
up-regulated transcription of this gene has been 
reported under oxygen-limited conditions in Meth-
ylomicrobium (Gilman et al., 2017). From these 
studies, it is clear that MAGs play an important role 
in elucidating the repertoire of mechanisms sup-
porting methane oxidation under a variety of redox 
conditions, across a range of environments.

Methanotroph MAGs and 
isolate genomes indicate the 
importance of novel metal 
biochemistry
Methanol DeHydrogenases (MDHs) catalyse 
the oxidation of methanol to formaldehyde, an 
essential step in aerobic methane oxidation. !ere 
are two known MDH enzymes, the canonical and 
long-studied MxaF type and the novel type, XoxF 
(Chistoserdova et al., 2009). Despite similar func-
tions, these two di#erent MDH require di#erent 
metal cofactors: the MxaFI complex requiring 
calcium, while the XoxF enzyme requiring a light 

lanthanide series metal (known as Rare Earth Ele-
ments, REEs) (Keltjens et al., 2014; Pol et al., 2014; 
Chistoserdova, 2015, 2016). Low concentrations 
of REEs have been reported to strongly repress 
expression of the mxa genes (Chu and Lidstrom, 
2016; Chu et al., 2016), suggesting that XoxF may 
be the ‘preferred’ MDH. Microorganisms using 
XoxF-type enzymes are now of current interest not 
only for the ability to transform multi-carbon com-
pounds (Good et al., 2016; Wehrmann et al., 2017), 
or alter trophic interactions (Krause et al., 2017), 
but also of for their potential in extracting REEs 
from electronics (Martinez-Gomez et al., 2016),.

Verrucomicrobia methanotrophs rely on the 
XoxF MDH as all genomes thus far lack MxaF genes 
and isolate grow poorly in the absence of lanthanide 
metals. So far, Verrucomicrobia methanotrophs 
appear to be nearly absent in metagenomes assem-
bled from mesophilic grassland and freshwater 
environments (Kielak et al., 2010; Cabello-Yeves 
et al., 2017; He et al., 2017) and are primarily 
detected in thermo- and acidophilic geothermal 
ecosystems (Op den Camp et al., 2009; Sharp et al., 
2014; Knief, 2015). One MAG putatively assigned 
to a Methylacidiphilaceae (Methylacidiphilaceae 
UBA1321) was reconstructed by Parks et al. (2017) 
from the Twitchell Island restored wetland. How-
ever, both the MAG and the metagenome lack the 
MMO genes (S. He et al., 2015), suggesting this 
might not be a bona $de Verrucomicrobia metha-
notroph. !is clade is not well understood given 
the few number of isolates and limited metagen-
ome-derived genomic information, however their 
reliance on XoxF type MDH, hydrogen metabolism 
(Carere et al., 2017; Mohammadi et al., 2017), and 
heat and acid tolerances make them physiologically 
unique and interesting.

Early investigations of xoxF distribution found 
the gene present in all the Proteobacteria methy-
lotrophs, o&en in addition to the mxaFI-encoded 
MDH (Chistoserdova, 2011b). Environmental 
surveys suggested that xoxF might be more preva-
lent and widespread among uncultivated lineages 
in natural ecosystems than mxaF (Ramachandran 
and Walsh, 2015; Taubert et al., 2015). Metagen-
omic analysis of enrichment cultures of two closely 
related Methylococcales and native samples from 
marine ecosystems found MAGs containing only 
xoxF MDH (Vekeman et al., 2016b; Padilla et 
al., 2017). However, as is the case when making 



Metagenomics Unearthing Methanotroph Diversity | 79

Gilman, A., Laurens, L.M., Puri, A.W., Chu, F., Pienkos, P.T., 
and Lidstrom, M.E. (2015). Bioreactor performance 
parameters for an industrially-promising methanotroph 
Methylomicrobium buryatense 5GB1. Microb. Cell Fact. 
14, 182. h"ps://doi.org/10.1186/s12934-015-0372-8

Gilman, A., Fu, Y., Hendersho", M., Chu, F., Puri, A.W., 
Smith, A.L., Pesesky, M., Lieberman, R., Beck, D.A.C., 
and Lidstrom, M.E. (2017). Oxygen-limited metabolism 
in the methanotroph Methylomicrobium buryatense 
5GB1C. PeerJ 5, e3945. h"ps://doi.org/10.7717/
peerj.3945

Glass, J.B., Yu, H., Steele, J.A., Dawson, K.S., Sun, S., 
Chourey, K., Pan, C., He"ich, R.L., and Orphan, 
V.J. (2014). Geochemical, metagenomic and 
metaproteomic insights into trace metal utilization by 
methane-oxidizing microbial consortia in sulphidic 
marine sediments. Environ. Microbiol. 16, 1592–1611. 
h"ps://doi.org/10.1111/1462-2920.12314

Glöckner, F.O., Yilmaz, P., Quast, C., Gerken, J., Beccati, A., 
Ciuprina, A., Bruns, G., Yarza, P., Peplies, J., Westram, 
R., et al. (2017). 25 years of serving the community with 
ribosomal RNA gene reference databases and tools. J. 
Biotechnol. 261, 169–176. h"ps://doi.org/10.1016/
jbiotec.2017.06.1198

Good, N.M., Vu, H.N., Suriano, C.J., Subuyuj, G.A., 
Skovran, E., and Martinez-Gomez, N.C. (2016). 
Pyrroloquinoline quinone ethanol dehydrogenase in 
Methylobacterium extorquens AM1 extends lanthanide-
dependent metabolism to multicarbon substrates. J. 
Bacteriol. 198, 3109–3118.

Graf, J.S., Mayr, M.J., Marchant, H.K., Tienken, D., Hach, 
P.F., Brand, A., Schubert, C.J., Kuypers, M.M.M., 
and Milucka, J. (2018). Bloom of a denitrifying 
methanotroph, ‘Candidatus Methylomirabilis limnetica’, 
in a deep strati$ed lake. Environ. Microbiol. 20, 2598–
2614. h"ps://doi.org/10.1111/1462-2920.14285

Graham, L.E., Graham, J.M., Knack, J.J., Trest, M.T., 
Piotrowski, M.J., and Arancibia-Avila, P. (2017). A sub-
Antarctic peat moss metagenome indicates microbiome 
resilience to stress and biogeochemical functions of early 
paleozoic terrestrial ecosystems. Int. J. Plant Sci. 178, 
618–628.

Hallam, S.J., Girguis, P.R., Preston, C.M., Richardson, P.M., 
and DeLong, E.F. (2003). Identi$cation of methyl 
coenzyme M reductase A (mcrA) genes associated with 
methane-oxidizing archaea. Appl. Environ. Microbiol. 
69, 5483–5491.

Hallam, S.J., Putnam, N., Preston, C.M., De"er, J.C., 
Rokhsar, D., Richardson, P.M., and DeLong, E.F. 
(2004). Reverse methanogenesis: testing the hypothesis 
with environmental genomics. Science 305, 1457–1462. 
h"ps://doi.org/10.1126/science.1100025

Haroon, M.F., Hu, S., Shi, Y., Imelfort, M., Keller, J., 
Hugenholtz, P., Yuan, Z., and Tyson, G.W. (2013). 
Anaerobic oxidation of methane coupled to nitrate 
reduction in a novel archaeal lineage. Nature 500, 
567–570. h"ps://doi.org/10.1038/nature12375

Harriss, R.C., Sebacher, D.I., and Day, F.P. (1982). Methane 
%ux in the Great Dismal Swamp. Nature 297, 673–674.

Håvelsrud, O.E., Haverkamp, T.H., Kristensen, T., Jakobsen, 
K.S., and Rike, A.G. (2011). A metagenomic study of 
methanotrophic microorganisms in Coal Oil Point 

seep sediments. BMC Microbiol. 11, 221. h"ps://doi.
org/10.1186/1471-2180-11-221

Håvelsrud, O.E., Haverkamp, T.H., Kristensen, T., 
Jakobsen, K.S., and Rike, A.G. (2012). Metagenomic 
and geochemical characterization of pockmarked 
sediments overlaying the Troll petroleum reservoir in 
the North Sea. BMC Microbiol. 12, 203. h"ps://doi.
org/10.1186/1471-2180-12-203

Hayashi, H., Obata, T. Gamo, Y. Sano, T.N. (2007). 
Distribution and phylogenetic characteristics o&he 
genes encoding enzymes relevant to methane oxidation 
in oxygen minimum zones of the Eastern Paci$c Ocean. 
Res. J. Environ. Sci. 1, 275–284.

He, S., Malfa"i, S.A., McFarland, J.W., Anderson, F.E., 
Pati, A., Huntemann, M., Tremblay, J., Glavina del Rio, 
T., Waldrop, M.P., Windham-Myers, L., et al. (2015). 
Pa"erns in wetland microbial community composition 
and functional gene repertoire associated with 
methane emissions. MBio 6, e00066–15. h"ps://doi.
org/10.1128/mBio.00066-15

He, S., Stevens, S.L.R., Chan, L.K., Bertilsson, S., Glavina 
Del Rio, T., Tringe, S.G., Malmstrom, R.R., and 
McMahon, K.D. (2017). Ecophysiology of Freshwater 
Verrucomicrobia Inferred from Metagenome-
Assembled Genomes. mSphere 2, e00277–17. h"ps://
doi.org/10.1128/mSphere.00277-17

He, Z., Wang, J., Zhang, X., Cai, C., Geng, S., Zheng, P., 
Xu, X., and Hu, B. (2015). Nitrogen removal from 
wastewater by anaerobic methane-driven denitri$cation 
in a lab-scale reactor: heterotrophic denitri$ers 
associated with denitrifying methanotrophs. Appl. 
Microbiol. Biotechnol. 99, 10853–10860. h"ps://doi.
org/10.1007/s00253-015-6939-9

Henckel, T., Jäckel, U., Schnell, S., and Conrad, R. 
(2000). Molecular analyses of novel methanotrophic 
communities in forest soil that oxidize atmospheric 
methane. Appl. Environ. Microbiol. 66, 1801–1808.

Hernandez, M.E., Beck, D.A., Lidstrom, M.E., and 
Chistoserdova, L. (2015). Oxygen availability is a major 
factor in determining the composition of microbial 
communities involved in methane oxidation. PeerJ 3, 
e801. h"ps://doi.org/10.7717/peerj.801

Heylen, K., De Vos, P., and Vekeman, B. (2016). Dra& 
genome sequences of eight obligate methane oxidizers 
occupying distinct niches based on their nitrogen 
metabolism. Genome Announc. 4, e00421–16. h"ps://
doi.org/10.1128/genomeA.00421-16

Hoefman, S., van der Ha, D., Boon, N., Vandamme, P., De 
Vos, P., and Heylen, K. (2014). Niche di#erentiation in 
nitrogen metabolism among methanotrophs within an 
operational taxonomic unit. BMC Microbiol. 14, 83. 
h"ps://doi.org/10.1186/1471-2180-14-83

Holmes, A.J., Roslev, P., McDonald, I.R., Iversen, N., 
Henriksen, K., and Murrell, J.C. (1999). Characterization 
of methanotrophic bacterial populations in soils showing 
atmospheric methane uptake. Appl. Environ. Microbiol. 
65, 3312–3318.

Hug, L.A., Baker, B.J., Anantharaman, K., Brown, C.T., 
Probst, A.J., Castelle, C.J., Bu"er$eld, C.N., Hernsdorf, 
A.W., Amano, Y., Ise, K., et al. (2016). A new view of 
the tree of life. Nat. Microbiol. 1, 16048. h"ps://doi.
org/10.1038/nmicrobiol.2016.48



Smith and Wrighton80 |

Hutchens, E., Radajewski, S., Dumont, M.G., 
McDonald, I.R., and Murrell, J.C. (2004). Analysis 
of methanotrophic bacteria in Movile Cave by stable 
isotope probing. Environ. Microbiol. 6, 111–120.

in ‘t Zandt, M.H., de Jong, A.E.E., Slomp, C.P., and 
Je"en, M.S.M. (2018). !e hunt for the most-wanted 
chemolithoautotrophic spookmicrobes. FEMS 
Microbiol. Ecol. 94, 1–17. 

Ino, K., Hernsdorf, A.W., Konno, U., Kouduka, M., 
Yanagawa, K., Kato, S., Sunamura, M., Hirota, A., Togo, 
Y.S., Ito, K., et al. (2018). Ecological and genomic 
pro$ling of anaerobic methane-oxidizing archaea in a 
deep granitic environment. ISME J. 12, 31–47. h"ps://
doi.org/10.1038/ismej.2017.140

Jewell, W.J., Nelson, Y.M., and Wilson, M.S. (1992). 
Methanotrophic bacteria for nutrient removal from 
waste-water: a"ached $lm system. Water Environ. Res. 
64, 756–765.

Kalyuzhnaya, M.G., Lapidus, A., Ivanova, N., Copeland, 
A.C., McHardy, A.C., Szeto, E., Salamov, A., Grigoriev, 
I.V., Suciu, D., Levine, S.R., et al. (2008). High-resolution 
metagenomics targets speci$c functional types in 
complex microbial communities. Nat. Biotechnol. 26, 
1029–1034. h"ps://doi.org/10.1038/nbt.1488

Kalyuzhnaya, M.G., Yang, S., Rozova, O.N., Smalley, N.E., 
Clubb, J., Lamb, A., Gowda, G.A., Ra&ery, D., Fu, Y., 
Bringel, F., et al. (2013). Highly e'cient methane 
biocatalysis revealed in a methanotrophic bacterium. 
Nat. Commun. 4, 2785. h"ps://doi.org/10.1038/
ncomms3785

Kao, W.C., Wang, V.C., Huang, Y.C., Yu, S.S., Chang, T.C., 
and Chan, S.I. (2008). Isolation, puri$cation and 
characterization of hemerythrin from Methylococcus 
capsulatus (Bath). J. Inorg. Biochem. 102, 1607–1614. 
h"ps://doi.org/10.1016/j.jinorgbio.2008.02.008

Karlsen, O.A., Ramsevik, L., Bruseth, L.J., Larsen, Ø., 
Brenner, A., Berven, F.S., Jensen, H.B., and Lillehaug, J.R. 
(2005). Characterization of a prokaryotic haemerythrin 
from the methanotrophic bacterium Methylococcus 
capsulatus (Bath). FEBS J. 272, 2428–2440.

Karwautz, C., Kus, G., Stöckl, M., Neu, T.R., and Lueders, 
T. (2018). Microbial megacities fueled by methane 
oxidation in a mineral spring cave. ISME J. 12, 87–100. 
h"ps://doi.org/10.1038/ismej.2017.146

Kelley, C.A., Martens, C.S., and Ussler, W. (1995). Methane 
dynamics across a tidally %ooded riverbank margin. 
Limnol. Oceanogr. 40, 1112–1129.

Keltjens, J.T., Pol, A., Reimann, J., and Op den Camp, H.J. 
(2014). PQQ-dependent methanol dehydrogenases: 
rare-earth elements make a di#erence. Appl. Microbiol. 
Biotechnol. 98, 6163–6183. h"ps://doi.org/10.1007/
s00253-014-5766-8

Kessler, J.D., Valentine, D.L., Redmond, M.C., Du, M., 
Chan, E.W., Mendes, S.D., Quiroz, E.W., Villanueva, 
C.J., Shusta, S.S., Werra, L.M., et al. (2011). A persistent 
oxygen anomaly reveals the fate of spilled methane in the 
deep Gulf of Mexico. Science 331, 312–315. h"ps://
doi.org/10.1126/science.1199697

Kielak, A., Rodrigues, J.L., Kuramae, E.E., Chain, P.S., van 
Veen, J.A., and Kowalchuk, G.A. (2010). Phylogenetic 
and metagenomic analysis of Verrucomicrobia in 
former agricultural grassland soil. FEMS Microbiol. 

Ecol. 71, 23–33. h"ps://doi.org/10.1111/j.1574-
6941.2009.00785.x

Kim, Y., and Liesack, W. (2015). Di#erential assemblage 
of functional units in paddy soil microbiomes. PLOS 
ONE 10, e0122221. h"ps://doi.org/10.1371/journal.
pone.0122221

King, G.M., Kostka, J.E., Hazen, T.C., and Sobecky, P.A. 
(2015). Microbial responses to the Deepwater Horizon 
oil spill: from coastal wetlands to the deep sea. Ann. 
Rev. Mar. Sci. 7, 377–401. h"ps://doi.org/10.1146/
annurev-marine-010814-015543

Kits, K.D., Klotz, M.G., and Stein, L.Y. (2015). Methane 
oxidation coupled to nitrate reduction under hypoxia by 
the Gammaproteobacterium Methylomonas denitri!cans, 
sp. nov. type strain FJG1. Environ. Microbiol. 17, 3219–
3232. h"ps://doi.org/10.1111/1462-2920.12772

Knief, C. (2015). Diversity and habitat preferences of 
cultivated and uncultivated aerobic methanotrophic 
bacteria evaluated based on pmoA as molecular marker. 
Front. Microbiol. 6, 1346. h"ps://doi.org/10.3389/
fmicb.2015.01346

Knief, C., Delmo"e, N., Cha#ron, S., Stark, M., Innerebner, 
G., Wassmann, R., von Mering, C., and Vorholt, J.A. 
(2012). Metaproteogenomic analysis of microbial 
communities in the phyllosphere and rhizosphere of 
rice. ISME J. 6, 1378–1390. h"ps://doi.org/10.1038/
ismej.2011.192

Kni"el, K., and Boetius, A. (2009). Anaerobic oxidation 
of methane: progress with an unknown process. Annu. 
Rev. Microbiol. 63, 311–334. h"ps://doi.org/10.1146/
annurev.micro.61.080706.093130

Kolb, S., and Horn, M.A. (2012). Microbial CH(4) and N(2)
O Consumption in Acidic Wetlands. Front. Microbiol. 3, 
78. h"ps://doi.org/10.3389/fmicb.2012.00078

Krause, S.M., Johnson, T., Samadhi Karunaratne, Y., 
Fu, Y., Beck, D.A., Chistoserdova, L., and Lidstrom, 
M.E. (2017). Lanthanide-dependent cross-feeding 
of methane-derived carbon is linked by microbial 
community interactions. Proc. Natl. Acad. Sci. 
U.S.A. 114, 358–363. h"ps://doi.org/10.1073/
pnas.1619871114

Krukenberg, V., Riedel, D., Gruber-Vodicka, H.R., 
Bu"igieg, P.L., Tegetmeyer, H.E., Boetius, A., and 
Wegener, G. (2018). Gene expression and ultrastructure 
of meso- and thermophilic methanotrophic consortia. 
Environ. Microbiol. 20, 1651–1666. h"ps://doi.
org/10.1111/1462-2920.14077

Kumaresan, D., Stephenson, J., Doxey, A.C., Bandukwala, 
H., Brooks, E., Hillebrand-Voiculescu, A., Whiteley, 
A.S., and Murrell, J.C. (2018). Aerobic proteobacterial 
methylotrophs in Movile Cave: genomic and 
metagenomic analyses. Microbiome 6, 1. h"ps://doi.
org/10.1186/s40168-017-0383-2

Lau, M.C., Stackhouse, B.T., Layton, A.C., Chauhan, 
A., Vishnivetskaya, T.A., Chourey, K., Ronholm, J., 
Mykytczuk, N.C., Benne", P.C., Lamarche-Gagnon, 
G., et al. (2015). An active atmospheric methane sink 
in high Arctic mineral cryosols. ISME J. 9, 1880–1891. 
h"ps://doi.org/10.1038/ismej.2015.13

Lee, H.J., Jeong, S.E., Kim, P.J., Madsen, E.L., and Jeon, 
C.O. (2015). High resolution depth distribution of 
Bacteria, Archaea, methanotrophs, and methanogens in 
the bulk and rhizosphere soils of a %ooded rice paddy. 



Metagenomics Unearthing Methanotroph Diversity | 81

Front. Microbiol. 6, 639. h"ps://doi.org/10.3389/
fmicb.2015.00639

Lee, J.W., Kwon, K.K., Bahk, J.J., Lee, D.H., Lee, H.S., 
Kang, S.G., and Lee, J.H. (2016). Metagenomic analysis 
reveals the contribution of anaerobic methanotroph-1b 
in the oxidation of methane at the Ulleung Basin, East 
Sea of Korea. J. Microbiol. 54, 814–822. h"ps://doi.
org/10.1007/s12275-016-6379-y

Lesniewski, R.A., Jain, S., Anantharaman, K., Schloss, P.D., 
and Dick, G.J. (2012). !e metatranscriptome of a deep-
sea hydrothermal plume is dominated by water column 
methanotrophs and lithotrophs. ISME J. 6, 2257–2268. 
h"ps://doi.org/10.1038/ismej.2012.63

Li, M., Jain, S., Baker, B.J., Taylor, C., and Dick, G.J. (2014). 
Novel hydrocarbon monooxygenase genes in the 
metatranscriptome of a natural deep-sea hydrocarbon 
plume. Environ. Microbiol. 16, 60–71. h"ps://doi.
org/10.1111/1462-2920.12182

Lin, X., Tfaily, M.M., Steinweg, J.M., Chanton, P., Esson, K., 
Yang, Z.K., Chanton, J.P., Cooper, W., Schadt, C.W., and 
Kostka, J.E. (2014). Microbial community strati$cation 
linked to utilization of carbohydrates and phosphorus 
limitation in a boreal peatland at Marcell Experimental 
Forest, Minnesota, USA. Appl. Environ. Microbiol. 80, 
3518–3530. h"ps://doi.org/10.1128/AEM.00205-14

Mackelprang, R., Waldrop, M.P., DeAngelis, K.M., David, 
M.M., Chavarria, K.L., Blazewicz, S.J., Rubin, E.M., 
and Jansson, J.K. (2011). Metagenomic analysis of 
a permafrost microbial community reveals a rapid 
response to thaw. Nature 480, 368–371. h"ps://doi.
org/10.1038/nature10576

Martinez-Gomez, N.C., Vu, H.N., and Skovran, E. (2016). 
Lanthanide chemistry: from coordination in chemical 
complexes shaping our technology to coordination in 
enzymes shaping bacterial metabolism. Inorg. Chem. 
55, 10083–10089. h"ps://doi.org/10.1021/acs.
inorgchem.6b00919

Mason, O.U., Sco", N.M., Gonzalez, A., Robbins-Pianka, A., 
Bælum, J., Kimbrel, J., Bouskill, N.J., Prestat, E., Borglin, 
S., Joyner, D.C., et al. (2014). Metagenomics reveals 
sediment microbial community response to Deepwater 
Horizon oil spill. ISME J. 8, 1464–1475. h"ps://doi.
org/10.1038/ismej.2013.254

McDonald, I.R., Radajewski, S., and Murrell, J.C. (2005). 
Stable isotope probing of nucleic acids in methanotrophs 
and methylotrophs: a review. Org. Geochem. 36, 
779–787.

McDonald, I.R., Bodrossy, L., Chen, Y., and Murrell, J.C. 
(2008). Molecular ecology techniques for the study of 
aerobic methanotrophs. Appl. Environ. Microbiol. 74, 
1305–1315. h"ps://doi.org/10.1128/AEM.02233-07

Melling, L., Hatano, R., and Goh, K.J. (2007). Nitrous oxide 
emissions from three ecosystems in tropical peatland of 
Sarawak, Malaysia. Soil Sci. Plant Nutr. 53, 792–805.

Meyerdierks, A., Kube, M., Lombardot, T., Kni"el, K., 
Bauer, M., Glöckner, F.O., Reinhardt, R., and Amann, R. 
(2005). Insights into the genomes of archaea mediating 
the anaerobic oxidation of methane. Environ. Microbiol. 
7, 1937–1951.

Meyerdierks, A., Kube, M., Kostadinov, I., Teeling, H., 
Glöckner, F.O., Reinhardt, R., and Amann, R. (2010). 
Metagenome and mRNA expression analyses of 
anaerobic methanotrophic archaea of the ANME-1 

group. Environ. Microbiol. 12, 422–439. h"ps://doi.
org/10.1111/j.1462-2920.2009.02083.x

Milucka, J., Ferdelman, T.G., Polerecky, L., Franzke, D., 
Wegener, G., Schmid, M., Lieberwirth, I., Wagner, M., 
Widdel, F., and Kuypers, M.M. (2012). Zero-valent 
sulphur is a key intermediate in marine methane 
oxidation. Nature 491, 541–546. h"ps://doi.
org/10.1038/nature11656

Mohammadi, S., Pol, A., van Alen, T.A., Je"en, M.S., 
and Op den Camp, H.J. (2017). Methylacidiphilum 
fumariolicum SolV, a thermoacidophilic ‘Knallgas’ 
methanotroph with both an oxygen-sensitive and 
-insensitive hydrogenase. ISME J. 11, 945–958. h"ps://
doi.org/10.1038/ismej.2016.171

Nahlik, A.M., and Fennessy, M.S. (2016). Carbon storage 
in US wetlands. Nat. Commun. 7, 13835. h"ps://doi.
org/10.1038/ncomms13835

Narrowe, A.B., Angle, J.C., Daly, R.A., Stefanik, K.C., 
Wrighton, K.C., and Miller, C.S. (2017). High-resolution 
sequencing reveals unexplored archaeal diversity in 
freshwater wetland soils. Environ. Microbiol. 19, 2192–
2209. h"ps://doi.org/10.1111/1462-2920.13703

Nazaries, L., Murrell, J.C., Millard, P., Baggs, L., and 
Singh, B.K. (2013). Methane, microbes and models: 
fundamental understanding of the soil methane cycle for 
future predictions. Environ. Microbiol. 15, 2395–2417. 
h"ps://doi.org/10.1111/1462-2920.12149

Nix, E.R., Fisher, C.R., Vodenichar, J., and Sco", K.M. 
(1995). Physiological ecology of a mussel with 
methanotrophic endosymbionts at three hydrocarbon 
seep sites in the Gulf of Mexico. Mar. Biol. 122, 605–617.

Op den Camp, H.J., Islam, T., Sto", M.B., Harhangi, H.R., 
Hynes, A., Schouten, S., Je"en, M.S., Birkeland, N.K., 
Pol, A., and Dun$eld, P.F. (2009). Environmental, 
genomic and taxonomic perspectives on methanotrophic 
Verrucomicrobia. Environ. Microbiol. Rep. 1, 293–306. 
h"ps://doi.org/10.1111/j.1758-2229.2009.00022.x

Oshkin, I.Y., Beck, D.A., Lamb, A.E., Tchesnokova, V., 
Benuska, G., McTaggart, T.L., Kalyuzhnaya, M.G., 
Dedysh, S.N., Lidstrom, M.E., and Chistoserdova, L. 
(2015). Methane-fed microbial microcosms show 
di#erential community dynamics and pinpoint taxa 
involved in communal response. ISME J. 9, 1119–1129. 
h"ps://doi.org/10.1038/ismej.2014.203

Oswald, K., Graf, J.S., Li"mann, S., Tienken, D., Brand, 
A., Wehrli, B., Albertsen, M., Daims, H., Wagner, M., 
Kuypers, M.M., et al. (2017). Crenothrix are major 
methane consumers in strati$ed lakes. ISME J. 11, 
2124–2140. h"ps://doi.org/10.1038/ismej.2017.77

Padilla, C.C., Bertagnolli, A.D., Bristow, L.A., Sarode, N., 
Glass, J.B., !amdrup, B., and Stewart, F.J. (2017). 
Metagenomic binning recovers a transcriptionally 
active Gammaproteobacterium linking methanotrophy 
to partial denitri$cation in an anoxic oxygen minimum 
zone. Front. Mar. Sci. 4, 23.

Parks, D.H., Rinke, C., Chuvochina, M., Chaumeil, P.A., 
Woodcro&, B.J., Evans, P.N., Hugenholtz, P., and Tyson, 
G.W. (2017). Recovery of nearly 8,000 metagenome-
assembled genomes substantially expands the tree 
of life. Nat. Microbiol. 2, 1533–1542. h"ps://doi.
org/10.1038/s41564-017-0012-7

Parks, D.H., Chuvochina, M., Waite, D.W., Rinke, C., 
Skarshewski, A., Chaumeil, P.-A., and Hugenholtz, 

https://doi.org/10.1128/AEM.02233-07
https://doi.org/10.1111/j.1462-2920.2009.02083.x
https://doi.org/10.1111/j.1462-2920.2009.02083.x
https://doi.org/10.1038/nature11656
https://doi.org/10.1038/nature11656
https://doi.org/10.1038/ismej.2016.171
https://doi.org/10.1038/ismej.2016.171
https://doi.org/10.1038/ncomms13835
https://doi.org/10.1038/ncomms13835
https://doi.org/10.1111/1462-2920.13703
https://doi.org/10.1111/1462-2920.12149
https://doi.org/10.1111/j.1758-2229.2009.00022.x
https://doi.org/10.1038/ismej.2014.203
https://doi.org/10.1038/ismej.2017.77
https://doi.org/10.1038/s41564-017-0012-7
https://doi.org/10.1038/s41564-017-0012-7


Smith and Wrighton82 |

P. (2018). A standardized bacterial taxonomy based 
on genome phylogeny substantially revises the tree 
of life. Nat. Biotechnol. 36, 996–1004. h"ps://doi.
org/10.1038/nbt.4229

Pernthaler, A., Dekas, A.E., Brown, C.T., Go#redi, S.K., 
Embaye, T., and Orphan, V.J. (2008). Diverse syntrophic 
partnerships from deep-sea methane vents revealed by 
direct cell capture and metagenomics. Proc. Natl. Acad. 
Sci. U.S.A. 105, 7052–7057. h"ps://doi.org/10.1073/
pnas.0711303105

Petersen, J.M., and Dubilier, N. (2009). Methanotrophic 
symbioses in marine invertebrates. Environ. Microbiol. 
Rep. 1, 319–335. h"ps://doi.org/10.1111/j.1758-
2229.2009.00081.x

Philippot, L., Andersson, S.G., Ba"in, T.J., Prosser, J.I., 
Schimel, J.P., Whitman, W.B., and Hallin, S. (2010). 
!e ecological coherence of high bacterial taxonomic 
ranks. Nat. Rev. Microbiol. 8, 523–529. h"ps://doi.
org/10.1038/nrmicro2367

Pol, A., Heijmans, K., Harhangi, H.R., Tedesco, D., Je"en, 
M.S., and Op den Camp, H.J. (2007). Methanotrophy 
below pH 1 by a new Verrucomicrobia species. Nature 
450, 874–878.

Pol, A., Barends, T.R., Dietl, A., Khadem, A.F., Eygensteyn, 
J., Je"en, M.S., and Op den Camp, H.J. (2014). Rare 
earth metals are essential for methanotrophic life in 
volcanic mudpots. Environ. Microbiol. 16, 255–264. 
h"ps://doi.org/10.1111/1462-2920.12249

Ponnudurai, R., Kleiner, M., Sayavedra, L., Petersen, 
J.M., Moche, M., O"o, A., Becher, D., Takeuchi, T., 
Satoh, N., Dubilier, N., et al. (2017). Metabolic and 
physiological interdependencies in the Bathymodiolus 
azoricus symbiosis. ISME J. 11, 463–477. h"ps://doi.
org/10.1038/ismej.2016.124

Pratscher, J., Dumont, M.G., and Conrad, R. (2011). 
Assimilation of acetate by the putative atmospheric 
methane oxidizers belonging to the USCα clade. 
Environ. Microbiol. 13, 2692–2701. h"ps://doi.
org/10.1111/j.1462-2920.2011.02537.x

Pratscher, J., Vollmers, J., Wiegand, S., Dumont, M.G., 
and Kaster, A.K. (2018). Unravelling the identity, 
metabolic potential and global biogeography of the 
atmospheric methane-oxidizing upland soil cluster 
α. Environ. Microbiol. 20, 1016–1029. h"ps://doi.
org/10.1111/1462-2920.14036

Puri, A.W., Owen, S., Chu, F., Chavkin, T., Beck, D.A., 
Kalyuzhnaya, M.G., and Lidstrom, M.E. (2015). Genetic 
tools for the industrially promising methanotroph 
Methylomicrobium buryatense. Appl. Environ. Microbiol. 
81, 1775–1781. h"ps://doi.org/10.1128/AEM.03795-
14

Raghoebarsing, A.A., Pol, A., van de Pas-Schoonen, K.T., 
Smolders, A.J., E"wig, K.F., Rijpstra, W.I., Schouten, 
S., Damsté, J.S., Op den Camp, H.J., Je"en, M.S., et al. 
(2006). A microbial consortium couples anaerobic 
methane oxidation to denitri$cation. Nature 440, 
918–921.

Rahalkar, M.C., and Bahulikar, R.A. (2018). Hemerythrins 
are widespread and conserved for methanotrophic 
guilds. Gene Rep. 11, 250–254.

Ramachandran, A., and Walsh, D.A. (2015). Investigation 
of XoxF methanol dehydrogenases reveals new 
methylotrophic bacteria in pelagic marine and freshwater 

ecosystems. FEMS Microbiol. Ecol. 91, $v105. h"ps://
doi.org/10.1093/femsec/$v105

Reim, A., Lüke, C., Krause, S., Pratscher, J., and Frenzel, P. 
(2012). One millimetre makes the di#erence: high-
resolution analysis of methane-oxidizing bacteria and 
their speci$c activity at the oxic-anoxic interface in a 
%ooded paddy soil. ISME J. 6, 2128–2139. h"ps://doi.
org/10.1038/ismej.2012.57

Reimann, J., Je"en, M.S., and Keltjens, J.T. (2015). Metal 
enzymes in ‘impossible’ microorganisms catalyzing 
the anaerobic oxidation of ammonium and methane. 
Met. Ions Life Sci. 15, 257–313. h"ps://doi.
org/10.1007/978-3-319-12415-5_7

Rey-Sanchez, A.C., Morin, T.H., Stefanik, K.C., Wrighton, 
K., and Bohrer, G. (2018). Determining total emissions 
and environmental drivers of methane %ux in a Lake Erie 
estuarine marsh. Ecol. Eng. 114, 7–15.

Rhoads, A., and Au, K.F. (2015). PacBio sequencing and its 
applications. Genomics Proteomics Bioinformatics 13, 
278–289. h"ps://doi.org/10.1016/j.gpb.2015.08.002

Ricke, P., Kube, M., Nakagawa, S., Erkel, C., Reinhardt, 
R., and Liesack, W. (2005). First genome data from 
uncultured upland soil cluster alpha methanotrophs 
provide further evidence for a close phylogenetic 
relationship to Methylocapsa acidiphila B2 and for 
high-a'nity methanotrophy involving particulate 
methane monooxygenase. Appl. Environ. Microbiol. 71, 
7472–7482.

Riley, W.J., Subin, Z.M., Lawrence, D.M., Swenson, S.C., 
Torn, M.S., Meng, L., Mahowald, N.M., and Hess, 
P. (2011). Barriers to predicting changes in global 
terrestrial methane %uxes: Analyses using CLM4Me, a 
methane biogeochemistry model integrated in CESM. 
Biogeosciences 8, 1925–1953.

Rinke, C., Schwientek, P., Sczyrba, A., Ivanova, N.N., 
Anderson, I.J., Cheng, J.F., Darling, A., Malfa"i, S., Swan, 
B.K., Gies, E.A., et al. (2013). Insights into the phylogeny 
and coding potential of microbial dark ma"er. Nature 
499, 431–437. h"ps://doi.org/10.1038/nature12352

Rivkina, E., Petrovskaya, L., Vishnivetskaya, T., Krivushin, 
K., Shmakova, L., Tutukina, M., Meyers, A., and 
Kondrashov, F. (2016). Metagenomic analyses of 
the late Pleistocene permafrost – Additional tools 
for reconstruction of environmental conditions. 
Biogeosciences 13, 2207–2219.

Saidi-Mehrabad, A., He, Z., Tamas, I., Sharp, C.E., Brady, 
A.L., Rochman, F.F., Bodrossy, L., Abell, G.C., Penner, 
T., Dong, X., et al. (2013). Methanotrophic bacteria in 
oilsands tailings ponds of northern Alberta. ISME J. 7, 
908–921. h"ps://doi.org/10.1038/ismej.2012.163

Scheller, S., Yu, H., Chadwick, G.L., McGlynn, S.E., and 
Orphan, V.J. (2016). Arti$cial electron acceptors 
decouple archaeal methane oxidation from sulfate 
reduction. Science 351, 703–707. h"ps://doi.
org/10.1126/science.aad7154

Segarra, K.E., Schubotz, F., Samarkin, V., Yoshinaga, M.Y., 
Hinrichs, K.U., and Joye, S.B. (2015). High rates of 
anaerobic methane oxidation in freshwater wetlands 
reduce potential atmospheric methane emissions. 
Nat. Commun. 6, 7477. h"ps://doi.org/10.1038/
ncomms8477

Semrau, J.D., DiSpirito, A.A., and Yoon, S. (2010). 
Methanotrophs and copper. FEMS Microbiol. Rev. 

https://doi.org/10.1038/nbt.4229
https://doi.org/10.1038/nbt.4229
https://doi.org/10.1073/pnas.0711303105
https://doi.org/10.1073/pnas.0711303105
https://doi.org/10.1111/j.1758-2229.2009.00081.x
https://doi.org/10.1111/j.1758-2229.2009.00081.x
https://doi.org/10.1038/nrmicro2367
https://doi.org/10.1038/nrmicro2367
https://doi.org/10.1111/1462-2920.12249
https://doi.org/10.1038/ismej.2016.124
https://doi.org/10.1038/ismej.2016.124
https://doi.org/10.1111/j.1462-2920.2011.02537.x
https://doi.org/10.1111/j.1462-2920.2011.02537.x
https://doi.org/10.1111/1462-2920.14036
https://doi.org/10.1111/1462-2920.14036
https://doi.org/10.1128/AEM.03795-14
https://doi.org/10.1128/AEM.03795-14
https://doi.org/10.1093/femsec/fiv105
https://doi.org/10.1093/femsec/fiv105
https://doi.org/10.1038/ismej.2012.57
https://doi.org/10.1038/ismej.2012.57
https://doi.org/10.1007/978-3-319-12415-5_7
https://doi.org/10.1007/978-3-319-12415-5_7
https://doi.org/10.1016/j.gpb.2015.08.002
https://doi.org/10.1038/nature12352
https://doi.org/10.1038/ismej.2012.163
https://doi.org/10.1126/science.aad7154
https://doi.org/10.1126/science.aad7154
https://doi.org/10.1038/ncomms8477
https://doi.org/10.1038/ncomms8477


Metagenomics Unearthing Methanotroph Diversity | 83

34, 496–531. h"ps://doi.org/10.1111/j.1574-
6976.2010.00212.x

Sharon, I., and Ban$eld, J.F. (2013). Microbiology. Genomes 
from metagenomics. Science 342, 1057–1058. h"ps://
doi.org/10.1126/science.1247023

Sharp, C.E., Smirnova, A.V., Graham, J.M., Sto", M.B., 
Khadka, R., Moore, T.R., Grasby, S.E., Strack, M., and 
Dun$eld, P.F. (2014). Distribution and diversity of 
Verrucomicrobia methanotrophs in geothermal and 
acidic environments. Environ. Microbiol. 16, 1867–
1878. h"ps://doi.org/10.1111/1462-2920.12454

Shiller, A.M., Chan, E.W., Joung, D.J., Redmond, M.C., and 
Kessler, J.D. (2017). Light rare earth element depletion 
during Deepwater Horizon blowout methanotrophy. 
Sci. Rep. 7, 10389. h"ps://doi.org/10.1038/s41598-
017-11060-z

Singleton, C.M., McCalley, C.K., Woodcro&, B.J., Boyd, J.A., 
Evans, P.N., Hodgkins, S.B., Chanton, J.P., Frolking, S., 
Crill, P.M., Saleska, S.R., et al. (2018). Methanotrophy 
across a natural permafrost thaw environment. ISME J. 
12, 2544–2558. h"ps://doi.org/10.1038/s41396-018-
0065-5

Skennerton, C.T., Ward, L.M., Michel, A., Metcalfe, K., 
Valiente, C., Mullin, S., Chan, K.Y., Gradinaru, V., and 
Orphan, V.J. (2015). Genomic reconstruction of an 
uncultured hydrothermal vent gammaproteobacterial 
methanotroph (family Methylothermaceae) indicates 
multiple adaptations to oxygen limitation. Front. 
Microbiol. 6, 1425. h"ps://doi.org/10.3389/
fmicb.2015.01425

Smith, G.J., Angle, J.C., Solden, L.M., Morin, T.H., Borton, 
M.A., Daly, R.A., Johnston, M.D., Stefanik, K.C., 
Wolfe, R., Bohrer, G., et al. (2018). Members of the 
Methylobacter are inferred to account for the majority of 
aerobic methane oxidation in oxic soils from a freshwater 
wetland. MBio 9, 1–17. 

Solden, L., Lloyd, K., and Wrighton, K. (2016). !e bright 
side of microbial dark ma"er: lessons learned from 
the uncultivated majority. Curr. Opin. Microbiol. 31, 
217–226.

Spiridonova, E.M., Kuznetsov, B.B., Pimenov, N.V., and 
Tourova, T.P. (2006). Phylogenetic characterization 
of endosymbionts of the hydrothermal vent mussel 
Bathymodiolus azoricus by analysis of the 16S rRNA, 
cbbL, and pmoA genes. Microbiology 75, 694–701.

Stoecker, K., Bendinger, B., Schöning, B., Nielsen, P.H., 
Nielsen, J.L., Baranyi, C., Toensho#, E.R., Daims, 
H., and Wagner, M. (2006). Cohn’s Crenothrix is a 
$lamentous methane oxidizer with an unusual methane 
monooxygenase. Proc. Natl. Acad. Sci. U.S.A. 103, 
2363–2367.

Stokke, R., Roalkvam, I., Lanzen, A., Ha%idason, H., 
and Steen, I.H. (2012). Integrated metagenomic and 
metaproteomic analyses of an ANME-1-dominated 
community in marine cold seep sediments. Environ. 
Microbiol. 14, 1333–1346. h"ps://doi.org/10.1111/
j.1462-2920.2012.02716.x

Strong, P.J., Xie, S., and Clarke, W.P. (2015). Methane as a 
resource: can the methanotrophs add value? Environ. 
Sci. Technol. 49, 4001–4018. h"ps://doi.org/10.1021/
es504242n

Strong, P.J., Kalyuzhnaya, M., Silverman, J., and Clarke, W.P. 
(2016). A methanotroph-based biore$nery: Potential 

scenarios for generating multiple products from a single 
fermentation. Bioresour. Technol. 215, 314–323.

Sullivan, J.P., Dickinson, D., and Chase, H.A. (1998). 
Methanotrophs, Methylosinus trichosporium OB3b, 
sMMO, and their application to bioremediation. 
Crit. Rev. Microbiol. 24, 335–373. h"ps://doi.
org/10.1080/10408419891294217 

Sun, Y., Wang, M., Li, L., Zhou, L., Wang, X., Zheng, P., Yu, 
H., Li, C., and Sun, S. (2017). Molecular identi$cation 
of methane monooxygenase and quantitative analysis 
of methanotrophic endosymbionts under laboratory 
maintenance in Bathymodiolus plati"ons from the South 
China Sea. PeerJ 5, e3565. h"ps://doi.org/10.7717/
peerj.3565

Takeuchi, M., Yoshioka, H., Seo, Y., Tanabe, S., Tamaki, H., 
Kamagata, Y., Takahashi, H.A., Igari, S., Mayumi, D., 
and Sakata, S. (2011). A distinct freshwater-adapted 
subgroup of ANME-1 dominates active archaeal 
communities in terrestrial subsurfaces in Japan. Environ. 
Microbiol. 13, 3206–3218. h"ps://doi.org/10.1111/
j.1462-2920.2011.02517.x

Takeuchi, M., Kamagata, Y., Oshima, K., Hanada, S., Tamaki, 
H., Marumo, K., Maeda, H., Nedachi, M., Ha"ori, M., 
Iwasaki, W., et al. (2014). Methylocaldum marinum sp. 
nov., A thermotolerant, methane-oxidizing bacterium 
isolated from marine sediments, And emended 
description of the genus methylocaldum. Int. J. Syst. 
Evol. Microbiol. 64, 3240–3246.

Takishita, K., Takaki, Y., Chikaraishi, Y., Ikuta, T., Ozawa, 
G., Yoshida, T., Ohkouchi, N., and Fujikura, K. (2017). 
Genomic evidence that methanotrophic endosymbionts 
likely provide deep-sea bathymodiolus mussels with a 
sterol intermediate in cholesterol biosynthesis. Genome 
Biol. Evol. 9, 1148–1160. h"ps://doi.org/10.1093/
gbe/evx082

Taubert, M., Grob, C., Howat, A.M., Burns, O.J., Dixon, 
J.L., Chen, Y., and Murrell, J.C. (2015). XoxF encoding 
an alternative methanol dehydrogenase is widespread 
in coastal marine environments. Environ. Microbiol. 
17, 3937–3948. h"ps://doi.org/10.1111/1462-
2920.12896

Tavormina, P.L., Ussler, W., Joye, S.B., Harrison, B.K., and 
Orphan, V.J. (2010). Distributions of putative aerobic 
methanotrophs in diverse pelagic marine environments. 
ISME J. 4, 700–710. h"ps://doi.org/10.1038/
ismej.2009.155

Tavormina, P.L., Hatzenpichler, R., McGlynn, S., Chadwick, 
G., Dawson, K.S., Connon, S.A., and Orphan, V.J. 
(2015). Methyloprofundus sedimenti gen. nov., sp. nov., an 
obligate methanotroph from ocean sediment belonging 
to the ‘deep sea-1’ clade of marine methanotrophs. Int. J. 
Syst. Evol. Microbiol. 65, 251–259.

Timmers, P.H., Welte, C.U., Koehorst, J.J., Plugge, 
C.M., Je"en, M.S., and Stams, A.J. (2017). Reverse 
methanogenesis and respiration in methanotrophic 
Archaea. Archaea 2017, 1654237. h"ps://doi.
org/10.1155/2017/1654237

Tu, T.H., Wu, L.W., Lin, Y.S., Imachi, H., Lin, L.H., and 
Wang, P.L. (2017). Microbial community composition 
and functional capacity in a terrestrial ferruginous, 
sulfate-depleted mud volcano. Front. Microbiol. 8, 2137. 
h"ps://doi.org/10.3389/fmicb.2017.02137

https://doi.org/10.1111/j.1574-6976.2010.00212.x
https://doi.org/10.1111/j.1574-6976.2010.00212.x
https://doi.org/10.1126/science.1247023
https://doi.org/10.1126/science.1247023
https://doi.org/10.1111/1462-2920.12454
https://doi.org/10.1038/s41598-017-11060-z
https://doi.org/10.1038/s41598-017-11060-z
https://doi.org/10.1038/s41396-018-0065-5
https://doi.org/10.1038/s41396-018-0065-5
https://doi.org/10.3389/fmicb.2015.01425
https://doi.org/10.3389/fmicb.2015.01425
https://doi.org/10.1111/j.1462-2920.2012.02716.x
https://doi.org/10.1111/j.1462-2920.2012.02716.x
https://doi.org/10.1021/es504242n
https://doi.org/10.1021/es504242n
https://doi.org/10.1080/10408419891294217
https://doi.org/10.1080/10408419891294217
https://doi.org/10.7717/peerj.3565
https://doi.org/10.7717/peerj.3565
https://doi.org/10.1111/j.1462-2920.2011.02517.x
https://doi.org/10.1111/j.1462-2920.2011.02517.x
https://doi.org/10.1093/gbe/evx082
https://doi.org/10.1093/gbe/evx082
https://doi.org/10.1111/1462-2920.12896
https://doi.org/10.1111/1462-2920.12896
https://doi.org/10.1038/ismej.2009.155
https://doi.org/10.1038/ismej.2009.155
https://doi.org/10.1155/2017/1654237
https://doi.org/10.1155/2017/1654237
https://doi.org/10.3389/fmicb.2017.02137


Smith and Wrighton84 |

Tveit, A., Schwacke, R., Svenning, M.M., and Urich, T. 
(2013). Organic carbon transformations in high-Arctic 
peat soils: key functions and microorganisms. ISME J. 7, 
299–311. h"ps://doi.org/10.1038/ismej.2012.99

Tveit, A.T., Urich, T., and Svenning, M.M. (2014). 
Metatranscriptomic analysis of arctic peat soil 
microbiota. Appl. Environ. Microbiol. 80, 5761–5772. 
h"ps://doi.org/10.1128/AEM.01030-14

Tveit, A.T., Urich, T., Frenzel, P., and Svenning, M.M. 
(2015). Metabolic and trophic interactions modulate 
methane production by Arctic peat microbiota in 
response to warming. Proc. Natl. Acad. Sci. U.S.A. 112, 
E2507–16. h"ps://doi.org/10.1073/pnas.1420797112

Tyson, G.W., Chapman, J., Hugenholtz, P., Allen, E.E., Ram, 
R.J., Richardson, P.M., Solovyev, V.V., Rubin, E.M., 
Rokhsar, D.S., and Ban$eld, J.F. (2004). Community 
structure and metabolism through reconstruction of 
microbial genomes from the environment. Nature 428, 
37–43. h"ps://doi.org/10.1038/nature02340

Vaksmaa, A., Guerrero-Cruz, S., van Alen, T.A., Cremers, 
G., E"wig, K.F., Lüke, C., and Je"en, M.S.M. 
(2017). Enrichment of anaerobic nitrate-dependent 
methanotrophic ‘Candidatus Methanoperedens 
nitroreducens’ archaea from an Italian paddy $eld soil. 
Appl. Microbiol. Biotechnol. 101, 7075–7084. h"ps://
doi.org/10.1007/s00253-017-8416-0

Vekeman, B., Kerckhof, F.M., Cremers, G., de Vos, P., 
Vandamme, P., Boon, N., Op den Camp, H.J., and 
Heylen, K. (2016a). New Methyloceanibacter diversity 
from North Sea sediments includes methanotroph 
containing solely the soluble methane monooxygenase. 
Environ. Microbiol. 18, 4523–4536. h"ps://doi.
org/10.1111/1462-2920.13485

Vekeman, B., Speth, D., Wille, J., Cremers, G., De Vos, P., 
Op den Camp, H.J., and Heylen, K. (2016b). Genome 
characteristics of two novel Type I methanotrophs 
enriched from North Sea sediments containing 
exclusively a lanthanide-dependent XoxF5-type 
methanol dehydrogenase. Microb. Ecol. 72, 503–509. 
h"ps://doi.org/10.1007/s00248-016-0808-7

Vigneron, A., Cruaud, P., Pignet, P., Caprais, J.C., Cambon-
Bonavita, M.A., Godfroy, A., and To'n, L. (2013). 
Archaeal and anaerobic methane oxidizer communities 
in the Sonora Margin cold seeps, Guaymas Basin (Gulf 
of California). ISME J. 7, 1595–1608. h"ps://doi.
org/10.1038/ismej.2013.18

Völker, H., Schweisfurth, R., and Hirsch, P. (1977). 
Morphology and ultrastructure of Crenothrix polyspora 
Cohn. J. Bacteriol. 131, 306–313. 

Wang, F.P., Zhang, Y., Chen, Y., He, Y., Qi, J., Hinrichs, 
K.U., Zhang, X.X., Xiao, X., and Boon, N. (2014). 
Methanotrophic archaea possessing diverging methane-
oxidizing and electron-transporting pathways. ISME J. 8, 
1069–1078. h"ps://doi.org/10.1038/ismej.2013.212

Ward, N., Larsen, Ø., Sakwa, J., Bruseth, L., Khouri, H., 
Durkin, A.S., Dimitrov, G., Jiang, L., Scanlan, D., 
Kang, K.H., et al. (2004). Genomic insights into 
methanotrophy: the complete genome sequence of 
Methylococcus capsulatus (Bath). PLOS Biol. 2, e303. 
h"ps://doi.org/10.1371/journal.pbio.0020303

Waring, C.L., Hankin, S.I., Gri'th, D.W.T., Kertesz, M.A., 
Kobylski, V., Wilson, N.L., Coleman, N.V., Ke"lewell, G., 
Zlot, R., Bosse, M., et al. (2017). Seasonal total methane 
depletion in limestone caves. Sci. Rep. 7, 8314. h"ps://
doi.org/10.1038/s41598-017-07769-6

Wegener, G., Krukenberg, V., Riedel, D., Tegetmeyer, H.E., 
and Boetius, A. (2015). Intercellular wiring enables 
electron transfer between methanotrophic archaea 
and bacteria. Nature 526, 587–590. h"ps://doi.
org/10.1038/nature15733

Wehrmann, M., Billard, P., Martin-Meriadec, A., Zegeye, 
A., and Klebensberger, J. (2017). Functional role of 
lanthanides in enzymatic activity and transcriptional 
regulation of pyrroloquinoline quinone-dependent 
alcohol dehydrogenases in Pseudomonas putida KT2440. 
MBio 8, e00570–17.

Welte, C.U., Rasigraf, O., Vaksmaa, A., Versantvoort, W., 
Arshad, A., Op den Camp, H.J., Je"en, M.S., Lüke, C., 
and Reimann, J. (2016). Nitrate- and nitrite-dependent 
anaerobic oxidation of methane. Environ. Microbiol. 
Rep. 8, 941–955. h"ps://doi.org/10.1111/1758-
2229.12487

Wu, M.L., Wessels, J.C., Pol, A., Op den Camp, H.J., Je"en, 
M.S., and van Ni&rik, L. (2015). XoxF-type methanol 
dehydrogenase from the anaerobic methanotroph 
‘Candidatus Methylomirabilis oxyfera’. Appl. Environ. 
Microbiol. 81, 1442–1451.

Xu, X., Yuan, F., Hanson, P.J., Wullschleger, S.D., !ornton, 
P.E., Riley, W.J., Song, X., Graham, D.E., Song, C., and 
Tian, H. (2016). Reviews and syntheses: Four decades 
of modeling methane cycling in terrestrial ecosystems. 
Biogeosciences 13, 3735–3755.

Xu, Z., Hansen, M.A., Hansen, L.H., Jacquiod, S., and 
Sørensen, S.J. (2014). Bioinformatic approaches 
reveal metagenomic characterization of soil microbial 
community. PLOS ONE 9, e93445. h"ps://doi.
org/10.1371/journal.pone.0093445

Yeoh, Y.K., Sekiguchi, Y., Parks, D.H., and Hugenholtz, P. 
(2016). Comparative genomics of candidate phylum 
TM6 suggests that parasitism is widespread and ancestral 
in this lineage. Mol. Biol. Evol. 33, 915–927. h"ps://doi.
org/10.1093/molbev/msv281

Yergeau, E., Hogues, H., Whyte, L.G., and Greer, C.W. 
(2010). !e functional potential of high Arctic 
permafrost revealed by metagenomic sequencing, qPCR 
and microarray analyses. ISME J. 4, 1206–1214. h"ps://
doi.org/10.1038/ismej.2010.41

Yergeau, E., Maynard, C., Sanschagrin, S., Champagne, J., 
Juck, D., Lee, K., and Greer, C.W. (2015). Microbial 
community composition, functions, and activities in 
the Gulf of Mexico 1 year a&er the Deepwater Horizon 
accident. Appl. Environ. Microbiol. 81, 5855–5866. 
h"ps://doi.org/10.1128/AEM.01470-15

Zhou, Z., Pan, J., Wang, F., Gu, J.D., and Li, M. (2018). 
Bathyarchaeota: globally distributed metabolic 
generalists in anoxic environments. FEMS Microbiol. 
Rev. 42, 639–655. h"ps://doi.org/10.1093/femsre/
fuy023


