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Methane (CH,) emissions from Arctic lakes are a large and growing source of greenhouse gas to the atmosphere with critical
implications for global climate. Because Arctic lakes are ice covered for much of the year, understanding the metabolic flexibility of
methanotrophs under anoxic conditions would aid in characterizing the mechanisms responsible for limiting CH, emissions from
high-latitude regions. Using sediments from an active CH, seep in Lake Qalluurag, Alaska, we conducted DNA-based stable isotope
probing (SIP) in anoxic mesocosms and found that aerobic Gammaproteobacterial methanotrophs dominated in assimilating CH,.
Aerobic methanotrophs were also detected down to 70 cm deep in sediments at the seep site, where anoxic conditions persist.
Metagenomic analyses of the heavy DNA from '>CH,-SIP incubations showed that these aerobic methanotrophs had the capacity to
generate intermediates such as methanol, formaldehyde, and formate from CH, oxidation and to oxidize formaldehyde in the
tetrahydromethanopterin (HMPT)-dependent pathway under anoxic conditions. The high levels of Fe present in sediments,
combined with Fe and CH, profiles in the persistent CH, seep site, suggested that oxidation of CH,, or, more specifically, its
intermediates such as methanol and formaldehyde might be coupled to iron reduction. Aerobic methanotrophs also possessed
genes associated with nitrogen and hydrogen metabolism, which might provide potentially alternative energy conservation
options under anoxic conditions. These results expand the known metabolic spectrum of aerobic methanotrophs under anoxic
conditions and necessitate the re-assessment of the mechanisms underlying CH, oxidation in the Arctic, especially under lakes that

experience extended O, limitations during ice cover.
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INTRODUCTION
Lakes at latitudes >50°N emit an estimated 18.8 Tg methane (CH,)
per year directly into the atmosphere [1], which is more than twice
that from the oceans [2, 3]. Biological aerobic CH, oxidation has
been considered an important pathway to mitigate CH, emission
from Arctic lakes, even at low temperatures (down to at least 4 °C)
[4]. Arctic lakes are usually ice-covered for as much as 9 months
from September through the following June [5]. When ice cover
forms on Arctic lakes, O, concentration declines, with shallow
lakes eventually becoming hypoxic (dissolved oxygen <1%
equilibrium solubility). Dissolved CH, accumulates in Arctic lake
waters as O, dissipates [5]. Mechanisms and rates of CH4 oxidation
under these hypoxic and anoxic conditions in Arctic lakes are not
well documented, despite the fact that these low O, conditions
persist for the majority of the year and any oxidation that may
occur could impact the otherwise large net flux of CH, [6, 7].
CH, oxidation under anoxic conditions plays an important role
in controlling CH4 input to the atmosphere in various environ-
ments. In marine sediments, anaerobic oxidation of CH, (AOM)
generally occurs in the niches where CH, and sulfate overlap [8].
However, nitrate, nitrite, iron Ill (Fe**), and manganese [V (Mn*h)

can also serve as electron acceptors for CH, oxidation in the
absence of O, under anoxic conditions, especially in freshwater
environments where sulfate is less abundant than in seawater
[9, 10]. Such reactions provide a greater free energy yield than
sulfate-dependent CH, oxidation under standard conditions [9].
Decomposition products such as humic substances also can
potentially act as an electron shuttle for AOM with metallic
oxides as terminal electron acceptor in organic carbon-rich
environments [11].

AOM is thought to be performed mainly by anaerobic methane-
oxidizing archaea (ANME), which are generally divided into three
archaeal clades, including ANME-1 (with subgroups a and b)
distantly related to Methanomicrobiales and Methanosarcinales,
ANME-2 (with subgroups a, b, and ¢) associated with the order
Methanosarcinales, and ANME-3, which is more related to
Methanococcoides spp. [8, 9. ANME are commonly associated
with sulfate-reducing bacteria (SRB) of the Desulfosarcina/Desulfo-
coccus branch of Deltaproteobacteria. However, some ANME-2 also
have been found to independently function in monospecific
aggregations or as single filaments [12, 13]. “Omic” and single
cell visualization approaches showed that archaeal family
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Methanoperedenaceae (formerly known as ANME-2d) can inde-
pendently oxidize CH4 using nitrate as the terminal electron
acceptor [14]. AOM coupled to the reduction of Fe** and Mn*"
was first found to be associated with the groups Bacteriodes,
Proteobacteria (including Geobacter), Acidobacteria, and Verruco-
microbia, although direct evidence was lacking [15]. Recently,
members of Methanoperedenaceae such as “Candidatus Methano-
peredens ferrireducens” and “Candidatus Methanoperedens sp.
MPEBLZ" have been reported to be capable of coupling AOM to
the reduction of Fe*™ and Mn*" [15-17]. And, “Candidatus
Methylomirabilis oxyfera”, a member of the Methylomirabilota
phylum (NC10), has been found to bypass the denitrification
intermediate nitrous oxide by converting nitric oxide to dinitrogen
and O, under anoxic conditions, with O, being utilized to
aerobically oxidize CH,4 [18].

Aerobic methanotrophs are curiously abundant in anoxic
habitats [19-21], where they are generally thought to be dormant,
existing as cysts or exospores, since O, is required for catalyzing
the conversion of methane to methanol by either soluble or
particulate methane monooxygenase (pMMO) [21]. Recently,
however, aerobic methanotrophs have been reported to actively
oxidize CH,4 under anoxic conditions. For example, Oswald et al.
[22] found that Gammaproteobacterial methanotrophs dominated
in the oxic/anoxic boundary and anoxic hypolimnion of Lake Zug
and CH,; oxidation was stimulated by addition of iron and
manganese oxides under anoxic conditions. In sub-Arctic lake
sediment, Martinez-Cruz et al. [19]. reported assimilation of CH,-
derived carbon by aerobic methanotrophs, methylotrophs, and
iron reducers. Cabrol et al. [23]. reported that the aerobic
methanotrophs Methylomonadaceae (mainly Methylobacter) and
Crenothrix actively oxidized CH, in the anoxic water of North-
western Siberian lakes in association with denitrifiers and iron-
cycling partners. Milucka et al. [24]. found that aerobic CH,
oxidation coupled to oxygenic photosynthesis within the photic
anoxic chemocline of Lake Cadagno. Additionally, aerobic
methanotrophs have the metabolic flexibility to perform pro-
cesses such as fermentation or CH, oxidation coupled to nitrate
reduction to mitigate O, starvation [25, 26].

Here we aimed to reveal the identities and metabolic pathways
potentially utilized by methanotrophs active under anoxic
conditions in sediments obtained from an active CH, seep in
Lake Qalluuraq, an Arctic lake located near Atqasuk on the north
slope of the Brooks Range in Alaska. We applied molecular
methodologies including DNA-based stable isotope probing (SIP)
coupled with shotgun metagenomics and amplicon sequencing of
bacterial and archaeal 16S rRNA genes and quantitative real-time
PCR (qPCR) with monitoring of geochemical parameters such as
dissolved CH, concentration and HCl-extractable Fe content. Our
findings revealed that aerobic methanotrophs have the ability to
be active in anoxic environments where they have typically been
presumed to be inactive and that they might couple the oxidation
of CH, or its intermediates to the reduction of iron, which is
abundant in the sediments of this lake. These observations have
important implications for understanding the fate of CH, in the
anoxic sediments of Arctic lakes and during the extended ice-
covered season when more extensive lake anoxia develops.

MATERIALS AND METHODS

Sampling and physio-chemical analysis

Lake Qalluurag, a tundra lake with a persistent CH, seep located near
Atgasuk on the North Slope of the Brooks Range in Alaska, was sampled in
May (ice-covered) and July (open-water), 2009. Ice thickness above the
seep was ~50 cm in May. Sediments from the seep site (70°22.669'N, 157°
20.925'W) were collected using coring tubes (7 cm diameter) and were
subsampled within 12h of collection. The sediment subsamples were
immediately placed into sealed plastic zipper freezer bags with air
removed from the headspace. Samples were homogenized in the bag and
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subsamples were frozen at —80°C for direct molecular studies and Fe
content analysis. The remaining sediment was stored at 4 °C and was used
to conduct the SIP experiment immediately upon our return to the lab at
the University of Alaska Fairbanks. Dissolved CH, concentrations in the
sediment pore fluids were analyzed as described previously by He et al.
[19]. Elemental and mineralogical composition of sediments was estimated
by X-ray diffraction analysis [27].

Since iron redox cycling exerts a wide-ranging influence on the
biogeochemistry of sedimentary environments, we analyzed the HCI-
extractable Fe content including iron (ll) (Fe?™), Fe3*, and total Fe [28]. In
brief, ~10 g (wet weight) sediment subsample (stored frozen at —80 °C for
1 year after sampling) was acidified with HCl to pH <1 and freeze-dried at
—40°C in the laboratory. Then, ~1 g freeze-dried sediment was taken for
measurement of Fe>™ and total Fe content in an anaerobic chamber. Each
sample was measured in triplicate. The Fe®>" and total Fe content of the
sediments were determined by the method described previously [29]. The
resulting HCl-extractable Fe>" to total Fe ratio of 90% indicated that Fe
oxidation during sample storage was negligible.

SIP microcosms

SIP microcosms were prepared by adding ~10 g (wet weight) of 25-50-cm-
depth sediment to sterile 60-ml glass serum vials in an anaerobic chamber,
where the gas composition was 1-2% H, and 98-99% N,. Five different
treatments were established by adding combinations of 2-
bromoethanesulfonic acid (BES, a methanogen-specific inhibitor), sodium
molybdate (SM, a specific inhibitor for sulfate reduction [30]), and Na,SO,
(EA, as a supplementary electron acceptor), and then were purged with
ultra-high-purity (UHP) N, (99.999%) to remove O,. The five treatments
were amended as follows, with treatment codes in parentheses: (1) BES and
SM (BES+SM); (2) BES (BES); (3) SM (SM); (4) EA (EA); and (5) unamended
with BES, SM, or EA as control (None). Autoclaved O,_-free water was
supplied at a total volume of 2 ml (including BES, SM, EA, and autoclaved
water) for each treatment. The final concentrations of BES, SM, and Na,SO,
were 10, 5, and 3 mM, respectively, in the treatments. Resazurin was added
to a final concentration of 0.001% in the microcosms to monitor for the
presence of O,. The serum vials were flushed with UHP N, and sealed with
butyl rubber stoppers (Chemglass Life Sciences) in the anaerobic chamber
containing 1-2% H, and 98-99% N,, and pre-incubated for a month to
exhaust any O, potentially carried over from the original sediments. Then,
the serum vials were flushed with UHP N, and amended with BES, SM,
Na,SO,, autoclaved water, and resazurin and sealed with butyl rubber
stoppers in the anaerobic chamber. The headspace of the serum vials was
~50 ml. *CH, (99 atom % '3C, Sigma-Aldrich, USA) or CH, (99.5% purity, as
unlabeled control) was injected to obtain a headspace concentration of 5%
CH,; (v/v), a concentration chosen to represent the extensive CH,
accumulation associated with the active seep under ice-covered conditions.
The serum vials were placed inside a cardboard box and incubated on a
rotary platform shaker (100 rpm) in a cold room held at 10°C. The cold
room was not illuminated other than by low-level incidental light entering
through a small ~10cm by 30 cm glass observation window in the door
during the pre-incubation and SIP experiment. Mesocosms experienced
brief indoor light exposures during headspace gas sampling or exchange
on the lab bench. All treatments were performed in triplicate.

Headspace gas samples (50 pl) were withdrawn from the microcosms at
20-d intervals using a syringe flushed with UHP N, three times to remove
trace O, before drawing the samples. The CH, concentration was
quantified as described previously [20]. CH, oxidation potential was
assessed from the zero-order decrease in CH,; concentration in the
headspace of the serum vials during the incubation period with differences
analyzed statistically by ANOVA (one-way analysis of variance) using SPSS
19.0. Relatively stable §'3C of CH, in the headspace indicated minimal CH,
production in the vials. The serum vials were flushed with UHP N, and
sealed with butyl rubber stoppers in the anaerobic chamber and recharged
with "3CH, or CH, every 40 or 80 days to remove '>CO, and reduce cross-
feeding. The incubation was continued in the same manner until 240 days
of incubation, when CH, had been injected in the vials five times as
described above. At the end of the incubation, the sediment samples were
harvested and frozen immediately at —80 °C.

Quantification of '>C and '®0 in headspace CO,

In order to monitor the conversion of '>CH, and H,'®0 into CO,, we
quantified the *C and '®0 in headspace CO,. Approximately 10g (wet
weight) of original sediment collected from the 25-50-cm depth range was
added to sterile 60-ml glass serum vials and incubated on a shaker as
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described in SIP microcosms. Considering the low CH, oxidation activity of
sediment in the first stage, '>CH, was injected instead of '3CH, in the first
40 days. Then the serum vials were flushed with UHP N,, amended with 10
ul H,'80, and sealed with butyl rubber stoppers in the anaerobic chamber.
13CH, was injected into the serum vials to the initial concentrations of 5%
(v/v). All serum vials were incubated as described above. One-milliliter
headspace gas samples were periodically collected to measure the §'%0
and 8'3C values of CO, at the Alaska Stable Isotope Facility (University of
Alaska Fairbanks) [31].

DNA extraction, gradient centrifugation, qPCR, and T-RFLP
analysis

DNA was extracted from 3 to 4g (wet weight) of the sediment samples
using the Bio101 Fast DNA Spin Kit for soil (MP Biomedicals, Solon, OH,
USA). For SIP, equilibrium (isopycnic) density gradient centrifugation and
fractionation were performed as described previously [32]. The relative
abundance of bacterial DNA in gradient fractions was determined by gPCR
to identify the heavy (*3C-labeled) DNA as described by Leigh et al. [33]. The
fractions of buoyant density (BD) ranging from 1.620gml~" to 1.642gml ™"
and 1.584gml~" to 1.608 gml~' were combined to constitute compiled
‘heavy fractions’ and ‘light fractions’, respectively (Supplementary Figs. S1
and S2).

Total community DNA was extracted from the original sediment core
samples collected in July in 5-cm intervals spanning 0-70 cm core depth.
The populations of bacteria, archaea, and methanotrophs in the original
sediments was estimated by gPCR targeting bacterial and archaeal 16S
rRNA genes and pmoA with the primer sets Bac331F/Bac797R, Ar349F/
Ar806R, and A189F/mb661R, respectively [34]. The primer sets Bac331F/
Bac797R, Ar349F/Ar806R have coverage of 68.4% and 71.6% of bacteria and
archaea in the SILVA rRNA database, respectively. Since all known
methanotrophs have particulate MMO (pMMO) except for Methylocella
[35] and Methyloferula [36], the gene pmoA encoding pMMO has been
widely used to study the taxonomic identity and community of
methanotrophs in the environment [37]. The DNA from the original
sediments were used as templates for T-RFLP analysis as described
previously [32, 38, 39]. The peak areas within each T-RFLP were converted
to proportional peak areas and then were used for principal component
analysis (PCA) to screen for community structural patterns prior to more in-
depth molecular analyses [38].

Analyses of bacterial and archaeal 16S rRNA genes

PCR targeting bacterial and archaeal 16S rRNA genes was performed on
the following sample types: (1) total community DNA from the sediments
homogenized from 25 to 50cm deep (initial sediment used for
incubations), (2) the heavy and light fractions from the '3CH,-incubated
samples unamended with inhibitors or electron acceptors, and (3) the
heavy fractions from the 12CH,-incubated samples (unlabeled controls,
unamended with inhibitors or electron acceptors). The primer sets 27F/
1392R and Ar309F/Ar915R were used to amplify bacterial and archaeal 16S
rRNA genes. The PCR amplification and cloning were performed in three
replicates as described previously [32]. A total of 192 and 96 clones
(averaging 64 and 32 clones from each replicate) were selected randomly
from the heavy and light fractions from the '>CH,-incubated samples,
respectively. All 21 clones obtained from the heavy fractions of unlabeled
controls were sequenced and analyzed using previously described
methods [32]. The high-quality sequences were dereplicated with the
CAP3 sequence assembly program with 97% similarity [40]. The
phylogenetic affiliations of bacterial sequences were classified using
the Ribosomal Database Project (RDP) (http://rdp.cme.msu.edu). Phyloge-
netic trees of archaeal clone sequences were constructed using MEGA X
10.1 software employing the maximum-likelihood method based on
Kimura 2-parameter model as described previously [32].

Metagenomic analysis

Total DNA was extracted from the sediment cores (25-50 cm depth,
homogenized) and the heavy DNA fractions from the '3CH,-incubated
samples (unamended with electron acceptors or inhibitors) for shotgun
metagenomic analysis. Since the quantity of DNA in SIP fractions was low,
the heavy fractions from all the samples were merged into one sample.
Genomic DNA was fragmented using sonication and subjected to shotgun
metagenomic analysis by the Beijing Genomics Institute (BGI, China).
Paired-end fragment libraries with the insert size of 350bp were
constructed. Adapter-appended fragments were sequenced on HiSeq
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2500 platform (lllumina). Raw sequencing reads were filtered to obtain
high-quality data (quality-fillered data) for subsequent analysis as
described previously [41]. A percentage of 95.41-95.65% reads were
filtered and then assembled de novo with SOAP denovo2 [42] and Rabbit
[43]. MetaGeneMark (version 2.10, default parameters) was used to predict
open reading frames based on assembly results [44, 45]. Genes from
different samples were combined together and clustered using CD-HIT
(version 4.6.1) [46] to remove redundant sequences (sequence identity
threshold 95% and alignment coverage threshold 90%) [45]. The relative
abundance of gene cluster representatives in each sample was calculated
using the formula below as described previously [47].

&
G =—>

Yt

Where G; is the relative abundance of gene i in the sample, P; is the
number of reads mapped to gene j, L; is the length of gene j, and n is the
gene number in the assembled metagenomic data.

The gene catalogs were aligned against the eggNOG database (2015-
10), CAZy database (2017-09), COG database (2014-11), Swiss-prot
database (2017-07), the KEGG database (89.1), and CARD database (4.0)
using DIAMOND with an e-value cutoff of 107> [45, 46] to search the
protein sequences. Ambiguously aligned sequencing reads were then
reassigned to genes using Pathoscope v1.0, which uses a Bayesian
framework to examine sequence of each read and mapping quality within
the context of a global reassignment [48]. Taxonomic assignment of the
predicted genes was carried out using MEGAN (version 5.3) and subjected
to BLASTX analysis using the NCBI-nr database (2016-09) as described
previously [49]. The relative abundance of members of each taxonomic
level was approximated by calculating the number of the gene reads
affiliated with the taxonomic level to the total number of assembled reads
per metagenome with an average assembly length of 13,697,259 bp and
an average mapping rates of 31.05%.

Clone sequences and metagenomic data sets in this study have been
submitted to the GenBank database and the NCBI Short Read Archive
under accession numbers MN788533-MN788604 and SRP234857 (BioSam-
ple SAMN13483815 and SAMN13483816 for the heavy DNA, and
BioSample SAMN13483815 and SAMN13483816 for the total DNA of the
original sediment), respectively.

RESULTS

Biochemical characterization of seep sediments

In May (ice-covered conditions), dissolved CH, levels in porewater
were similar along the core depth ranging from 136 to ~355 uM
(Fig. 1). However, in July (ice-free), porewater dissolved CH,
concentrations were low (<15 uM) in the upper sediments (0-10
cm), and, as the sediment depth increased, dissolved CH,
concentration increased and reached a maximum of 1334 pM at
a depth of 25 cm in the sediment, which was 4-fold higher than
observed at the same depth in May.

The content of HCl-extractable total Fe was 2526 mgkg ™' dry
weight (hereafter presented as mgkg™") at the sediment-water
interface, and increased to 14,846 mgkg ™' at the 10-15 cm depths,
and then showed an overall decreasing trend with depth in May
(Fig. 1D). The content of HCl-extractable Fe*" showed a similar curve
to the total Fe with higher values of 8326-14,698 mgkg ™' at the
depths between 5 and 15 cm. The percent of HCl-extractable Fe** to
total Fe content was 77% at the sediment-water interface, increased
to 95% at the depths between 10 and 15 cm, and averaged 94% for
the remaining depths in May. The HCl-extractable total Fe content
was lower overall in the upper sediments in July than in May
(Fig. 1E). The HCl-extractable total Fe content in the sediments in
July showed an increasing trend from 10 to 60 cm with a drop at the
depth of 45-50cm in the sediments. In July, the percent of HCl-
extractable Fe’' to total Fe was 29% at the sediment-water
interface, increased with depth to 67-68% at the depth of 25-30 cm,
and then kept stable with a range of 73-78% for the remaining
depths. X-ray diffraction analysis showed that Fe30, and FeS, were
the main forms of Fe, accounting for 1.65% and 0.16%, respectively,
in the sediments in July, which was higher than the HCl-extractable
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Fig. 1
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Sediment depth profiles for dissolved CH, concentration and HCl-extractable iron contents in the seep site (70°22.669'N, 157°

20.925°W) in Lake Qalluuraq near Atqasuk on the North Slope of the Brooks Range in Alaska. Images of CH, ebullition at the water surface
above the persistent seep location in May (A) and July (B), 2009. Dissolved CH, concentration (C), HCl-extractable total Fe, Fe*" and the
percent of Fe®" to total Fe of the seep-associated sediments (n = 3) collected in ice-covered May (D) and ice-free July 2009 (E). Error bars

indicate standard deviation.

Fe, likely owing to the low extraction of Fe304 (Supplementary
Table S1).

The bacterial abundance was highest in the upper sediments
(0-15cm) in July with 2.3 x 108 to 5.2 x 108 copies g’1 (Fig. 2A). As
the sediment depth increased from 20 to 70cm, the bacterial
abundance gradually decreased from 6 x 10° to 1.3 x 10° copies g~
Archaea and aerobic methanotrophs were detected along the entire
70-cm sediment core. The maximum abundance of archaea and
aerobic methanotrophs were detected at 10-15 cm with 2.7 x 10°
and 3.7x10° copies g~ ', respectively. The T-RFLP profiles of
bacterial 16S rRNA genes from the original 0-70-cm sediment core
depth profile formed four groups in ordination space based on their
depth ranges 0-10, 10-20, 20-55, and 55-70cm (Fig. 2B and
Supplementary Fig. S3).

CH, oxidation potential in anoxic SIP microcosms

Based on the principal component analysis of T-RFLP profiles and
our finding that the position of the oxic-anoxic interface was
located 15cm below the sediment surface based on the same
core from the seep site [20], we selected the deeper 25-50 cm
sediment depths as the subject of anoxic SIP experiments. During
the SIP microcosm incubation, low CH,; consumption was
detected in the first 20 day (Fig. 3A, B). After 20 days, the CH,
consumption increased and varied over time. At the end of the
experiment, the total CH, consumption in the experimental SIP
microcosms was 0.028-0.030 mmolg et Weight”. The CH,4
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oxidation potentials of the experimental sediments ranged from
0.126 t0 0.136 pmol g~ ' d ™' (Fig. 3C). The addition of EA, SM, and/
or BES did not have a significant effect on the CH, oxidation
potential in any of the treatments (p > 0.587).

We supplied "*CH, and H,'®0 to incubations in order to track
the carbon and oxygen sources into the headspace CO, Within
the 20-day incubation, the §'3C and §'%0 values of the CO, in the
headspace of serum vials both increased with time (Fig. 3D),
suggesting that CHji-derived carbon and H,O-derived oxygen
were converted into CO,,

SIP targeting bacterial 16S rRNA genes

We conducted bacterial 16S rRNA gene cloning and sequencing to
identify bacteria active in assimilating CH,-derived carbon. Three
bacterial 16S rRNA gene clone libraries were established, including
the heavy (BH) and light (BL) fractions from the '*CH,-incubated
samples, and the heavy fractions from the '?CH,-incubated
samples as a control (BC). In the total, 135 bacterial 16S rRNA
gene clones were sequenced from the BH library. Of these, 70.2%
were assigned to Proteobacteria. Within the Proteobacteria, 54.1%
(73 out of 135 clones) were affiliated with Methylobacter, 7.4%
were affiliated with Methylotenera, 3.0% belonged to the genus
Rhodoferax, and others were assigned to Afipia, unclassified
Acetobacteaceae, unclassified Alphaproteobacteria, Thiobacillus,
Methylophilus, and unclassified Betaproteobacteria (Fig. 4). The
genera Gp6 and Gp7 in Actinobacteria were dominant (accounting
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Fig. 2 The microbial diversity in the samples from the sediment
cores. The abundance of bacteria, archaea, and methanotrophs
estimated using quantitative real-time PCR (qPCR) targeting
bacterial and archaeal 16S rRNA genes and pmoA based on the
dry weight of sediment (n = 3) (A), and principal component analysis
of bacterial terminal restriction fragment length polymorphism (T-
RFLP) profiles of 16S rRNA gene amplicons digested with Hhal for
DNA from the original sediment of 0-70 cm at 5 cm intervals (B),
which were collected in ice-free July 2009. The number embedded
within the sample name (i.e., BO, B5, B10, etc.) from 0 to 65 indicates
the depth of sediment samples (collected at 5-cm intervals) from 0-
5 to 65-70 cm. Error bars indicate standard deviation.

for 22.3% of the total clone sequences) in the BH library.
Bacteroidetes, Actinobacteria, Verrucomicrobia, Planctomycetes,
and unclassified bacteria were also found in the BH library. Only
a total of 14 bacterial 16S rRNA clones were obtained for the BC
library, possibly due to the low abundance of DNA in the heavy
fraction from the control treatment. The genera Rhodoferax and
Gp6 detected in the BH library were also present in the BC library.
Of the 83 bacterial 16S rRNA clones sequenced from the BL library,
65.9% were assigned to Proteobacteria. The genera Rhodoferax
and Methylobacter were both found in the BH and BL libraries.

SIP targeting archaeal 16S rRNA genes

We chose the primer set Ar309F/Ar915R to amplify archaeal 16S
rRNA genes for sequencing. All 71 archaeal 16S rRNA gene
sequences obtained from the heavy fractions from the labeled
DNA (CH) library belonged to the same operational taxonomic unit
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(OTU) (assigned by CAP3 sequence assembly program with 97%
similarity), and had a 99% similarity to freshwater sediment clone
Cad24-73 (AM851080). This clone was previously detected in
sediments of Lake Cadagno and was affiliated with the AOM-
associated archaeal (AAA) clade of Euryarchaeota [50] (Fig. 5). Of the
58 sequences from the heavy fraction of the unlabeled DNA (CO)
library, unclassified Thermoprotei and unclassified Methanosarcinales
were dominant and others were assigned to Methanosaeta,
unclassified Euryarchaeota and unclassified Methanomicrobia. Of
the 85 archaeal 16S rRNA genes sequenced from the light fractions
of the labeled DNA (CL) library, 50.6% were assigned to unclassified
Methanosarcinales, 22.4% belonged to unclassified Thermoprotei,
16.5% to Methanobacterium, and 8.2% to Methanosaeta.

Taxonomic profiling of the metagenomes

We performed shotgun metagenomic sequencing for the heavy
DNA from the "*CHy-incubated sediment and the total DNA from
the original sediment. A non-redundant catalog of 32,222 genes
was constructed with an average 4.72 Gbp clean data. Taxonomic
assignment showed that Proteobacteria, Cyanobacteria, Bacteroi-
detes, Acidobacteria, Actinobacteria, and Firmicutes predominated
in the heavy ('*C-labeled) DNA and the original sediment,
accounting for 64.3-66.4% of the taxonomically assigned reads
(Fig. 6). In the heavy DNA, Proteobacteria was the dominant
phylum, while Cyanobacteria was the predominant microorganism
in the original sediment.

In the heavy DNA from the '3CHg-incubated SIP sediment
(Fig. 6C), sequences affiliated with genera containing known
Gammaproteobacterial methanotrophs were detected, including
Methylobacter, Methylocaldum, Methylococcus, Methylomarinum,
Methylomicrobium, Methylomonas, Methylosarcina, and Methylovu-
lum, accounting for 46.0% of the taxonomically assigned reads.
Among them, Methylobacter (27.0%) was the most abundant
Gammaproteobacterial methanotroph. With the extended incuba-
tion time (240 days), CH,-derived carbon could have flowed into
more microorganisms by crossing-feeding processes, such as
through formaldehyde secretion, CO, emission, or decay of
methanotrophic biomass followed by assimilation by other
organisms [51]. Among the top 50 genera in assimilating CHy4-
derived carbon, 24 genera were related with nitrogen, sulfide,
metal (mainly iron), and electron transport such as Desulfovibrio,
Methylotenera, Pseudomonas, Geobacter, Rhodoferax, Shewanella,
Acidithiobacillus, and Chlorobium with the total relative abundance
of 5.9% (Supplementary Table S2).

Acaryochloris, a member of Cyanobacteria was also among the
top 50 genera that assimilated CH,-derived carbon. Cyanobacteria
including Pseudanabaena, Scytonema, Nostoc, Leptolyngbya, Oscil-
latoria, and Gloeocapsa were also listed the 100 genera assimilat-
ing CH4-derived carbon. “Candidatus Metylomirabilis oxyfera” was
not detected in the heavy DNA.

In the original sediment microbial community, Cyanobacteria
was the most abundant phylum. Of the top 50 genera, 42 were
affiliated with the phylum Cyanobacteria, accounting for 54.6% of
the taxonomically assigned reads (Fig. 6D). In the top 100 genera,
49 genera were non-Cyanobacterial with the relative abundance
of 4.3% (Fig. 6E). Of them, 18 genera were detected in both the
heavy DNA and the original sediment and accounted for 2.1% of
the assigned reads. Gammaproteobacterial methanotrophs includ-
ing Methylobacter, Methylomicrobium, Methylomonas and Methy-
lovulum and Alphaproteobacterial methanotroph Methylosinus
were listed in the top 100 genera, accounting for 0.5% the
taxonomically assigned reads.

Genes involved in CH,; oxidation, nitrogen, hydrogen and
iron metabolism

The first step of CH, oxidation to methanol is catalyzed by MMO.
The genes pmoC, pmoA, or pmoB annotated as part of the pmo
operon encoding pMMO (named pmo genes) was detected in the
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Fig. 3 CH,; oxidation activities of sediments in the stable-isotope-probing (SIP) microcosm. The average CH, concentration in the
headspace (A), average CH, oxidation potential at each time point (B) and average CH, oxidation potential of each treatment during the
whole SIP microcosm incubation (240 d) (C), and the §'3C and §'80 of CO, in the headspace of the serum vials without the addition of
inhibitors or electron acceptors (D) (n = 3). Five treatments were constructed by adding 2-bromoethanesulfonic acid (BES, a methanogen-
specific inhibitor) and/or sodium molybadate (SM, a specific inhibitor for sulfate reduction), or Na,SO, (EA, as a supplementary electron
acceptor) into the vials to adjust the final concentrations of BES, SM and Na,SO, to 10, 5,and 3 mM, respectively. The five treatments were as
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deviation. Error bars are not shown in A and B for visual clarity.

original sediment and the heavy DNA with a relative abundance of
0.0056% and 0.092%, respectively (Fig. 7). All pmo genes were
taxonomically assigned to cultured aerobic methanotrophs based
on MEGAN. The gene mmoX, encoding soluble MMO (sMMO), was
not detected in the original sediment or the heavy DNA. Methanol
is subsequently oxidized by either a calcium-dependent MxaF-
type or a lanthanide-dependent XoxF-type methanol dehydro-
genase encoded by mxa annotated as part of the mxa operon and
xoxF, which were detected with the relative abundances of 0.135%
and 0.019%, respectively, in the heavy DNA. In addition to aerobic
methanotrophs, some mxa and xoxF sequences were associated
with methylotrophs. The fdhA gene, encoding particulate
cytochrome-linked formaldehyde dehydrogenase, was detected
in the original sediment and the heavy DNA, but it was not
affiliated with aerobic methanotrophs. The relative abundance of
genes involved in the tetrahydromethanopterin (H;MPT)-depen-
dent oxidation of formaldehyde to formate, including fae, mtdB,
mch, and ftr [52], ranged from 0.0001 to 0.002% in the original
sediment and from 0.015 to 0.044% in the heavy DNA and were all
associated with aerobic methanotrophs. The relative abundance
of genes potentially involved in H,F-dependent oxidation of
formaldehyde to formate, including mtdA and fch, ranged from
0.0004 to 0.002% in the original sediment and from 0.013 to
0.015% in the heavy DNA, however, fhs, encoding formyl-H,F
synthetase, was not detected. Additionally, the genes gfa, frmA,
and frmB, potentially involved in glutathione-dependent formal-
dehyde oxidation, were not detected in the original sediment or
the heavy DNA, except for frmA, which was detected in the
original sediment but was not associated with aerobic
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methanotrophs. These results suggest that formaldehyde was
mainly oxidized by the H;MPT-dependent pathway in the anoxic
SIP incubation.

Genes potentially involved in nitrogen metabolism, including
nitrogen-fixation and denitrification, were also detected in the
heavy DNA. The reduction of nitrate to nitrite can be catalyzed by
two different putative membrane-associated dissimilatory nitrate
reductases, i.e., the cytoplasmic electrogenic enzyme complex
NarGHI (narGHI) (transmembrane nitrate reductase, NAR) and the
periplasmic enzyme complex NapAB (napAB) (periplasmic nitrate
reductase, NAP) [26]. Of them, nap was not detected in the
original sediment or the heavy DNA, but narG, narH, and narl
were present and were mainly associated with aerobic methano-
trophs. The genes for nasA, encoding assimilatory nitrate
reductase was detected in the heavy DNA, but none were
associated with aerobic methanotrophs. The gene annotated as
encoding the copper-containing nitrite reductase, nirK, was
detected in the original sediment and the heavy DNA, of which
17.9% and 54.7% were associated with aerobic methanotrophs.
However, we did not detect nirS, encoding the cytochrome cd1
nitrite reductase in the original sediment or the heavy DNA. The
relative abundance of norBC genes, encoding nitric oxide
reductase, ranged from 0.014 to 0.017% in the heavy DNA and
most were associated with aerobic methanotrophs. Additionally,
the genes potentially involved in nitrogen fixation, including nifD,
nifH, and nifK, and the gene hao (annotated as encoding
hydroxylamine oxidoreductase), were also detected in the
original sediment and the heavy DNA and were all associated
with aerobic methanotrophs.
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The genes hyaA and hyaB, encoding group 1d [NiFe] hydro-
genase, and the genes potentially involved in bidirectional
hydrogenase including hoxH, hoxY, hoxU, and hoxF were detected
in the original sediment and were mainly associated with aerobic
methanotrophs and Cyanobacteria. Of them, 5.6-72.0% of hoxH,
hyaB, and hoxY were associated with aerobic methanotrophs. All
hyaA, hoxU, and hoxF genes detected were affiliated with aerobic
methanotrophs. The genes potentially involved in hydrogen
metabolism including hydrogenase and bidirectional hydrogenase
were also detected in the heavy DNA, of which over 67.1% were
associated with aerobic methanotrophs. Additionally, the homo-
logs of genes mtrA and mtrC, encoding mtrA and mtrC
cytochrome, which may be potentially involved in iron reduction
[53], were detected in the heavy DNA. The homologs of gene cyc/
were also detected in the original sediment and the heavy DNA
that encodes Cyc1 protein, which is a member of the cytochrome
c4 family of high-redox-potential proteins and may be potentially
involved in iron oxidation [54]. Over 72.2% of the detected
homologs of gene cycl were affiliated with aerobic methano-
trophs. However, we did not detect mtrB and cyc2 genes and their
homologs, which are potentially involved in iron oxidation and
reduction [52, 53], in the original sediment or the heavy DNA.

DISCUSSION

In this study, we found that microorganisms typically classified as
aerobic methanotrophs were present and active in assimilating
CH,4-derived carbon during anoxic incubations using sediments
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collected from an active CH, seep in an Arctic lake. Aerobic
methanotrophs were present in sediments down to at least 70 cm
deep at the active CH, seep, despite being under persistently
anoxic conditions. In anoxic SIP mesocosms using lake sediments
obtained from 25 to 50 cm deep, CH,4 assimilation was dominated
by Gammaproteobacterial methanotrophs, including Methylocal-
dum, Methylococcus, Methylomarinum, Methylomicrobium, Methy-
lomonas,  Methylosarcina, =~ Methylovulum, and  especially
Methylobacter. Methylobacter has also been reported to be
abundant in the Beggiatoa mats and the anoxic center of the
Haakon Mosby Mud Volcano in CH,-rich sediments with an O,
penetration depth of only a few millimeters or less [19, 55, 56].
Although counterintuitive, similar findings of aerobic methano-
trophs thriving under anoxic conditions and actively oxidizing CH,
despite their obligate aerobe designation have been reported
from other environments as well [19, 22-24, 57, 58].
Metagenomic analyses of heavy DNA revealed that the Gamma-
proteobacterial methanotrophs active in our anoxic SIP sediment
experiment have substantial metabolic flexibility. In addition to
having genes associated with the production of the CH,-oxidation
intermediates such as methanol, formaldehyde, and formate and
the H,MPT-dependent oxidation of formaldehyde, methanotrophs
that assimilated CH,4-derived carbon had genes for nitrogen cycling
and hydrogen processing. Despite the presence of genes associated
with nitrate reduction in methanotrophs, CH, oxidation was unlikely
to be coupled to denitrification in the SIP mesocosms or in situ,
owing to the extremely low levels of dissolved inorganic nitrogen
(0.6-1.3 uM, including NH,™-N concentration of 0-0.7 uM and the
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NO; -N concentration of 0.6uM in July water samples). CH,
oxidation also was apparently not linked to sulfate reduction, since
amendment of mesocosms with sulfate or an inhibitor of sulfate
reduction had no effect on CH,; oxidation. However, iron was
notably abundant in sediments in levels stoichiometrically sufficient
to serve as an electron acceptor for oxidation of the high quantity of
CH, in the SIP mesocosms, where Fe*' molar mass in sediments was
4.46 times of that of CH, consumption in the mesocosms (calculated
by Fe;0, based on the X-ray diffraction analysis, Supplementary
Table S1; As noted previously, there is some possibility of iron
oxidation during sample storage that may have contributed to Fe**
levels some degree) (Supplementary information). Organisms that
derived carbon from CH, included known iron reducers such as
Desulfovibrio and Shewanella [59]. Additionally, the genes possibly
involved in iron oxidation and reduction such as mtrAC and cycl
were also present in the heavy '>*C-DNA. Based on the evidence, we
propose that aerobic methanotrophs were active in assimilating CH,
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or CH,-derived intermediates under anoxic conditions in these
sediments, and that this might be coupled to iron reduction,
although further study is required to definitively determine which
electron acceptor(s) are utilized in these sediments. Furthermore,
these aerobic methanotrophs were metabolically flexible, with the
genetic potential to perform some nitrogen cycling and hydrogen
metabolism processes that might aid in sustaining their anoxic
methanotrophy under certain conditions (Fig. 8).

Aerobic methanotrophs are known to possess genes associated
with nitrogen metabolism and can contribute to nitrogen cycling
in the environment [26, 60, 61]. Although denitrification was
unlikely to be coupled to CH, oxidation in our incubations or
in situ due to low inorganic nitrogen levels, the active aerobic
methanotrophs possessed the genetic potential to do so, which
might have relevance in more N-rich environments. Genes for
denitrification, including narGHI, nirK, and norBC (Fig. 8), have
been proposed as a means of energy conservation for aerobic
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Fig.6 Shotgun metagenomic sequencing data for total DNA from the sediment cores (the original sediment of 25-50 cm depth) and the

heavy DNA from its

CHj-incubated samples. The phylum-level microbial community composition in the heavy DNA (A) and the original

sediment (B), relative abundance of the top 50 genera in the heavy DNA (C), relative abundance of the top 50 genera in the original sediment
(D), and the top 100 genera belonging to non-Cyanobacteria phyla in the original sediment (E). The genera affiliated with Proteobacteria in
C identified with dotted rectangles may be associated with the metabolism of nitrogen, sulfide, metal (mainly iron) and electron transport
based on reports in the literature (Supplementary Table S2). Taxonomic assignment of predicted genes was carried out using MEGAN (version
5.3) and subjected to BLASTX analysis using the NCBI-nr database (2016-09). The relative abundance of members of each taxonomic level was
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metagenome.

methanotrophs under O,-limitated conditions [26]. In our study,
nap was not detected but narG, narH, and narl were present in the
original sediment and the heavy DNA, and were mainly associated
with aerobic methanotrophs, based on taxonomic classification by
MEGAN. This indicated that aerobic methanotrophs could
potentially utilize NAR during denitrification rather than NAP,
which provides theoretically greater energy conservation through
pmf-driven ATP synthesis under anoxic conditions [26, 62]. More
relevant to our N-limited system, genes potentially involved in
nitrogen fixation including nifD, nifH, and nifK, and the gene hao
annotated as encoding hydroxylamine oxidoreductase were also
detected in heavy DNA and were annotated as associated with
aerobic methanotrophs. This indicated that some aerobic
methanotrophs might potentially fix nitrogen and use hydro-
xylamine oxidoreductase to oxidize and detoxify hydroxylamine
[61], which might supply nitrogen for microbial metabolism.

The aerobic methanotrophs active in our SIP mesocosms also
possessed the genetic potential for hydrogen metabolism.
Molecular hydrogen is thought to be an alternative means for
energy conservation in aerobic methanotrophs, providing an
energetic advantage over methanotrophy under O,-limited
conditions [63]. Molecular hydrogen also can be used by aerobic
methanotrophs such as Methylococcus capsulatus (Bath) as a
source of reducing power for CH, oxidation, driving MMO
activities in the presence or absence of O, [64, 65]. However,
the mechanism for hydrogen-driven MMO activity has not been
investigated in detail. Respiratory-linked hyaAB hydrogenases
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affiliated with aerobic methanotrophs were present in our heavy
DNA, and might potentially provide energy to sustain chemo-
lithoautotrophic growth of aerobic methanotrophs on hydrogen
[66, 67]. Mixotrophic growth (oxidation of both hydrogen and CH,)
in the thermoacidophile Methylacidiphilum sp. RTK17.1 has been
observed under O,-limited conditions and was proposed to
provide a competitive advantage over obligate methanotrophy at
oxic/anoxic soil boundaries within geothermal environments [68].
Hydrogen metabolism in aerobic methanotrophs has also been
reported to increase the production of intracellular glycogen
reservoirs under O,-limited conditions [63, 68], which can serve to
store carbon and energy and to maintain intracellular redox states.
And, these hydrogen-driven MMO activities of aerobic methano-
trophs have been observed under both O,-limited and anoxic
conditions [64], making their role in sediment systems worthy of
future investigation.

The diverse metabolic capabilities of the organisms assimilating
CH4 in our mesocosms raised the question of which electron
acceptor(s) might be actively utilized by the consortium as it
oxidized CH, or its intermediates, such as methanol and
formaldehyde (given the detection of H;MPT-dependent oxida-
tion pathway, which is common in AOM [9]). In addition to aerobic
methanotrophs, microorganisms associated with the metabolism
of nitrogen, sulfide, metal (mainly iron), and electron transport
such as Desulfovibrio, Pseudomonas, Geobacter, Rhodoferax She-
wanella, Acidithiobacillus, and Chlorobium were also active in
assimilating CH,4-derived carbon. As noted previously, conditions
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in situ and in our incubations made denitrification and sulfate
reduction highly unlikely, we suspected that the H,MPT-
dependent oxidation of formaldehyde might be achieved mainly
with metal reduction, specifically iron, due to the sediments being
very iron rich. ANME were also detected in the heavy DNA that
had a 99% similarity to anaerobic freshwater sediment clone
Cad24-73 (AM851080) [50], an organism taxonomically related to
the Methanoperedenaceae family, which has the ability to oxidize
CH,4 coupled to iron reduction [16, 17]. Moreover, two predicted
genes were taxonomically assigned to microbes that were
abundant in the heavy DNA: Acidithiobacillus, the only autotrophic
bacterial genus that includes species capable of anaerobic sulfur
oxidation with ferric iron as an electron acceptor [69, 70], and the
iron-oxidizing sulfur bacterium Chlorobium ferrooxidans. The active
cycling of iron might aid in providing electron acceptors for the
oxidation of CH, and its metabolites.

The potential free energy for CH, oxidation coupled to iron
reduction was energetically favorable in our SIP microcosms, based
on simplified free energy yield estimates: Fe(OH)z;, CH, + 8Fe(OH);
+15H" - HCO3 ™ + 8Fe?™ +21H,0 AG = —341.2kJmol™" (Sup-
plementary information). In other lake systems, the growth of
Gammaproteobacterial methanotrophs have been stimulated by
the addition of Fe®" under anoxic conditions with a CH,
assimilation of 7.5 + 2.1 fmol Ccell ' d™' [22]. And, in a sub-Arctic
lake sediment in Alaska, iron was also identified as a potential
electron acceptor supporting CH,4 oxidation [19]. The mechanism
linking methanotrophs designated as aerobes with concurrent
metal reduction under anoxic conditions is still not clear.

A co-culture-based SIP study of syntrophic AOM coupled to iron
reduction revealed that methanotrophic bacterium Methylomonas
had mtd, encoding methylene-H,MPT dehydrogenase, which was
absent in the heavy DNA of syntrophic partner Methanobacterium.
This was likely due to AOM intermediates being used as an
electron source for ferrihydrite reduction by the partner bacterium
[71]. Additionally, potential homologs of the gene mtrC (encoding
mtrC cytochrome, which may be potentially involved in iron
reduction [53]) detected in the original sediment and the heavy
DNA were affiliated with aerobic methanotrophs, although an
more detailed analysis revealed them to be hypothetical
membrane fusion proteins and their function was not clear. This
suggested that aerobic methanotrophs might potentially transfer
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electrons to solid minerals [72], although further verification is
needed. The use of solid external electron acceptors such as iron
oxides and electrodes may be a survival strategy of methano-
trophs to maintain their intracellular redox state in the presence of
electron donors such as formate and methanol [73]. Future
experiments investigating the role and mechanisms of iron
reduction by microbial consortia are warranted for iron-rich, O,-
limited systems such as our Arctic lake sediments.

A lower ratio of HCl-extractable Fe?' to total Fe in the
deeper sediments in situ pointed to a high redox potential in
the deeper seep sediment under ice-free conditions compared to
the ice-covered season, although we cannot entirely rule out that
sample storage may have enabled iron oxidation leading to some
measurement error of Fe*" (Fig. 1). The apparent iron redox
gradient along the sediment depth profile might be attributed to
extensive aeration of lake water and sediments during the open
water season due to wave action. The active turbation and settling
of sediments at this seep might enable aerated water to penetrate
deeper into sediments and oxidize iron. Additionally, the Fe and
CH,4 profiles in the CH,4 seep site suggest that reduction of this
oxidized iron (Fe*") may be spatially correlated with the oxidation
of CH,4 or its intermediates like formaldehyde. Alternatively, iron
reduction may be linked with the decay of organic matter
originating from microbial biomass, including the primary
producers Cyanobacteria, which were abundant in sediment
communities. A high Fe content was detected in the sediment
10-15-cm deep under ice cover in May. This might be attributed
to reduced Fe*" being soluble and subject to upward flux to
10-15 cm, where it could be oxidized in the later summer/fall.
Then, the Fe** might potentially serve as an electron acceptor
reservoir supporting CH, oxidation as ice cover occurred and O,
levels declined.

Cyanobacteria were dominant members of our 25-50-cm-
deep original sediment community, likely due to turbation and
settling of sediments at this highly active seep (Fig. 6D). Also,
Cyanobacteria assimilated CH,4-derived carbon in anoxic SIP
mesocosms, including members of the genera Acaryochloris,
Pseudanabaena, Scytonema, Nostoc, Leptolyngbya, Oscillatoria,
and Gloeocapsa (Fig. 6C). The presence of metabolically active
Cyanobacteria in anoxic mesocosms might be attributed to the
cross-feeding of CH,4-derived carbon, owing to their ability to
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grow mixotrophically or heterotrophically on organic matter,
which also might enable Cyanobacteria to survive through non-
photosynthetic mechanisms after burial deeper into the sedi-
ment [74].

The analysis of §'80 enrichment of CO, derived from '®0-H,0
in the headspace of serum vials showed that it increased over time
within the 20-day incubation (Fig. 3D). There are several possible
pathways for the conversion of 180-H,0 into '®0-CO, such as (1)
the degradation of organic matter, (2) hydrolysis of H,O into OH™
and then conversion into CO,, and (3) "0 exchange between CO,
and H,O [15, 75-77]. Further studies need to be conducted to
determine which process(es) were involved in the conversion of
80-H,0 into '80-CO, in the SIP mesocosms. Additionally, we also
cannot rule out the possibility of some low-level "0, production
from '80-H,0 via photosynthesis by Cyanobacteria during the SIP
incubation, followed by the use of this labeled O, in CH, oxidation,
since the serum vials were exposed to ambient laboratory lighting
for 4-6 h every 20 days when determining gas concentrations and
exchanging headspace gas. Considering the minimal light
exposure during the SIP experiment, we estimated that any
possible O, production from photosynthesis was very low
(Supplementary information). Although we also could not exclude
rare O, leakage during sampling or flushing of bottles, O,
produced in mesocosms on these rare occasions would be
insufficient to explain the large quantity of CH, oxidized in the
otherwise anoxic mesocosms.

Taken together, our study indicated that aerobic methanotrophs
were abundant and active in the deeper seep-associated
sediments and in the anoxic SIP mesocosms. Aerobic methano-
trophs possessed metabolic flexibility to produce CH, oxidation
intermediates and to utilize them (i.e. via the H4MPT-dependent
oxidation of formaldehyde), as well as the potential capacity for
hydrogen oxidation and denitrification using narGHI, nirK, and
norBC. These capabilities might provide these organisms additional
means for survival through conserving energy and maintaining a
favorable intracellular redox state under anoxic conditions. Based
on the geochemistry of the lake and sediments, including low
inorganic nitrogen and sulfate levels, iron, which is highly

SPRINGER NATURE

abundant, was identified as the most likely potential electron
acceptor. These findings contribute to the effort to understand CH,
oxidation under anoxic conditions and to reconsider the role that
methanotrophs designated as obligately aerobic may play in the
CH, cycle in the Arctic, especially lakes that experience extended
O, limitations annually while ice covered.
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