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• Anaerobic oxidation of CH4 (AOM) was
a major sink in the water of 4 Siberian
lakes.

• AOM mitigated 60–100% of the pro-
duced CH4.

• All four lakes shared the same predomi-
nant methanotrophs in AOM hotspots.

• AOM was attributed to Methylobacter
and otherMethylomonadaceae.

• Methanotrophs co-occurred with deni-
trifiers and iron-cycling partners.
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Arctic lakes emitmethane (CH4) to the atmosphere. Themagnitude of thisflux could increasewith permafrost thaw
butmight also bemitigated bymicrobial CH4 oxidation.Methane oxidation in oxicwater has been extensively stud-
ied, while the contribution of anaerobic oxidation of methane (AOM) to CH4 mitigation is not fully understood.We
have investigated four Northern Siberian stratified lakes in an area of discontinuous permafrost nearby Igarka,
Russia. Analyses of CH4 concentrations in the water column demonstrated that 60 to 100% of upward diffusing
CH4 was oxidized in the anoxic layers of the four lakes. A combination of pmoA and mcrA gene qPCR and 16S
rRNA gene metabarcoding showed that the same taxa, all withinMethylomonadaceae and including the predomi-
nant genusMethylobacter as well as Crenothrix, could be themajormethane-oxidizing bacteria (MOB) in the anoxic
water of the four lakes. Correlation between Methylomonadaceae and OTUs within Methylotenera, Geothrix and
Geobacter genera indicated that AOMmight occur in an interaction betweenMOB, denitrifiers and iron-cycling part-
ners.We conclude thatMOBwithinMethylomonadaceae could have a crucial impact onCH4 cycling in these Siberian
Arctic lakes bymitigating themajority of produced CH4 before it leaves the anoxic zone. Thisfinding emphasizes the
importance of AOM byMethylomonadaceae and extends our knowledge about CH4 cycle in lakes, a crucial compo-
nent of the global CH4 cycle.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

High-latitude lakes, mostly located in permafrost-dominated area
(Smith et al., 2007), are major sources of methane (CH4) to the atmo-
sphere. It has been estimated that lakes located above 50° of northern
latitude are responsible for 18.8 Tg y−1, i.e. 26% of total lake CH4 emis-
sions that are estimated to 71 Tg y−1 (Saunois et al., 2019). Lake CH4

emissions represent about 19% of non-anthropogenic global CH4

sources in bottom-up estimations. According to the International
Panel on Climate Change (IPCC, 2013), the global mean surface temper-
atures are projected to increase between 1.7 °C and 4.8 °C by 2100 and
the climate is changing twice as fast in the Arctic (Cohen et al., 2014).
Under the global warming scenario of +2 °C, the reduction of perma-
frost area by 40% due to thawing (Chadburn et al., 2017) will disturb
the arctic biome hydrology through lake and pond formation, expan-
sion, and drainage (Vonk et al., 2015). Permafrost region comprises
50% of the global soil organic carbon stock (Hugelius et al., 2014;
Strauss et al., 2017) and therefore future thawing is likely to shift the
balance of the global carbon cycle by making organic carbon available
to microbial decomposition and conversion into CH4 (McGuire et al.,
2009; Wik et al., 2016). From the global mean radiative forcing of
2.83Wm−2 for well mixed greenhouse gases, CO2, CH4 and N2O repre-
sent 64%, 17% and 6%, respectively (Myhre et al., 2013). However, when
considering aquatic waterbodies (lakes and impoundments), the indi-
vidual contributions of CH4, CO2 and N2O to total radiative forcing
range between 71.8 and 77.8%, 19.6 and 26.1%, and 2.0 and 2.6%, show-
ing that CH4 emissions in these ecosystems have the highest positive
feedbackon globalwarming (DelSontro et al., 2018a). Thus themicroor-
ganisms and metabolic pathways controlling CH4 emissions must be
better constrained in order to understand the link between changing
Arctic permafrost ecosystems and global climate (Boetius, 2019; Singh
et al., 2010).

Biogenic CH4 production by methanogenesis in lakes occurs primar-
ily under highly reduced conditions in the sediments where organic
matter is decomposed, while emissions of CH4 from lake sediments to
the atmosphere are significantly mitigated by CH4 oxidation in the
water column (Bastviken et al., 2008). Aerobic CH4 oxidation is carried
out bymethane-oxidizing bacteria (MOB) using CH4 as a carbon and en-
ergy source, the initial step of CH4 oxidation being catalyzed by the
methane monooxygenase enzyme. Aerobic MOB belong to three line-
ages,γ-Proteobacteria,α-Proteobacteria andVerrucomicrobia,with dif-
ferent carbon assimilation pathways (Knief, 2015). Using genome-
based taxonomic classification, the MOB within γ-Proteobacteria (γ-
MOB) were recently reassigned to three families, Methylococcaceae,
Methylomonadaceae and Methylothermaceae (Parks et al., 2018). Most
γ-MOB grow solely on CH4, some also on its C1-derivative methanol
(Chistoserdova and Lidstrom, 2013). MOB within α-Proteobacteria
that were formerly assigned to the families Methylocystaceae and
Beijerinckiaceae have recently been merged into Beijerinckiaceae (Parks
et al., 2018). The Beijerinckiaceae lineage includes obligate and faculta-
tive MOB, which grow primarily on CH4 but also a range of methyl-
and multi‑carbon substrates (Khmelenina et al., 2018; Tamas et al.,
2014). The third group of MOB belongs to theMethylacidiphilaceae fam-
ily within Verrucomicrobia and use methane only as an energy source
while fixing CO2 for cell synthesis through the Calvin-Benson-Bassham
pathway (Khmelenina et al., 2018).

The understanding of the CH4 cycling in freshwater ecosystems
based on methane production in sediments and methane oxidation in
oxic water has been substantially improved over the last decades with
the discovery of (i) methane production in oxic layers (Bogard et al.,
2014; Grossart et al., 2011; Schulz et al., 2001) and (ii) anaerobic oxida-
tion of methane (AOM). AOM activity was reported decades ago in lake
water samples (Panganiban et al., 1979) and marine or freshwater sed-
iments (Barnes and Goldberg, 1976; Zehnder and Brock, 1980). In sed-
iments, AOM can be carried out by anaerobic methane-oxidizing
archaea (ANME) within the class Methanomicrobia (Joye, 2012;
Knittel and Boetius, 2009; Shen et al., 2019; Valentine et al., 2000;
Winkel et al., 2019) that couple CH4 oxidationwith the reduction of sul-
fate, nitrate, nitrite, metal oxides or organic matter (Joye, 2012; Thauer,
2010; Valenzuela et al., 2019). Beside, AOM can also be carried out by
Bacteria, attributed to Candidatus Methylomirabilis (NC10 phylum)
through CH4 oxidation catalyzed by the methane monooxygenase en-
zyme, coupled to nitrite dismutation, i.e. production of intracellular ox-
ygen used to aerobically oxidize CH4 (Ettwig et al., 2010). In anoxic
water, NC10 clade dominated the microbial community in two lakes
(Graf et al., 2018; Mayr et al., 2019). A few studies reported the preva-
lence and activity of presumably aerobic γ-MOB in anoxic waters (van
Grinsven et al., 2020; Milucka et al., 2015; Oswald et al., 2016b, 2015;
Rissanen et al., 2018). Out of four lakes, a niche-partitioning analysis
conducted on methane-oxidizing bacteria concluded that some strains
within Crenothrix and Methylobacter (Methylococcales) preferred
oxygen-deficient conditions (Mayr et al., 2019). MOB could survive for
a certain time under anoxic conditions without being active, between
intermittent periods of O2 availability (Blees et al., 2014). The micro-
aerobic MOBMethylospira mobilis (Methylococcaceae) has been recently
isolated from northern wetland and shows adaptation to micro-oxic
habitats. Its survival capacity to a wide range of O2 concentrations has
been attributed to low- and high-affinity oxidases (Oshkin et al.,
2019). The recently proposed mechanisms underlying the hypoxia
stress response inMethylobacter involve a complex interconnection be-
tweennitric oxide reductase, quorumsensing, the secondarymetabolite
tundrenone, and methanol dehydrogenase functions (Yu et al., 2020).
Until now, MOB activity has been evidenced in hypoxic and
microaerobic pure cultures, but not in strictly anaerobic ones, to our
knowledge. However, the metabolic basis and origin of oxygen for
AOM by aerobic MOBwithin interacting microbiomes, has not been de-
scribed. Furthermore, the contribution of this puzzling phenomenon to
the CH4 budgets in lakes remains to be estimated.

A Northern Siberian lake in which themethane oxidation rate in the
anoxic water was high enough to fully mitigate the CH4 flux from the
bottom was recently reported (Thalasso et al., 2020). Here, we show
that AOM substantially mitigated CH4 in the anoxic waters of three
neighbouring stratified lakes. By combining CH4 diffusion-reaction
modelling with in-depth analysis of the microbial key players, we pro-
vide the first evidence that Methylomonadaceae could act as a major
CH4 sink in anoxic lake water.

2. Material and methods

2.1. Field sites

Four stratified glacial lakes under thermokarstic influence were
sampled in August 2016 (L1, L2, L3, L4) around Igarka, Russia
(67.465°N, 86.578°E), on the eastern bank of the Yenisei river. The
lakes are located in a discontinuous permafrost area (Streletsky et al.,
2015) characterized by a patchwork of boreal forest, lakes and
peatlands, including palsa complexes. Annual mean temperature is
8.3 °C, the annual precipitation is 495 mm and the elevation is around
55 m AMSL. The lake areas ranged from 0.7 to 6.5 ha, and the lake max-
imum depths ranged from 6 to 12 m.

2.2. In situ physico-chemical characterization

Before sampling, the water column was characterized at the center
of the lakes at two replicate locations a few meters apart (A, B). Since
L2 is formed by two distinct basins (Thalasso et al., 2020), a location
from the second basin was added, approximately 200 m to the west
and called location D. Dissolved oxygen (DO), with a detection limit of
10 μg L−1, temperature, pH, conductivity and redox potentialweremea-
sured with a multiparametric probe (HI 9828, Hanna Instrument,
Woonsocket, RI, US).
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Dissolved CH4 concentrations along the water column were deter-
mined using a membrane-integrated cavity output spectrometry (M-
ICOS) method (Gonzalez-Valencia et al., 2014). This method, described
in more detail in the Supplementary material, is based on a gas-liquid
equilibration module. Briefly, a continuous flow of water, pumped
from the desired depth of the water column, is forced to equilibrate
with a continuous flow of CH4- and CO2-free nitrogen, which is then
measured with an ultraportable greenhouse gas analyzer (UGGA;
Model 30P, Los Gatos Research, San Jose, CA, USA). After proper calibra-
tion, this method allowed for the continuousmeasurement of dissolved
CH4 at high-resolution, with a frequency of 1 s−1. Thus, a weighted
probe containing a water filter and connected to a water pump and
the M-ICOS device was continuously lowered at constant speed, trough
thewater column,which allowed for about 50 dissolved CH4 concentra-
tion data points permeter of water column. The lower detection limit of
the method under the present configuration was 5 nmol L−1. Vertical
CH4 fluxes through the water column and the net methane production
rate (NMPR) within the water column were derived from the estima-
tion of turbulent diffusion of CH4 across the concentration gradient ac-
cording to the method established previously (Kankaala et al., 2006),
also described in the Supplementary material.

As itwill be shown in the results and discussion section,we observed
in all lakes that the epilimnion and the hypolimnionwere segregated by
a layer of water column where dissolved CH4 concentration was mini-
mum. This layer, that acted as a buffer zone between hypo- and epilim-
nion, was called minimum methane zone (MMZ). From that
observation, we characterized the CH4 mass balance with four parame-
ters. First, the total CH4 oxidation in the hypolimnionwas established by
integration of the NMPR over the entire hypolimnion depth, expressed
per unit of lake area, and identified as rAOM hereafter. Second, the verti-
cal CH4 exchange rate between the epilimnion and the MMZ was
established from themaximal flux determined at the interface between
both layers and identified as rMMZ hereafter. Third, CH4 and CO2 fluxes
from the lakes to the atmosphere were determined using the static
chamber method at the surface of the lakes in a recirculation mode
coupled to the UGGA (Gerardo-Nieto et al., 2017). These fluxes were in-
cluded into the CH4 mass balance and identified as rATM hereafter.
Fourth, a mass balance over the epilimnion showed that rMMZ and
rATM, both being CH4 output, must be compensated by an equivalent
input. This input was also considered in the CH4 mass balance, as the
sum of rMMZ and rATM, and identified as rEPI hereafter. Details of the
methods used to determine fluxes, rAOM, rMMZ, repi and rATM are pro-
vided in the Supplementary material.

2.3. Sampling and physicochemical analysis

Water samples (one from the oxic epilimnion and one from the an-
oxic hypolimnion) were collected at replicate points A and B in all lakes
with a water sampler (2.2 L Van Dorn Bottle). Water samples were col-
lected in the sameway from eight different depths at point D in L2 (1, 2,
4, 5, 6, 8, 9, 10 m-depth). Superficial sediments were sampled using a
mud-sampler. Water and sediment samples were kept at 4 °C for no
N24 h prior to further processing.

The stable isotopes of dissolved methane (δ13C-CH4 and δD-CH4)
and dissolved inorganic carbon (δ13C-DIC), dissolved organic and inor-
ganic carbon concentrations, optical properties of dissolved organic
matter, suspended solids, trace elements, major anion and cation con-
centrations, were analyzed in the water samples. The corresponding
material and methods are described in Supplementary material.

2.4. Prokaryotic community analysis

2.4.1. Sample preparation and DNA extraction
After prefiltration at 80 μm (nylon net filters, Merck Millipore, Cork

Ireland), water samples from each site were filtered at 0.22 μm (nitro-
cellulose GSWP membrane filters, Merck Millipore, Cork, Ireland) until
filter clogging, i.e. after 275 to 1480 mL of flow through, depending on
lake and depth. The 0.22-μm filter was frozen at −20 °C until DNA ex-
traction. DNA was extracted from the water filters and the sediment
with the PowerWater and PowerSoil DNA isolation kits, respectively
(MoBIO Laboratories, Inc., Carlsbad, CA, USA). The DNA extracts were
stored at−20 °C.

2.4.2. Quantitative PCR
The abundances of bacterial 16S rRNA gene (total Bacteria), archaeal

16S rRNA gene (total Archaea), pmoA gene (encoding the beta subunit
of particulate methane monooxygenase, phylogenetic marker for
MOB) andmcrA gene (encoding the alpha subunit of methyl coenzyme
M reductase, phylogenetic marker for methanogens and ANMEs) were
estimated by quantitative PCR (qPCR). All measurements were per-
formed in 20 μL duplicates with Takyon SYBR master mix (Eurogentec,
Liège, Belgium) and 0.4 ng of template DNA, using a CFX96
thermocycler (Bio-Rad Laboratories, Hercules, CA, US). Primer se-
quences and concentrations, thermocycling conditions, and standard
curve preparation are detailed in Supplementary Table S1.

2.4.3. 16S rRNA gene sequencing
The V4-V5 region of archaeal and bacterial 16S rRNA genes was am-

plified from the DNA extracts using 515F and 928R primers
(GTGYCAGCMGCCGCGGTA and CCCCGYCAATTCMTTTRAGT) (Wang
and Qian, 2009) and MTP Taq DNA polymerase (Sigma-Aldrich, Lyon,
France). The thermocycling procedure was the following: 2 min dena-
turation at 94 °C, 30 cycles of 60 s at 94 °C for denaturation, 40 s at
65 °C for annealing and 30 s at 72 °C for elongation, followed by
10 min at 72 °C for final elongation. PCR products were sequenced
using Illumina Miseq paired-end sequencing (2 × 250-bp). The nucleo-
tide sequences have beendeposited to the EuropeanNucleotide Archive
under BioProject code PRJEB36731, using the nomenclature detailed in
Supplementary Table S2.

2.4.4. Bioinformatics and statistical analyses
After demultiplexing, the reads were merged using Flash (Magoc

and Salzberg, 2011), with a minimum overlap between the forward
and reverse sequences of 10 base pairs and maximum mismatch of
10% in the overlapping region (Lluch et al., 2015). The sequence dataset
was then processed using the FROGS pipeline (Escudie et al., 2017).
Briefly, sequences were denoised and Operational Taxonomic Units
(OTUs) were identified using Swarm (Mahé et al., 2014). Chimera se-
quences were then removed using vsearch. OTUs that were below
0.005% of the total abundance across the sample set were removed, as
previously recommended (Bokulich et al., 2013). A taxonomic affiliation
was assigned to each OTU using Blast (Altschul et al., 1990) against
SILVA 132 (Pintail 80) rRNA database (Quast et al., 2013).

The OTU sequences of methanogenic Archaea and MOB were ex-
tracted. For methanogens, OTUs belonging to the following lineages
were considered: Methanomicrobia, Methanococci, Methanobacteria,
Methanopyri and Verstraetearchaeia classes, and
Methanomassiliicoccales and Methanofastidiosales orders. For aerobic
MOB, OTUs belonging to the following lineages were considered:
Methylococcaceae, Methylomonadaceae, Methylothermaceae and
Methylacidiphilaceae families, Methylobacterium, Methylocapsa,
Methylocella, Methylocystis, Methyloferula, Methylosinus and
Methylovirgula genera.

Two phylogenetic trees were constructed, one for aerobic MOB (in-
cluding 15 MOB OTUs from this study), and one for methanogens/
ANME (including 14 OTUs from this study). In these phylogenetic
trees we included 45 and 43 reference sequences from the SILVA 132
database (Quast et al., 2013), representative of methanogens/ANME
and MOB lineages, respectively. In addition, we included the two best
environmental matches to our OTUs in BLAST. The selected OTUs and
the reference sequences were aligned using SeaView 4 (Gouy et al.,
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2010) and maximum-likelihood phylogenetic trees were reconstructed
using PhyML version 3 (Guindon and Gascuel, 2003).

All statistical analyses were conducted in R 3.4.3, using the vegan
(Oksanen et al., 2013) and Phyloseq (McMurdie and Holmes, 2013)
packages. The OTU abundance matrix was normalized by rarefying
to the lowest number of reads per sample (9105). Alpha diversity
was assessed through the calculation of observed richness and
Simpson index. The depth effect on alpha diversity indexes was
evaluated by ANOVA (aov function). The distribution of OTUs across
lakes and depths was then analyzed by Principal Component Analy-
sis (PCA), using the rda function. The clustering significance accord-
ing to relative water depth was tested by non-parametric
permutational multivariate analysis of variance (PERMANOVA)
using Bray Curtis distance matrix with the adonis function. The
first 50 OTUs with the highest variance were identified by using
the score/species biplot representation. The significant correlation
of selected OTUs with the ordination scores was tested by the envfit
function. The most discriminant OTUs explaining the sample distri-
bution in the PCA ordination (i.e. with p-value b 0.012) were se-
lected and represented on the biplot. The table of environmental
variables (Supplementary Table S3) was normalized (centered and
scaled) in order to test for correlations with community ordination.
Collinearity between environmental variables was tested by com-
puting the pairwise Spearman correlation matrix. No significant cor-
relation was found (|r| N 0.9, p-value b 0.05). The linear correlation
between the PCA ordination of the microbial communities and the
25 independent environmental parameters was investigated using
the envfit function. Fitted environmental vectors were represented
on the PCA by arrows pointing to the direction of the increasing gra-
dient. The arrows length is proportional to the correlation coefficient
between the variable and the ordination. The significance of each
correlation was assessed by permutation tests and only the 11 vari-
ables with p-value b 0.05 were displayed. The OTUs that were differ-
entially distributed between AOM, MMZ and oxic layer were
statistically identified by DESeq2 (with p-value threshold fixed at
0.001), run on un-normalized sequence counts after removing rare
OTUs (abundance sum on the 24 samples b 0.1%). The pairwise com-
parisons between AOM/MMZ, AOM/oxic layer and MMZ/oxic layer
led to the identification of 33, 63 and 38 OTUs, respectively, yielding
to 81 unique OTUs. The relative abundance (log-transformed) of
these 81 differential OTUs was visualized on a heatmap (heatmap.2
function). The 81 OTUs and the 24 samples were arranged by hierar-
chical clustering on the basis of their differential abundance pat-
terns, using Bray-Curtis distance and complete method for
dendrogram representation. In addition, the logarithmic fold change
(log2FC) estimated for each OTU between two conditions was also
represented on a heatmap. The taxonomy of the discriminant and
differentially abundant OTUs was examined by Blast, and their cor-
relation with the main MOB was assessed by Spearman correlation
analysis.

3. Results and discussion

3.1. Evidence of CH4 oxidation in anoxic water

The depth profiles of DO showed that the four lakes were
oxygen-stratified at the time of sampling, with a clear oxycline and
fully anoxic water underneath (Fig. 1). The oxycline was at 2.0, 2.5,
4.0 and 1.5 m depth in L1, L2, L3, and L4, respectively. The lakes
were also thermally stratified, with temperatures ranging from 3.4
to 3.9 °C in the anoxic hypolimnion and from 15.6 to 18.3 °C in the
oxic epilimnion (see Supplementary Table S3). In the four lakes,
the maximal dissolved CH4 concentrations ranged between
1.11 mg L−1 (in L1) and 18.86 mg L−1 (in L3), just above the sedi-
ment and decreased to approximately 0.01 mg L−1 in the epilimnion
(Fig. 1). The δ13C signature of CH4 (δ13C-CH4 = −79.2 ± 5.4‰) and
apparent fractionation factor (α = 1.08 ± 0.01, Supplementary Ta-
ble S3) revealed that CH4 at the bottom of the four lakes originated
mainly from hydrogenotrophic methanogenesis (Hornibrook et al.,
2000; Whiticar and Faber, 1986). This was supported by the pres-
ence of methanogen communities in sediments and bottom water,
which revealed that OTUs classified as acetoclastic methanogens
(all in Methanosaeta genus in the present dataset) accounted for
only 10 ± 8% of the methanogen communities in the sediment (Sup-
plementary Fig. S1).

A general upward decrease of dissolved CH4 concentration was
observed in the hypolimnion of all lakes, with contrasted patterns
between lakes, but all supporting evidences of AOM. First, a mini-
mum methane zone (MMZ) was observed in all lakes; i.e., zone of
the water column where dissolved CH4 concentration was lower
than in the epilimnion and the hypolimnion. The latter implies
that a downward CH4 flux at the bottom of the epilimnion and an
upward CH4 flux in the hypolimnion were observed, MMZ acting
as a diffusional barrier, illustrated in Fig. 2. The existence of a diffu-
sional barrier in stratified lakes has been previously suggested
(DelSontro et al., 2018b; Peeters et al., 1996; Thalasso et al., 2020),
segregating the CH4 cycling in the oxic epilimnion from the hypo-
limnion dominantly anoxic. The segregation between the CH4 cy-
cling observed in the epilimnion and the hypolimnion was also
evidenced by the stable isotopic signature, with significantly higher
stable isotopic signature of CH4 in the epilimnion (δ13C-CH4 =
−47.8 ± 7.3, p b 0.0001, Kruskal-Wallis test) and lower fraction-
ation factor (α = 1.04 ± 0.01, p b 0.0001) compared to the bottom
of the lakes (Supplementary Table S3). These higher values of
δ13C-CH4 and lower α in the epilimnion might reflect a higher con-
tribution of acetoclastic production of CH4. Besides, the coupled in-
crease of δ13C-CH4 and δ2H-CH4 (Supplementary Table S3) from
the hypolimnion to the epilimnion also suggests a contribution of
CH4 oxidation to the epilimnion isotopic signature. The expected
concentration profiles, assuming a simple diffusive flux from the
bottom of the lakes to the MMZ, were clearly above the observed
concentration profiles, in all lakes (Fig. 2A). Thus, a net CH4 oxida-
tion in the hypolimnion must be considered in order to explain the
observed profiles. The existence of a diffusional barrier and AOM is
particularly clear in L2, where CH4 concentrations decreased to un-
detectable levels between 4 and 6.5 m depth, i.e. well below the
oxycline (3 m). This interesting case of complete CH4 mitigation in
the anoxic layer is similar to that described in Lago di Cadagno
(Milucka et al., 2015), Lake Zug (Oswald et al., 2016b), and Lake Lu-
gano (Blees et al., 2014), all being large meromictic alpine lakes in
Switzerland.

The analysis of CH4 depth profile using a diffusion-reaction
model (Kankaala et al., 2006) allowed to determine the NMPR,
which once integrated over the entire hypolimnion and expressed
per unit of lake area, gave an AOM rate ranging from 1.29 to
307 mg CH4 m−2 h−1, identified as rAOM in Fig. 2 (see below).
These AOM rates were higher in lakes showing higher maximum
CH4 concentrations (L3, L4). Interestingly, the rate of methane oxi-
dation measured by van Grinsven et al. (2020) in laboratory incuba-
tions was also maximal in the anoxic water of lake Lacamas
(27.6 mg m−3 h−1) and falls into our range. The CH4 oxidation ob-
served in the hypolimnion raises the important question of the
oxic or anoxic nature of the process, although several arguments
support AOM. First, the hypolimnetic CH4 oxidation was found
well below the oxycline and the maximum CH4 oxidation activity
was always observed several meters below the oxycline (2.9 to
5.2 m below), except in L3, where the maximum CH4 oxidation
took place 0.5 m below the oxycline. Thus, where CH4 oxidation
was observed, the DO availability was, at the most, inferior to
10 μg L−1; i.e., detection limit of the probe, and probably much
lower. Second, assuming a DO transfer from the upper layer of the
water column, the rates of CH4 oxidation from 1.29 to 307 mg CH4



Fig. 1.Methane and oxygen profiles. Concentrations of dissolved CH4 (red) and dissolved oxygen (DO, blue) along thewater column of Siberian lakes L1 to L4. CH4 profiles were obtained
by independent measurements of field duplicates at some meters of distance (A, B) at the center of the lake, corresponding to the deepest zone of the lakes (light and dark red,
respectively). In lake L2, an additional profile D is presented in a secondary basin of the lake (orange). DO profiles were measured at points A and B in all lakes (light and dark blue,
respectively) and at additional point D in L2 (grey). For microbial ecology, field duplicates (A, B) of water samples were collected in the four lakes, at two depths (oxic and anoxic
water), as indicated by the circles. In L2, additional water samples were collected with higher resolution at eight depths along profile D, as indicated by grey triangles.
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m−2 h−1 would have required a downward DO flux to the hypolim-
nion from 5.2 to 1230 mg O2 m−2 h−1, according to the stoichiome-
try of 2 mol of O2 required to oxidize 1 mol of CH4. According to a
maximum hypolimnetic diffusivity of 2.82 × 10−3 m2 h−1 (Xing
and Heinz, 1994), the DO concentration gradient along the water
column, required to sustain aerobic methanotrophy, would have
been from 2 to 430 mg L−1 per meter of water column depth,
which is incompatible with the DO concentration inferior to
10 μg L−1 detected over the entire hypolimnion. Third, regarding
the hypothesis of locally produced DO, the average rate of CH4 oxi-
dation expressed per unit of hypolimnion volume ranged 0.74–-
1059 mg m−3 h−1 and thus, would have required a DO local
production from 2.9 to 4239 mg m−3 h−1, which is from the higher
range to several magnitude order above primary production re-
ported for the epilimnion zones of 118 lakes (del Giorgio and
Peters, 1993), thus unlikely to occur well below the oxycline in the
four Siberian lakes presented here. Thus, based on these arguments,
the CH4 oxidation observed in the hypolimnion was assumed to be
anaerobic. The same diffusion-reaction model allowed for the deter-
mination of the downward CH4 flux, from the bottom of the epilim-
nion to the MMZ, identified as rMMZ in Fig. 2. This parameter ranged
0–0.05 mg CH4 m−2 h−1, thus representing a negligible amount of
CH4, compared to the AOM rates. Fluxes to the atmosphere were
also quantified and ranged 0.08–1.05 mg CH4 m−2 h−1 (identified
as rATM in Fig. 2). The segregation of the epi- and hypolimnetic
CH4, is a clear evidence that the CH4 emitted to the atmosphere
was either produced locally under oxic conditions in the epilimnion
(Bogard et al., 2014; Donis et al., 2017; Grossart et al., 2011) or lat-
erally transported from the surrounding terrestrial ecosystem
(DelSontro et al., 2018b). Altogether and assuming steady-state,
the CH4 lake budget indicates that AOM mitigated from 59.8 to
99.9% of the total CH4 produced or imported in/to the lakes, while
only the remaining fraction (0.1–40.2%) was emitted to the atmo-
sphere (Fig. 2). This suggests that AOM is indeed a major component
of the CH4 cycle.
3.2. Depth-stratification of total prokaryotic communities

An overview of the taxonomic composition of all samples is
displayed in Supplementary Fig. S1. A general description of the com-
munities (prokaryotic abundance, number of sequences, percentage of
Archaea, observed richness) is provided in Supplementary Table S2.
There was a significant effect of relative sampling depth on alpha diver-
sity, with higher observed richness and Simpson index in the anoxic hy-
polimnia (p b 0.02). The relationship between the microbial
communities and the environmental variables were investigated by
PCA ordination. The ordination accounted for 61.9% of total variance
and showed that the communities fromAOMhotspots shared high sim-
ilarity among the four lakes. Microbial community structure was strati-
fied along the depth of all four lakes (Fig. 3). With the exception of L3,
total prokaryotic communities were significantly separated between
oxic waters, MMZ and CH4-rich anoxic waters where AOM occurred
(PERMANOVA, p b 0.002). The separation of L3 communities may be
due to notably distinct environmental parameters in this lake, such as
higher pH, conductivity and DIC, as indicated by significant correlations
found in the PCA analysis (Fig. 3A). Notably, L3 was the only CO2-sink
lake in this study (Supplementary Table S3), probably because of higher
primary productivity. L3 communities were also characterized by
higher fluorescence index (FI) and lower specific UV absorption
(SUVA), indicative of higher primary productivity and relatively lower
aromaticity of organic molecules.



Fig. 2. AOM contribution to the methane budget. (A) Conceptual sketch of the CH4 concentration profiles observed in Siberian lakes, showing the diffusional barrier caused by minimum
methane zone (MMZ, grey hatched area) and the deviation of the observed CH4 profile from a simple linear diffusive gradient (please note the logarithmic scale). Boxes on the right
indicate the magnitude of the biogeochemical processes involved. (B) Main parameters of the CH4 biogeochemical cycle determined in four Siberian lakes. 1Maximum dissolved CH4

concentration. 2Mean anaerobic methane oxidation (AOM) rate observed over the hypolimnion (rAOM). 3Depth at which the maximum peak of AOM was observed. 4Depth at which
dissolved oxygen was no longer detected. 5CH4 flux to the atmosphere (rATM). 6Fraction of anaerobically oxidized CH4, expressed as percent of the total CH4 produced or imported in/
to the lakes. Methods for rATM, rEPI, rMMZ and rAOM determination are detailed in Supplementary material.
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The prokaryotic communities in oxic waters were significantly cor-
related with higher temperature and redox conditions (p b 0.001),
and were characterized by higher abundance of photosynthetic
Cyanobacteria (Fig. 3B; p b 0.009). The community structure in anoxic
water correlated significantly with higher contents of dissolved CH4,
Fe and Mn (Fig. 3A; p b 0.05).

3.3. ANME and Methylomirabilales are not major CH4-oxidizers

In the depth profile of point D in L2, qPCR assays revealed a maxi-
mum abundance of archaea at the bottom of the lake (9.6 m), with ar-
chaeal 16S rRNA gene copy number reaching 2.5 ± 0.1% of the total
prokaryotic 16S rRNA gene copy number (Fig. 4A). The mcrA gene also
reached its maximum abundance at 9.6 m, with the copy numbers
representing 0.57 ± 0.13% of the total prokaryotic community. How-
ever, within the maximal CH4-oxidation zone (i.e. between 9 and
6.5m), themcrA genewas at the detection limit (b0.04% of the commu-
nity), suggesting that neither ANME nor methanogens (through trace
methane oxidation, Timmers et al., 2017) were involved in AOM in
this lake.

ANME form lineages within the Methanomicrobia class. The
phylogenetic comparison of reference ANME sequences and
Methanomicrobia OTUs from the 16S rRNA gene sequencing con-
firmed that none of the OTUs detected in lakes 1, 2, 3 and 4 was
closely related to ANME (Supplementary Fig. S2). The bacterial
order Methylomirabilales, which includes the anaerobic methane
oxidizer Candidatus Methylomirabilis, was not identified in the
16S rRNA gene libraries from any of the four lakes.

The qPCR and 16S rRNA gene sequencing approaches are both
based on amplification reactions. PCR biases should be examined
to avoid misinterpretations. The primer set targeting the mcrA
gene for qPCR (mlas and mcrA-rev) fails to target ANME-2d se-
quences, as shown in Supplementary Table S4 and as previously re-
ported (Vaksmaa et al., 2017). Nonetheless, this primer set has
100% coverage for the mcrA genes of other ANME lineages. The uni-
versal primer set used for 16S rRNA gene sequencing (515F and
928R) covered N98.5% of anaerobic methane oxidizers lineages:
ANME-1a/1b, ANME-2a/2b, ANME-2c, ANME-2d and Ca.
Methylomirabilis (Supplementary Table S4). Although the primers
coverage was not 100% and was estimated on a limited number of
taxonomically-affiliated sequences available in the databases,
these analyses suggest it is unlikely that our combination of qPCR
and sequencing approaches would miss major anaerobic methane
oxidizers in this study.



Fig. 3.Microbial community structure. (A) Principal Component Analysis (PCA) of the filtered and normalizedOTU abundance table ofmicrobial communities along thewater column in the four Siberian lakes (L1 to L4, indicated by the symbol shape)
at different relative sampling depths (as indicated by the color gradient). Ellipses represent significant depth-based clustering (p-value b 0.002 by non-parametricMANOVA), after excluding L3, showing community stratification between oxic water,
MMZ (methane minimum zone) and AOM zone (anaerobic oxidation of methane). Significant correlations between ordination and environmental variables are represented (envfit function, p-value b 0.05) (SUVA: specific ultraviolet absorbance;
Cond: conductivity; FI: fluorescence index; DIC: dissolved inorganic carbon; T: temperature). (B) Identification of the 42most discriminant OTUs explaining the community distribution on the ordination (envfit function, p-value b 0.012) labeledwith
their OTU number. Arrow color represents the OTU taxonomic affiliation at the phylum, family or genus levels.
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Fig. 4. | Methane oxidizing bacteria abundances. (A) Relative abundance of functional genes pmoA,mcrA and archaeal 16S rRNA gene, as determined by qPCR, along thewater columnof L2
lake, at point D (bar graph, see sampling point positions in Fig. 1). The absolute abundance of total prokaryotes (bacterial and archaeal 16S rRNA genes) per liter of filtered water is
represented as a red line. (B) Relative abundance of three MOB families based on their taxonomic affiliation determined by 16S rRNA gene sequencing (MiSeq) along the water
column of L2 lake, at point D. The separation of water layers according to their major CH4-cycling processes is represented on the right bar: oxic water, MMZ (minimum methane
zone), AOM (anaerobic oxidation of methane).
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Taken together, these results show that AOM in the anoxic waters of
lakes L1, L2, L3 and L4 could not be attributed to ANMEs, methanogens,
or members of Methylomirabilales.
3.4. Predominance of methane-oxidizing bacteria (MOB) in anoxic waters

MOBweremore abundant in the AOM zones than in the oxic waters
of all lakes (Table 1). Genes encoding the functional marker of MOB
(pmoA) amounted to between 1.1 and 17.4% of the 16S rRNA gene
counts in the AOM zones of all four lakes, which was 19 to 189 times
higher than in the corresponding oxic waters (Table 1 and Fig. 4). In
the 16S rRNA gene libraries, MOB OTUs represented from 3.6 to 21.8%
of total prokaryotes in the AOM zone, which is 7 to 93 times higher
than in the corresponding oxic waters of the four lakes (Table 1). Inter-
estingly, in L2, the maximumMOB abundance (pmoA: 2.5% of total pro-
karyotes, and MOB OTUs: 6.5% of the community) was observed at 8 m
depth, identified as the AOM hotspot (Fig. 2B).

The 16S rRNA gene sequencing revealed that MOB communities
were not only stratified in terms of abundance but also in terms of com-
position (Fig. 4B). MOBOTUs in oxic water were dominated by a unique
Methylococcaceae sequence (OTU_1717), affiliated to
Methyloparacoccus, reaching 38–93% of theMOB in this layer. It is recog-
nized that γ-MOB are often favored by low temperature (Sundh et al.,
2005) and outcompete alphaproteobacterial MOB at low CH4 and high
DO (Amaral and Knowles, 1995; Chowdhury and Dick, 2013; Henckel
et al., 2000), excluding MOB that oxidize atmospheric methane (Tveit
et al., 2019).
In theMMZ of L2, theMOB communitywas small (b 0.3% of the total
prokaryotes, Fig. 4). Alphaproteobacterial MOB from Beijerinckaceae
dominated this small fraction (Fig. 4B) and all five Beijerinckaceaemem-
bers (OTUs 4110, 6215, 6978, 7183 and 8644) were affiliated to
Methylobacterium. Facultative methanotrophy capacity has been re-
ported for Methylobacterium organophilum and M. populi (Patel et al.,
1982; VanAken et al., 2004), but these observations were later
contradicted (Semrau and Dispirito, 2011). Thus, although it is uncer-
tain whether Methylobacterium spp. can oxidize CH4, the observation
of few obligate MOB in the MMZ was consistent with the undetectable
levels of CH4 in that water layer.

In the AOM zone of all lakes, where MOB were the most abun-
dant, sequences affiliated to Methylomonadaceae (γ-proteobacteria)
accounted for N91% of the MOB sequences. The prevalence of aerobic
γ-MOB in sediments (He et al., 2012; Martinez-Cruz et al., 2017;
Rissanen et al., 2017) or at the oxic/anoxic interface of the water col-
umn (Table 2) was reported previously. The ability of
Methylomonadaceae to oxidize CH4 in anoxic conditions was evi-
denced by incubation activity measurements coupled to DNA- or
PLFA-stable isotope probing in sediment samples (Martinez-Cruz
et al., 2017), or to fluorescence in situ hybridization and/or
nanometer-scale secondary ion mass spectrometry in water
(Oswald et al., 2015). However, in the water column, most studies
reported maximal CH4 oxidation activity (measured in incubations
under in-situ O2 concentration) at the oxycline or just above the
oxycline (Table 2), concurring with maximal MOB abundance. Only
two previous studies evidenced a maximum abundance of γ-MOB
exclusively in anoxic water, together with maximal AOM activity



Table 1
Relative abundances of functional pmoA gene (quantified by qPCR) andmethane oxidizing bacteria (MOB, based on their taxonomic affiliation determined by 16S rRNA gene sequencing),
in the oxic water and at the AOM hotspot (anoxic water) of lakes L1, L2, L3, L4 (see sampling point positions in Fig. 1). The range obtained between replicate sampling points A and B is
provided. In L2, the values refer to profile D which was sampled with higher resolution (depths 1 and 2 m in the oxic zone; depths 8, 9 and 10 m in the AOM zone).

pmoA abundance (% of total prokaryotes) MOB abundance (% of total reads)

L1 Oxic zone 0.09–0.42 0.41–0.45
AOM zone 16.11–17.38 10.49–11.87

L2 Oxic zone 0.04–0.32 0.58–0.74
AOM zone 1.12–2.47 3.56–6.51

L3 Oxic zone 0.08–0.09 0.11–0.12
AOM zone 12.12–12.22 4.99–11.62

L4 Oxic zone 0.12–0.14 0.53–0.94
AOM zone 2.33–2.53 20.36–21.76
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(van Grinsven et al., 2020; Rissanen et al., 2018) (Table 2). Beyond
these lines of evidence, the quantitative contribution of AOM to
global lake CH4 budget was rarely examined in combination with
identification of microbial key players. AOM did not exceed one
third of the CH4 oxidation in the water column of the meromictic
Lake Pavin, as estimated by reactive transport modelling of CH4

(Lopes et al., 2011). To our knowledge, the significance of
Methylomonadaceae-related AOM in CH4 budget was not assessed,
except in the present study (Table 2). Our results significantly con-
tribute to the current knowledge by showing that the substantial
and unprecedented anaerobic CH4 mitigation in situ (AOM
representing 60–100% of CH4 budget) could be attributed to
Methylomonadaceae.
Table 2
Major outcomes from studies combining the assessment of anaerobicmethane oxidation (AOM
ent study.

Lake Method of AOM
activity
determination

Depth of
maximal
CH4 oxidation
activitya

Significance
of
AOM in CH4

budget

Depth of
maximal MOB
abundanceb

La Cruz Incubationsc Oxycline/anoxic – Oxic
Svetloe Incubationsc Oxycline – Oxic
Zug Incubationsc Oxic – Oxic

– – – Oxycline

di Cadagno Incubationsc Oxic – Oxic

Pavin Reactive transport
modelling

Oxic/oxycline 26–33% Oxic/Oxycline

Rotsee Incubationsc Oxycline – Oxycline/anox
– – – Oxycline/anox

Brownie, Canyon CH4 stable carbon
isotopy δ13CCH4

Oxycline – Oxycline/anox

Lacamas Incubationsc Anoxic – Anoxic

Alinen-Mustajärvi Incubationsc – – Anoxic

Mekkojärvi Incubationsc Anoxic – Anoxic

L1 to L4 Diffusion-reaction
modelling

Anoxic 60–100% Anoxic

a Only when a comparison is possible between oxic/anoxic depths, i.e. whenmethane oxidat
depth. The slash (/) indicates that equivalent activities were found at different depths.

b The slash (/) indicates that equivalent abundances were found at different depths.
c Potential AOMmeasuredusing 13C-CH4 incubations under in-situ conditions (or 14C-CH4 inc

Grinsven et al. (2020).
d CARD-FISH combined with nanoSIMS, targeting the following known CH4-oxidizing group

(AAA, AAA-FW-641 and -834 probes), ANMEs (ANME-1-350, -2-538 probes).
e Similar in situ results were reported from three consecutive sampling years, however the

samples: therefore, only the 2013 data are presented in the present Table.
f Only the complete campaigns (including both isotopy and microbial community analysis)
3.5. Identification of Methylomonadaceae members as major methane oxi-
dizers in anoxic waters

In order to address the ecology of Methylomonadaceae in these lake
ecosystems we studied them at OTU level resolution. Ten OTUs were
classified as belonging toMehylomonadaceae, five of which were affili-
ated to the genus Methylobacter (OTUs 112, 601, 1638, 2841 and
20610), two to Crenothrix (OTUs 1925 and 2088) and three that were
not assigned to a genus (OTUs 349, 351 and 3464; Fig. 5A). All ten
were most similar to sequences retrieved from high-latitude or high-
altitude ecosystems (Fig. 5B). The most abundant MOB OTUs in all
lakes were OTUs 112 and 349 (Fig. 5C). Their maximum abundance
was consistently found in the AOM hotspots. Furthermore, the changes
) activity and the identification ofγ-MOB asmajor contributors in lakewater. In bold: pres-

Predominant MOB in the
water column at max.
abundance depth

MOB identification and
quantification methods

Reference

γ-MOB CARD-FISHd Oswald et al. (2016a)
Methylobacter 16S rRNA gene sequencing Kallistova et al. (2018)
γ-MOB CARD-FISHd Oswald et al. (2016b)e

Methylococcales, mainly
Methylobacter

16S rRNA and pmoA gene
sequencing

Mayr et al. (2019)

γ-MOB from
Methylomonadaceae

CARD-FISH and pmoA
sequencing

Milucka et al. (2015)

Methylobacter 16S rRNA gene and
transcript sequencing

Biderre-Petit et al.
(2011); Lopes et al.
(2011)

ic γ-MOB CARD-FISHd Oswald et al. (2015)
ic Methylococcales, mainly

Crenothrix
16S rRNA and pmoA gene
sequencing

Mayr et al. (2019)

ic γ-MOB 16S rRNA gene sequencing Lambrecht et al. (2019)f

Methylobacter 16S rRNA and pmoA gene
sequencing, Metagenomics

van Grinsven et al.
(2020)

Ca. Methyloumidiphilus
alinensis

16S rRNA gene sequencing Rissanen et al. (2018)

Methylobacter 16S rRNA gene and
transcript sequencing

Methylobacter and
other
Methylomonadaceae

16S rRNA gene
sequencing, pmoA qPCR

This study

ion was assessed at O2 concentrations that are representative of in situ conditions for each

ubations in the case of Kallistova et al., 2018), orwithout spiked substrate in the case of van

s: Gammaproteobacteria MOB (Mgamma84 and -705 probes), AOM-associated archaea

complete profiles of MO activities and MOB abundances were only measured in 2013

are included in the present table.



Fig. 5. Methylomonadaceae phylogenetic tree and abundances. (A) Phylogenetic tree of the ten partial 16S rRNA gene sequences retrieved from L1, L2, L3 and L4 affiliated to
Methylomonadaceae family. OTUs affiliated to Methylobacterium genus (OTUs 4110, 6215, 6978, 7183, 8644) and 9 reference sequences from Methylobacterium spp. were used as
outgroup. Bootstrap values N 50% are represented. The scale bar represents 6% sequence divergence. Bootstrap values were derived from 100 replicates. (B) Previous reports of
environmental features are shown. “HL/HA” indicates that environmental samples or isolates originated from high-latitude (Arctic and Subarctic) or high-altitude (N1900 m)
ecosystems. “AOM” indicates previous reports of anaerobic oxidation of methane in the same ecosystem and same environmental package (water/sediment) as the corresponding
reference sequence. Note that this feature is not exhaustive: AOM might not have been reported in literature although effective. (C) Relative abundance of OTUs in water samples from
the four lakes. Samples are ordered according to clustering based on Bray-Curtis distance using complete agglomeration method. Symbols are shaped according to the lake origin, and
colored according to the relative sampling depth (0: water surface; 1: water/sediment interface). The symbol size is proportional to OTU relative abundance (percent of total prokaryotes).
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in relative abundances of OTUs 112 and 349 contributed to the segrega-
tion of communities from AOM hotspots on the abundance pattern of
differential OTUs (Fig. 6) and on the PCA ordination (p-value b 0.012;
Fig. 3B), suggesting that CH4 cycling shapes a large proportion of themi-
crobial communities in these lakes.

OTU 112 was the overall most abundant MOB, representing 1.4 to
16.2% of the total number of sequences in the hypolimnia (Fig. 6). OTU
112 shared 99.5% sequence similaritywithMethylobacter tundripaludum
SV96 (NR_042107, closest cultured relative), which was isolated from
Arctic wetland soil (Wartiainen et al., 2006) and identified as the most
active MOB in anoxic arctic peat (Tveit et al., 2014). The OTU 112 se-
quencewas identical (100% similarity) to sequences retrieved from sed-
iments of large deep lakes: Lake Constance in Germany (EF101325),
Lake Baikal in Siberia (GU911445) and Lake Onego in Russia
(MH205693; Fig. 5B). AOM was observed in the sediments of these
same lakes in other studies (Deutzmann et al., 2014; Pimenov et al.,
2014; Thomas et al., 2018). Despite the different processes occurring
in water and soil or sediment ecosystems, the main MOB OTUs found
in the water column in this study have close relatives in wetland soil
and sediment habitats. Furthermore, in the water column of several
lakes, the genus Methylobacter was also the most abundant MOB at
the oxic-anoxic transition (Table 2). Previously it was shown that phy-
lotypes within Methylobacter can occupy different niches according to
oxygen availability (Biderre-Petit et al., 2011).

While OTU 112 was most abundant, overall, OTU 349 outnumbered
it in the anoxic water of L3 (up to 6.8% of the community). Interestingly,
in lake L2, OTU 349 reached itsmaximumabundance at 8mdepth (3.7%
of the community), just at the AOM hotspot (Figs. 2B, 6). OTU 349 had
no close cultured relative. Its closest environmental sequence was de-
rived from Lake Mizugaki water (AB754129, 99.7% similarity). OTU
349 shared 99.5% similarity with several environmental sequences
from sediments of Lake Onego (MH205708), Fe-rich microbial mats
(LN870874), ice covered Qalluuraq lake in Alaska (JN626674) and hy-
polimnion water from permafrost thaw pond in Canada (JN656780).
Again, AOM activities were detected in most of these environments
(He et al., 2012; Thomas et al., 2018).

OTU 1925, classified as Crenothrix sp., was present in the anoxic
water of the four lakes, but at lower abundances than OTUs 112
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Fig. 6. Left: Heatmap showing the relative abundance (log-transformed) of 81 OTUs identified byDESeq2 as differentially abundant (p b 0.001) between the AOM,MMZ and oxic zones, in
the four Siberian lakes (L1 to L4). Right: Heatmap showing the corresponding logarithmic fold change (log2FC) estimated for each OTU between two depth zones. Within each lake, the
sampling point (field replicate) is indicated by the letter A, B or D, and the relative sampling depth (normalized by maximal depth) is indicated by the last numeric digits in the sample
names. Samples andOTUs are arranged by hierarchical clustering on the basis of their differential abundance patterns, using Bray-Curtis distance. For eachOTU, the taxonomic affiliation is
provided at the genus level, or at the highest available level (f_: family; o_: order; c_: class; p_: phylum).
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and 349 (b1.4% of the community). Crenothrix spp. are as-yet-
uncultured multicellular and filamentous γ-MOB. Some Crenothrix
were found to prefer oxygen-deficient niches (Mayr et al., 2019). In-
terestingly, Oswald et al. (2017, 2016b) demonstrated that γ-MOB in
Lake Zug were active under oxic, sub-oxic and anoxic conditions. De-
spite their lower 16S rRNA gene abundance compared to other
Methylomonadaceae, Crenothrix members were the major contribu-
tors to methane oxidation under oxygen-deficient conditions, as re-
vealed by stable isotope labeling combined with nanoSIMS (Oswald
et al., 2017).
Under hypoxia, AOM can be coupled to denitrification, within a sin-
gle MOB organism, as experimentally confirmed in Methylomonas
denitrificans (Kits et al., 2015b) and Methylomicrobium album strain
BG8 (Kits et al., 2015a). Respiratory nitrate and nitrite reductases are
encoded in over one third of Methylococcales genomes, including
Methylobacter and Crenothrix species (Smith et al., 2018). Methane-
dependent growth under nitrate-reducing conditions was experimen-
tally demonstrated for Crenothrix, but evidence for in situ nitrate reduc-
tion is lacking (Oswald et al., 2017). In our study, it can be hypothesized
that N-oxides could be used as electron acceptors by the three
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predominantMethylomonadaceaeMOB in the anoxicwaters. Soluble ni-
trate concentration in the anoxic waters was below quantification limit
(0.5 mg L−1 of N-NO3

−) and nitrite concentration never exceeded
0.02 mg L−1 of N-NO2

− (Supplementary Table S3). Since N-oxides are
extremely reactive intermediary species with high turnover (Zhu-
barker et al., 2014), these low concentrations do not conclusively ex-
clude nitrate or nitrite as electron acceptors.
3.6. Potential redox partnerships with Methylomonadaceae for performing
AOM

The most significant discriminant OTUs (i.e. explaining community
segregation along depth) were identified on the PCA (Fig. 3B) and the
differentially abundant OTUs between AOM, MMZ and oxic zones
were identified by DESeq2 (Fig. 6). Both approaches gave highly con-
gruent results. Their taxonomy as well as their closest relatives are pro-
vided in Supplementary Table S5. Among these OTUs, the ones
displaying significant correlation with the abundance of the main
MOB OTUs (Spearman correlation coefficient N 0.75) were presented
in Table 3. Such correlations give insights into co-occurrence and co-
variation of OTUS, but do not prove the existence of ecological interac-
tions (Freilich et al., 2018; Peterson et al., 2020).

A high correlation was observed between the relative abundance of
the main Methylomonadaceae and the discriminant Methylophilaceae
OTU 104 (Table 3, Supplementary Table S5), with 100% identity to the
facultative methylotroph Methylotenera versatilis (Kalyuzhnaya et al.,
2012). The co-occurrence of γ-MOB and Methylophilaceae has been re-
ported (He et al., 2015, 2012; Hernandez et al., 2015; Martinez-Cruz
et al., 2017). OTU 104 could potentially serve as a partner for AOM by
accepting electrons for N-oxides reduction, since the denitrification ca-
pacity of Methylotenera has been evidenced (Kalyuzhnaya et al., 2012;
Oshkin et al., 2015).

In our ecosystems, several clues point at the coupling between CH4-
and Fe-cycles. In the AOM zone, the discriminant OTUs 3, 24 and 131
(Fig. 3, Supplementary Table S5, Table 3) co-occurring with the main
Methylomonadaceae, were related to Rhodoferax ferrireducens (100%
similarity), Geothrix fermentans (99.7%) and Geobacter sp. (99.2%), re-
spectively, all recognized as Fe-reducers (Coates et al., 1999; Finneran
et al., 2003; Holmes et al., 2007). The addition of Fe-oxides has been
documented to effectively stimulate CH4 oxidation by γ-MOB (Oswald
et al., 2016b, 2016a), suggesting that Fe-reduction could shuttle the
electrons produced by CH4 oxidation. Total Fe concentrations were
higher in the AOM zones (up to 3194 μg L−1; Supplementary Table S3)
and significantly correlated with the community structure (p b 0.03;
Fig. 3A). The presumably important role of Fe in the anoxic water of
the four lakes is supported by the significant correlation of the main
Methylomonadaceae (OTUs 112 and 349) with OTUs 564 and 3251,
identified as Candidatus Omnitrophus, which requires Fe for
magnetosome biosynthesis (Kolinko et al., 2016). However, we ac-
knowledge that measurements of Fe oxidation state would be needed
to ascertain the availability of Fe-oxides.

Another possiblewayof coupling CH4- and Fe-cycles relies on the re-
generation of Fe-oxides that could serve subsequently as electron ac-
ceptors for AOM. OTUs 723, 313, 334 and 373 significantly co-
occurred with the two main Methylomonadaceae (Table 3, Fig. 6). They
were respectively related to Gallionella capsiferriformans,
Sediminibacterium, Sideroxydans lithotrophicus and Prolixibacteraceae,
recognized as Fe-oxidizing bacteria (Emerson, 2018; Fabisch et al.,
2016, 2013; Iino et al., 2015; Li et al., 2015; Wang et al., 2012) (Supple-
mentary Table S5). Oxidized compounds could also be regenerated
through an interplay of biotic and abiotic cryptic reactions (Melton
et al., 2014; Zhu-barker et al., 2014; Postma, 1985). Organic matter
can also serve to fuel AOM, either directly as terminal electron accep-
tors, or indirectly to regenerate more common oxidants (Bai et al.,
2019; Reed et al., 2017). Here, organic acids could be produced by
fermentative bacteria such as OTUs 1220, 1263, 1387 (Supplementary
Table S5, Table 3, Fig. 6).

Even if it is now recognized that Methylomonadaceae are not re-
stricted to oxic environments, monooxygenases responsible for CH4 ox-
idation catalysis do need oxygen. In the hypolimnion of the four lakes,
oxygen might be present at concentrations below the detection limit
(10 μg L−1). On one hand, oxygen might be produced by oxygenic pho-
tosynthesis in apparently anoxic water. This hypothesis is supported by
studies performed in the high-altitude meromictic Lago di Cadagno
(Milucka et al., 2015) and in monomictic lake Rotsee (Oswald et al.,
2015), which concluded that methane oxidation at similar depths (re-
spectively 12 and 9m)was light-dependent. In our study, sequences af-
filiated to oxygenic photosynthetic organisms accounted for 0.4 to 3.6%
of the total sequences in hypolimnia samples, excluding L3 where they
reached 26.9% (Fig. 6), distributed between Cyanobiaceae (19 to 86%)
and chloroplastic sequences. None of these photosynthetic OTUs exhib-
ited an abundance pattern positively correlated with the main MOB
OTUs. Oxygenic photosynthesis might partially explain the observed
methane oxidation in the four lakes, but we showed in paragraph 3.1
that photosynthetic activity would not be sufficient to aerobically oxi-
dize thewhole amount of CH4. On the other hand, in the dark, biological
intracellular dioxygen production has been documented through chlo-
rite or nitric oxide dismutation (Ettwig et al., 2012) but, as previously
mentioned, our dataset did not contain bacteria known to rely on nitric
oxide dismutation for AOM, such asMethylomirabilis-like bacteria. Nev-
ertheless, a wide phylogenetic diversity of NO dismutase (NOD) genes
and homologues was recently found in various environments
(Reimann et al., 2015; Zhu et al., 2017), suggesting that intracellular ox-
ygen supplying is more widespread than previously thought.

4. Conclusion

In this study, the characterization of lake microbial communities in
combination with high-resolution biogeochemical analyses were car-
ried out to shed light on the water methane profiles observed in four
Northern Siberian lakes. Three predominant γ-MOB, affiliated to
Methylobacter, Crenothrix and unclassified Methylomonadaceae, were
identified as potential key players in lake methane cycling, being highly
abundant in the zones of maximum methane oxidation in the anoxic
waters of the four lakes. The oxygen supply for fueling monooxygenase
activity in Methylomonadaceae members residing in anoxic waters is
still elusive, but hypolimnetic bacteria that co-occurred with the γ-
MOB included putative Fe-oxidizing and Fe-reducing bacteria and
denitrifying Methylophilaceae. This suggests that AOM could result
from a tightly interacting microbiome, possibly through cryptic biogeo-
chemical cycling involving aerobic MOB, denitrifiers and iron cycling
microorganisms. More research is needed to ascertain that themicroor-
ganisms identified in this DNA-based studywere really active in the four
lakes and to unravel the metabolic interactions, e.g. through
metatranscriptomics and/or stable isotope probing approaches. It was
previously suggested that Methylomonadaceae might have a role in
AOM in thermally stratified high-latitude or high-altitude lakes. Our
study corroborates this idea and further indicates that
Methylomonadaceae-driven AOM could bewidespread among stratified
lakes and has an important ecological function for the regulation of at-
mospheric GHG emissions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139588.

Data availability

The nucleotide sequences have been deposited to the European Nu-
cleotide Archive under BioProject code PRJEB36731, using the nomen-
clature detailed in Supplementary Table S2. Access to the sequences
and metadata is facilitated through the georeferenced mARS database
(https://ipt.biodiversity.aq/resource?r=methanobase&v=1.4).
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Table 3
Correlations between the relative abundance of themainMOB (OTUs 112 and 349) and the relative abundance of discriminant OTUs (identified on PCA and by differential analysis) in the
AOM zone of the four Siberian lakes. The range of relative abundances in the four lakes and Spearman correlation coefficients are provided in the table. Only OTUs displaying correlation
coefficient higher than 0.75 with at least one of the twoMOBs were shown. All p-values were b0.002. The taxonomy of the discriminant OTUs was confirmed by Blast and their potential
function inferred from literature (Supplementary Table S3).

Discriminant OTU
number

Taxonomic
identification

Putative function Relative abundance
(%)

Spearman correlation coefficient

OTU 112,
Methylobacter

OTU 349, Unc.
Methylomonadaceae

OTU 104a Methylotenera Methylotroph, denitrifier 0.0–12.3 0.85 0.87
OTU 24a Geothrix Fe-reducer 0.0–1.2 0.78 0.77
OTU 131a Geobacter Fe-reducer 0.0–2.4 0.74 0.85
OTU 313a Sediminibacterium Fe-oxidizer 0.0–1.3 0.75 0.81
OTU 334 Sideroxydans Fe-oxidizer 0.0–1.0 0.75 0.87
OTU 373a Prolixibacteraceae Fe-oxidizer 0.0–1.0 0.73 0.78
OTU 723a Gallionella Fe-oxidizer 0.0–4.7 0.75 0.60
OTU 564a Ca. Omnitrophus Magnetotactic 0.0–1.7 0.76 0.80
OTU 3251 Ca. Omnitrophus Magnetotactic 0.0–0.7 0.80 0.76
OTU 341 Desulfatirhabdium Sulfate reducer 0.0–1.2 0.79 0.82
OTU 628a Bordetella Se-reducer, denitrifier 0.0–2.6 0.90 0.77
OTU 252 Syntrophus Syntrophic VFA and aromatic compound oxidizer 0.0–1.3 0.73 0.77
OTU 1220 Lentimicrobiaceae Fermentative 0.0–0.8 0.80 0.82
OTU 1263a Paludibacter Fermentative 0.0–1.5 0.82 0.73
OTU 1387 Anaerovorax Fermentative 0.0–1.8 0.77 0.70
OTU 2469 Alpinimonas Chemoorganotroph 0.0–1.1 0.82 0.73
OTU 3175 Ca. Anammoximicrobium Anaerobic NH4-oxidizer 0.0–0.9 0.86 0.80

a TheOTUsmarked by a starwere identifiedby both correlationwith PCA ordination (envfit) and differential abundance pattern (DESeq2); the otherswere only identifiedby differential
abundance pattern (DESeq2), with the respective significance thresholds selected for each method.
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