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ARTICLE OPEN

Water column dynamics control nitrite-dependent anaerobic
methane oxidation by Candidatus “Methylomirabilis” in
stratified lake basins
Guangyi Su 1,2✉, Moritz F. Lehmann 1, Jana Tischer 1, Yuki Weber1, Fabio Lepori3, Jean-Claude Walser4, Helge Niemann 1,5 and
Jakob Zopfi 1✉

© The Author(s) 2023

We investigated microbial methane oxidation in the water column of two connected but hydrodynamically contrasting basins of
Lake Lugano, Switzerland. Both basins accumulate large amounts of methane in the water column below their chemoclines, but
methane oxidation efficiently prevents methane from reaching surface waters. Here we show that in the meromictic North Basin
water column, a substantial fraction of methane was eliminated through anaerobic methane oxidation (AOM) coupled to nitrite
reduction by Candidatus Methylomirabilis. Incubations with 14CH4 and concentrated biomass from this basin showed enhanced
AOM rates with nitrate (+62%) and nitrite (+43%). In the more dynamic South Basin, however, aerobic methanotrophs prevailed,
Ca. Methylomirabilis was absent in the anoxic water column, and no evidence was found for nitrite-dependent AOM. Here, the
duration of seasonal stratification and anoxia seems to be too short, relative to the slow growth rate of Ca. Methylomirabilis, to
allow for the establishment of anaerobic methanotrophs, in spite of favorable hydrochemical conditions. Using 16 S rRNA gene
sequence data covering nearly ten years of community dynamics, we show that Ca. Methylomirabilis was a permanent element of
the pelagic methane filter in the North Basin, which proliferated during periods of stable water column conditions and became the
dominant methanotroph in the system. Conversely, more dynamic water column conditions led to a decline of Ca. Methylomirabilis
and induced blooms of the faster-growing aerobic methanotrophs Methylobacter and Crenothrix. Our data highlight that physical
(mixing) processes and ecosystem stability are key drivers controlling the community composition of aerobic and anaerobic
methanotrophs.

The ISME Journal (2023) 17:693–702; https://doi.org/10.1038/s41396-023-01382-4

INTRODUCTION
Lakes are important sources of methane (CH4), a potent greenhouse
gas in the atmosphere [1]. A large fraction of methane is produced
by anaerobic methanogenic archaea in lake sediments, from where
it may escape by ebullition or diffusion into deep waters. Many
studies have evidenced aerobic methane oxidation at the sediment
surface and in the oxic water column of lakes [2–7]. Within
sediments or anoxic bottom waters, methane may be oxidized
anaerobically. At least in the marine realm, this anaerobic oxidation
of methane (AOM) substantially reduces methane emissions to the
atmosphere [8], and is mainly performed by microbial consortia of
anaerobic methanotrophic archaea (ANME-1, -2, and -3) and sulfate-
reducing bacteria (SRB) [9–12]. Recent studies have reported other
electron acceptors of potential importance for AOM, including
nitrogenous compounds [13–15], iron and/or manganese oxides
[16–19], and possibly humic substances [20, 21].
Especially in freshwater environments, AOM with electron

acceptors other than sulfate may represent a significant methane
sink [17, 22–25]. For nitrogen-dependent anaerobic oxidation of

methane (N-AOM), two different modes have been identified.
Firstly, the bacterial oxidation of methane with nitrite by e.g.,
Candidatus Methylomirabilis oxyfera [26–28], where oxygen is
produced by intracellular disproportionation of nitric oxide to
nitrogen and oxygen, which is then used for intra-aerobic
methane oxidation [14]. Secondly, true anaerobic oxidation of
methane coupled to nitrate reduction, catalyzed by methano-
trophic archaea (e.g., Candidatus Methanoperedens nitroreducens)
[15]. Although the exact metabolic mechanisms of nitrate/nitrite-
dependent AOM are not entirely clear, this process has been
observed in freshwater environments [26, 29–35] and in marine
oxygen minimum zones [36].
Given the prevalence of nitrate in freshwater lakes, N-AOM may

play an important role in the reduction of methane emissions. In
lacustrine environments, highest methane oxidation rates were
often observed near oxic/anoxic transition zones at the sediment-
water interface [2, 37–40] or in the water column of stratified lakes
[3, 41]. However, methane consumption at these boundaries
was generally thought to be carried out by (micro-)aerobic
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methanotrophs, fueled by oxygen supplied by diffusion, intrusion
events, or cryptic production [2, 5, 6, 42–44]. Redox transition
zones also represent sites where nitrate/nitrite is typically
regenerated through the oxidation of ammonium and reduction
of nitrate by nitrogen-transforming microorganisms [45–47].
Hence, there, N-AOM might be masked by, or misinterpreted as,
aerobic methane oxidation [48]. As a result, methane oxidation
with nitrate/nitrite as terminal electron acceptors may play a
greatly underappreciated role in lakes.
Lake Lugano (Switzerland) provides excellent conditions for

studying physico-chemical controls on AOM as a function of
ecosystem dynamics, as the lake comprises two interconnected
basins that differ significantly in terms of mixing regime, water
column stability, and hence redox conditions. We quantified
methane oxidation rates in the water column of the two basins,
performed incubation experiments to determine the effectiveness
of different electron acceptors for AOM, and applied 16 S rRNA
gene amplicon sequencing to identify key taxa of aerobic and
anaerobic methanotrophs. Archived DNA samples from the North
Basin allowed us to track the multiannual dynamics of Ca.
Methylomirabilis and other methanotrophs in the years following
an exceptional mixing event in 2005 and 2006.

MATERIALS AND METHODS
Site description and sampling
Lake Lugano is located at the Swiss-Italian border and consists of two
hydrodynamically contrasting basins that are separated by a causeway,
which was built on a natural moraine. The eutrophic 95m-deep South
Basin undergoes seasonal stratification with the development of a benthic
bacterial nepheloid layer and anoxia during summer and fall [49].
The mesotrophic 288m-deep North Basin is nearly permanently stratified
since the 1960’s, and a chemocline at about 100–130m separates the oxic
mixed layer (mixolimnion) from the anoxic part of the water column
(monimolimnion) [49]. Only in 2005 and 2006, stratification was
interrupted by exceptional mixing of the whole water column at the
end of cold and windy winters, causing transient oxygenation of the
monimolimnion [50, 51].
Water samples were collected in late November 2016, near the deepest

points of the South Basin (45°57′N, 8°54′E) and the North Basin (46°00′N,
9°01′E). Oxygen concentrations were measured using a conductivity,
temperature, and depth (CTD) probe (Idronaut Ocean Seven 316 Plus).
Water samples from distinct depths were collected using 5L-Niskin bottles.
Subsamples were taken directly from a Niskin bottle and filtered (0.45 µm)
and/or processed as outlined below. Water samples for methane oxidation
measurements were collected into 20mL glass vials, allowing water to
overflow for about 2–3 volumes. They were filled completely, and care was
taken not to introduce any air bubbles. The vials were crimp-sealed with
Br-butyl rubber stoppers [52]. Samples for methane concentration
measurements were collected in 120mL serum bottles, crimp-sealed with
thick butyl rubber stoppers and a 20mL air headspace was created before
fixing the sample by adding 5mL of 12.5 M NaOH.

Analytical methods
Methane concentrations in the headspace of NaOH-fixed water samples
were measured using a gas chromatograph (SRI 8610C, SRI Instruments) with
a flame ionization detector [49]. Ammonium (NH4

+) concentrations were
determined colorimetrically using the indophenol reaction, and nitrite (NO2

–)
using Griess reagent [53]. NOx (nitrate plus nitrite) was determined by
chemo-luminescence detection using a NOx-Analyzer (Antek Model 745).
Nitrate (NO3

−) concentrations were calculated from the difference between
NOx and NO2

–. Filtered samples for sulfide concentrations were fixed with
zinc acetate immediately after sampling and analyzed photometrically in the
laboratory [54]. Sulfate was analyzed by ion chromatography (940
Professional IC Vario, Metrohm, Switzerland). Water samples for dissolved
iron (Fe2+) and manganese (Mn2+) were fixed with HCl (0.5 M final conc.)
after filtration through a 0.45 µm membrane filter, and analyzed using
inductively coupled plasma optical emission spectrometry (ICP-OES). Total Fe
and Mn concentrations were determined in fixed unfiltered water samples.
Concentrations of Fe2+ were additionally determined photometrically using
the ferrozine assay [55]. Particulate iron was calculated from the difference
between the total Fe, and the dissolved Fe2+ in the filtered sample.

Methane oxidation rate measurements
Potential methane oxidation rate (MOR) profiles in the water column were
determined using short-term incubations with trace amounts of tritium-
labeled methane (3H-CH4) [56]. Tritiated methane has a higher specific
activity than 14C-CH4; thus, less tracer is required for MOR determination,
and the rates are less affected by artificially increased CH4 concentrations.
Upon the retrieval of water samples from different depths, 5 µL anoxic
3H-CH4 solution (~1.8 kBq) was injected into the 20mL bubble-free glass
vials, and samples were incubated in the dark at 4 °C for 42 h, as described
earlier [56]. Depending on the original oxygen content in the water
sample, measured MOR represents aerobic and/or anaerobic methane
oxidation rates.

Anoxic incubation experiments with 14C-labeled methane
Long-term laboratory incubation experiments were set up with microbial
biomass from anoxic water layers of both basins to test different electron
acceptors for their potential to stimulate anaerobic oxidation of methane
(AOM). Briefly, the biomass of a 500mL water sample was collected on a
glass fiber filter, which was then transferred to a 120mL serum bottle
containing 100mL anoxic artificial lake water. The bottles were subsequently
purged with oxygen-free nitrogen until the oxygen concentrations in the
control bottles, equipped with trace oxygen sensor spots (TROXSP5,
Pyroscience, Germany), were below the detection limit (0.1 µM). Under
nitrogen-atmosphere in an anoxic chamber (GS Glovebox Systemtechnik,
Germany), potential electron acceptors were added from anoxic stock
solutions to a final concentration of 4mM (nitrate, nitrite) and 2mM (sulfate),
respectively. Molybdate, a specific inhibitor of dissimilatory sulfate reduction
[57], was added to some incubations at 4 mM final concentration to test for
sulfate-dependent anaerobic methane oxidation. After these additions, the
bottles were filled headspace-free with anoxic medium [25], and closed with
gray butyl rubber stoppers. To remove the oxygen dissolved in the
elastomer, the stoppers were boiled in water, and afterward stored under
helium gas until use. Finally, 10 µL of 14CH4 tracer solution (~2.4 kBq) was
injected, and samples were incubated at 25 °C for 16 days and 32 days. To
exclude potential oxygen contamination during the long incubation time,
the closed incubation bottles were kept permanently under nitrogen-
atmosphere in an anoxic chamber. Both living controls (without added
electron acceptors) and NaOH-killed controls (pH > 13) were treated in the
same way, and incubated in parallel for the two basins. At the end of the
incubation, a 20mL nitrogen headspace was created. Biological activity was
stopped by adding 5mL 12.5M NaOH solution (pH > 13). The radioactivity of
residual 14CH4 (combusted to 14CO2),

14CO2 produced bymethane oxidation,
and radioactivity in the remaining samples were determined by liquid
scintillation counting [58, 59].

DNA extraction, PCR amplification, sequencing, and
data analysis
Water samples from different depths of the two basins were collected and
sterile-filtered for biomass, using 0.2 µm polycarbonate membrane filters
(Cyclopore, Whatman). Biomass DNA was then extracted using FastDNA
SPIN Kit for Soil (MP Biomedicals) following the manufacturer’s instructions.
A two-step PCR approach [60] was applied in order to prepare the library
for sequencing at the Genomics Facility Basel. Briefly, 10 ng of extracted
DNA were used for a first PCR using the primers 515F-Y (5′-GTGYCA
GCMGCCGCGGTAA) and 926 R (5′-CCGYCAATTYMTTTRAGTTT-3’) targeting
the V4 and V5 regions of the 16 S rRNA gene [61], with good and
comparable coverage for Bacteria (84.5%), Archaea (81.05%), and
Eukaryota (80.8%) (https://www.arb-silva.de/search/testprime/). The pri-
mers of the first PCR were composed of the target region and an Illumina
Nextera XT-specific adapter sequence. Four sets of forward and reverse
primers, which contained 0–3 additional and ambiguous bases after
adapter sequence, were used in order to introduce frame shifts to increase
complexity (electronic supporting material, Table S1). Sample indices and
Illumina adapters were added in a second PCR of 8 cycles. Purified, indexed
amplicons were finally pooled at equimolar concentration, denatured,
spiked with 10% PhiX, and sequenced on an MiSeq platform (Illumina)
using the 2 × 300 bp paired-end protocol (V3-Kit). The quality of the raw
reads was checked using FastQC (v 1.2.11; Babraham Bioinformatics).
FLASH [62] was used to merge forward and reverse reads into amplicons of
about 374 bp length with an average merging rate of 96%, allowing a
minimum overlap of 15 nucleotides and a mismatch density of 0.25. Full-
length primer regions were trimmed using USEARCH (v10.0.240), allowing
a maximum of one mismatch. The merged and primer-trimmed amplicons
were quality-filtered (size range: 250–550, no Ns, minimum average quality
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score of 20) using PRINSEQ [63, 64, 65]. Amplicon Sequence Variants (ASVs)
were identified by denoising amplicons to zero radius OTUs (ZOTUs) using
the UNOISE algorithm in USEARCH. Taxonomic assignment was done with
SINTAX (v11.0.667_i86linux64, Edgar, 2016) and the SILVA 16 S rRNA gene
reference database v138 [66]. Downstream sequence analysis was done in
R v3.5.1 using “phyloseq” v1.25.2 [67], “vegan” [68], and “ggplot2” [69], as
outlined in the electronic supporting material. A total of 57 North Basin
water column samples from 2015 to 2018 were used to perform the
network analysis. After filtering out ASVs with mean relative abundances of
<0.1%, a total of 100 ASVs remained for network construction, using
pairwise Pearson correlation. The correlation matrix was converted into an
adjacency matrix using a threshold of ≥0.75. The network was constructed
using the “igraph” package in R, and visualized using “tidygraph”, and
“ggraph”. The abundance of Ca. Methylomirabilis was determined by qPCR
according to Ettwig et al. [26].

RESULTS AND DISCUSSION
Hydrochemistry and methane oxidation rates
The water column of the deep North Basin is considered meromictic
(i.e., permanently stratified). At the time of sampling for methane
oxidation rate measurements in November 2016, the redox
transition zone extended from 79 to 105m depth; as defined here,
with an upper boundary set at O2 < 5 µM, and a lower boundary set
where oxygen sensitive reduced chemical species like Fe2+ or H2S
start to rise above background levels (Fig. 1A, Supplementary
Fig. S3). Methane concentrations increased from very low levels
(<0.1 µM) at the upper redox transition zone to 20 µM at 155m. At
this depth, nitrite was below the limit of detection (0.02 µM) and
nitrate in the sub-micromolar range (<1 µM, Fig. 1B).
Vertical profiles of potential rates of methane oxidation (MOR)

in the North Basin showed a bimodal pattern (Fig. 1C). The upper
peak of methane oxidation rates (0.06 ± 0.01 µmol L−1 d−1) at
100m was at least partly due to the activity of aerobic
methanotrophs, thriving under microoxic conditions, as reported
before [3]. However, methane oxidation continued below the
redox transition zone, and a secondary methane oxidation rate
maximum of 0.08 ± 0.07 µmol L−1 d−1 was detected at 125m. A
similar bimodal methane oxidation rate distribution has been
observed in the North Basin water column before, whereby, at the
time, both the oxycline and the two separate methane oxidation
rate maxima were located at greater depths [3].

In the eutrophic South Basin, seasonal near-bottom anoxia
typically starts to develop in early summer, and is associated with
elevated turbidity in the deep waters. This benthic nepheloid layer
extends from the lake ground up to the oxic/anoxic interface and
consists of microbial biomass, produced locally and to large parts
by methanotrophs [4]. Its development starts at the sediment-
water interface and then progressively expands 10–20m into the
water column, following the rising redox transition zone [4].
During the time of sampling, in November 2016, the redox
transition zone extended from 55.5–75m (Fig. 2A and Supple-
mentary Fig. S4), below which, in contrast to the North Basin,
considerable amounts of nitrate (38–73 µM) and nitrite
(1.2–3.9 µM) were present (Fig. 2B). Methane concentrations
below the redox transition zone increased towards the sediment
and reached levels that were comparable (28 µM) to those in the
North Basin. In the South Basin, a single peak of methane
oxidation rate (0.18 ± 0.1 µmol L−1 d−1) was observed at 70m
depth, towards the lower boundary of the redox transition zone
(Fig. 2C). Although Type I methane-oxidizing bacteria (MOB) were
shown previously to dominate the biomass in the benthic
nepheloid layer, where the highest methanotrophic activity was
observed, it remained unclear whether the observed activity was
soley due to aerobic methanotrophs [4]. Particularly the presence
of both nitrate/nitrite, but also sulfate, Fe(III)- and Mn(IV)oxides
(Supplementary Fig. S4) within the benthic nepheloid layer bears
the potential that methane could be oxidized anaerobically with
either of these oxidants.
Methane oxidation within oxic/anoxic transition zones of other

stratified lakes has often been attributed to aerobic methano-
trophs [6, 70]. In lakes with shallow redox transition zones, cryptic
oxygen production by phototrophs could sustain aerobic methane
oxidation even in seemingly anoxic waters [5, 71]. At the depths of
the redox transition zone in Lake Lugano, particularly in the North
Basin, oxygen production by phototrophs is an unlikely mechan-
ism. Alternatively, Blees et al. [3] suggested that aerobic methane
oxidizers below the redox transition zone can survive prolonged
periods of oxygen starvation, and can resume high methane
oxidation activity upon episodic downwelling of oxygen, for
example during cooling events. Yet potential mechanisms that
inject oxygen to the deep hypolimnion were not investigated, and
it remained speculative if, and to which depth, such events may

Fig. 1 Water column profiles in the North Basin of Lake Lugano (November 2016). (A) oxygen (O2) and methane (CH4) concentrations, (B)
nitrate (NO3

–) and nitrite (NO2
–) concentrations and (C) methane oxidation rates (MOR). The gray area represents the redox transition zone,

starting at O2 < 5 µM, and reaching to the depth where sulfide concentrations start to rise above background levels (see also Supplementary
Fig. S3). Error bars of MOR represent standard deviations (n= 3).
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occur. Thus, methane oxidation below the redoxcline in the Lake
Lugano North Basin may indeed be anaerobic.

Evidence for nitrate/nitrite-dependent AOM
To test for the presence of active anaerobic methanotrophs, and
to indentify potential oxidants for methane, we set up anoxic
incubation experiments with 14CH4 as substrate, different electron
acceptors (nitrate, nitrite, sulfate), and concentrated biomass. The
biomass was collected from 85–90m in the South Basin, a depth
well below the redox transition zone at this time of sampling, but
where nitrate, nitrite, and sulfate were present. Biomass from the
North Basin was collected at 105–110 m, where nitrite was
undetectable but low levels of nitrate and sulfate were still
present.
When biomass from the meromictic North Basin was used, we

found that both nitrate (p < 0.01) and nitrite (p= 0.05) stimulated
AOM rates significantly (Fig. 3, Table S4). Compared to the controls
without additions, AOM rates increased by an average of 62% and
43% in the presence of nitrate (57.8 ± 10.8 µmol L−1 d−1) and
nitrite (50.9 ± 10.8 µmol L−1 d−1), respectively. There was no
significant difference between the controls and amendments with
sulfate (Table S4B).
In the South Basin, no significant stimulation of methane

oxidation occurred with any of the added electron acceptors
(Fig. 3 and Table S4), suggesting that these are not immediate
oxidants for methane, and AOM was not a major mode of
methane removal in spite of the presence of nitrate, nitrite, and
sulfate. However, the methane oxidation rates in the South Basin
incubations increased with a longer incubation time (i.e., 32 days,
data not shown), independently of the added compounds,
including molybdate. The observed stimulation of AOM thus
seems independent of sulfate-reducing bacteria. In turn, the
question arises as to what was the electron acceptor supporting
AOM under these conditions, and more generally, what was the
oxidant for methane in the unamended controls? Non-zero AOM
rates in controls are frequent [3, 72, 73], possibly resulting from
minor oxygen contamination at the start of the experiment or
during sampling. Although greatest care was taken to prevent
oxygen contamination during preparation, incubation, and
sampling, by executing all steps in a nitrogen-flushed anoxic
chamber, we did not add a reducing agent to chemically remove

any traces of oxygen. Thus, if trace amounts of oxygen were still
present in the incubations, they might have served as substrate
for the methane monooxygenase. After the oxygen-dependent
initial hydroxylation of methane to methanol, its further transfor-
mation could proceed anaerobically by fermentation, whereby
hydrogen, formate, acetate, and other compounds are produced
[74]. While trace oxygen contamination may be the reason for
non-zero AOM rates in the living controls, they can not explain the
increase in AOM rates between 16 days and 32 days of incubation
with South Basin biomass. A possibility, inferred from these
incubation experiments, is that the methanotrophs oxidized
methane with Fe(III)- or Mn(IV)-oxides [16, 18, 19], which were
present in the South Basin (Supplementary Fig. S4). Growing
experimental and metagenomic evidence suggests that fermenta-
tion and the potential for extracellular electron transfer (e.g., to

Fig. 2 Water column profiles in the South Basin of Lake Lugano (November 2016). (A) oxygen (O2) and methane (CH4) concentrations, (B)
nitrate (NO3

–) and nitrite (NO2
–) concentrations, and (C) methane oxidation rates (MOR). The gray area represents the redox transition zone,

starting at O2 < 5 µM, and reaching to the depth where Fe2+ rises above background concentrations (see also Supplementary Fig. S3). Error
bars of MOR represent standard deviations (n= 3).

Fig. 3 Effect of different electron acceptors on AOM rates in
comparison to control experiments without addition of electron
acceptors (n= 6). The incubations were conducted with concen-
trated biomass collected in November 2016 from anoxic water layers
in both North Basin (black boxplots) and South Basin (gray
boxplots), and amended with 14CH4 and different oxidants (nitrate,
nitrite, sulfate) or molybdate as inhibitor of sulfate reduction. In the
killed controls (n= 3; not shown) no tracer conversion was observed
after 32 days.
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Fe(III)- or Mn(IV)-oxides) are widespread among freshwater MOB
[75, 76]. Particulate metal oxides would accumulate on the filters
used to concentrate MOB biomass for the incubation experiments.
Close spatial arrangement or even direct contact between
methanotrophs and insoluble metal oxides on the filters may
have stimulated AOM rates with time. Whereas this hypothesis still
needs to be tested for Lake Lugano, incubation experiments
with biomass from the North Basin clearly showed that both
nitrate and nitrite enhanced methane oxidation under anoxic
conditions, providing evidence for active N-AOM in the meromic-
tic North Basin.

Abundance and diversity of methanotrophic bacteria
Methanotrophy is an important biogeochemical process at the
redox transition zones of both lake basins. Up to 32.2% of the 16 S
rRNA gene amplicons in the benthic nepheloid layer of the South
Basin, and 11.2% at 95m in the North Basin were related to
methanotrophs (Supplementary Excel Table S1). Among the 41
identified ASVs of putative methanotrophs, gamma-proteobacterial
type I MOB (31 ASVs) were by far the most important group in terms
of relative abundance and diversity. Also, eight ASVs of alpha-
proteobacterial type II MOB were detected, but they were generally
low in abundance. Furthermore, two identified ASVs (ASV9 and

ASV7279) were related to Ca. Methylomirabilis (Supplementary
Excel Table S1), capable of mediating AOM with nitrite as oxidant
[14]. No sequences of anaerobic methane-oxidizing Archaea, such
as Ca. Methanoperedens, or representatives of the ANME-1, -2 or
-3 groups, were detected in any of the samples.
The guild of methanotrophs in the lake was dominated by only

seven highly abundant ASVs, with >1% relative abundance in at
least one sample, including uncultured representatives of Methylo-
bacter sp (ASV5, ASV18, ASV19, ASV42), Crenothrix sp. (ASV10,
ASV91), as well as Ca. Methylomirabilis (ASV9). These seven taxa
combined represented >96% of all sequence reads of methano-
trophs (Supplementary Fig. S5, Supplementary Excel Table S1). All
but Ca. Methylomirabilis were present in both the North Basin and
the South Basin water column, coexisting, at varying proportions,
respectively, in microoxic as well as in anoxic water layers (Fig. 4). Ca.
Methylomirabilis, however, showed a clear habitat preference for
the meromictic North Basin, where 14CH4 incubations indicated
active N-AOM, and where Ca. Methylomirabilis was with 6.5% at
95m the most abundant MOB in November 2016 (Fig. 4).
All three MOB groups, Methylobacter sp, Crenothrix sp., and Ca.

Methylomirabilis coexisted in the North Basin water column, where
methane consumption rates were highest (Fig. 1, Supplementary
Figs. S5 and S6), suggesting that both aerobic and anaerobic
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methanotrophs work in concert under the microoxic to anoxic
conditions in the redox transition zone, and form an efficient
pelagic methane filter (Fig. 1). The methane oxidation rate
maximum coincided with the maximum abundance of Ca.
Methylomirabilis, but nitrite, the prime electron acceptor for this
organism was undetectable below 85m depth at the time of
sampling. Nitrite could be supplied by ammonia oxidizing archaea
or bacteria (Supplementary Fig. S7), or, alternatively, by nitrate-
reducing bacteria, as has been proposed previously to meet the
nitrite demand of anammox bacteria [47]. In support of the second
hypothesis, we find, by correlation-based network analysis, that Ca.
Methylomirabilis forms a subnetwork together with some nitrate-
reducing bacteria, including the denitrifying bacterium Sterolibac-
terium sp. (Fig. 5). In contrast, the typical nitrifiers are associated
with, probably degrading, algal biomass. The other main methano-
trophs, Crenothrix sp. and Methylobacter sp., form a separate subnet
together with Methylotenera sp., suggesting a potential syntrophic
interaction of methano- and methylotrophs as recently shown
experimentally by 13CH4 based DNA-SIP [46].
In the eutrophic, seasonally stratified South Basin, 16 S rRNA

gene sequences of Ca. Methylomirabilis were not detected in the
water column, although the chemical conditions seemed favor-
able for N-AOM, with nitrate and nitrite concentrations reaching
73 µM and 3.9 µM, respectively (Fig. 2). The two lake basins are
hydrologically and microbiologically connected, and Ca. Methylo-
mirabilis was present in South Basin surface sediments (Fig. 4C).
The absence of Ca. Methylomirabilis in the South Basin water
column is thus not the consequence of limited dispersion, or
unsuitable chemical conditions. Rather, it is the limited period of
time, during which these chemical conditions prevail, which
prevents Ca. Methylomirabilis—and other slow growing organ-
isms such as anammox bacteria [47]—from forming a stable and
sizeable population in this basin. Indeed, the anoxic stratification
period of ~5 months is short compared to an apparent doubling
time of 104 days estimated for Ca. Methylomirabilis in the North
Basin (Supplementary Fig. S8), and faster growing, and potentially
metabolically more versatile taxa outcompete Ca. Methylomir-
abilis. In accordance with Blees et al. [4], we find that the

assemblage of methanotrophs at the depth interval of maximum
methane oxidation (65–75m) was composed of Methylobacter sp.
(e.g., ASV5, 14.5% and ASV18, 4.0%) followed by Crenothrix sp.
(e.g., ASV10, 2.8%) (Fig. 4B and Supplementary Excel Table S1).
This latter ASV10 is highly similar to Crenothrix sp. D3, which has
been shown to contribute to methane oxidation in two other
stratified lakes in Switzerland [77]. Despite their occurrence in
anoxic waters, these gamma-proteobacterial MOB are still
considered aerobic, as they use molecular oxygen for the
particulate methane monooxygenase and the initial activation of
methane. The apparent absence of true anaerobic methane
oxidizers in the South Basin water column is consistent with the
lack of significant stimulation of AOM with nitrate/nitrite in the
incubations with biomass from this basin (Fig. 3 and Table S4).
Nonetheless, genomes of several aerobic methanotrophs, includ-
ing Crenothrix, encode putative nitrate (narG, napA), nitrite (nirS,
nirK), and/or nitrogen oxide reductases (norB) [72, 75, 77, 78].
Methylomonas denitrificans, for example, can couple the oxidation
of methane (and methanol) to the reduction of nitrate to nitrous
oxide under severe oxygen limitation [78], but the oxidation of
methane under completely anoxic conditions has, to our knowl-
edge, not been demonstrated experimentally for Crenothrix or any
of the gamma-proteobacterial MOB. Nonetheless, although a
plausible metabolic mechanism is still missing, they have been
shown to incorporate 13C into their membrane lipids during
biosynthesis from isotopically labeled methane in anoxic lake-
sediment incubations [79].

Water column stability as an ecological factor fostering
nitrite-dependent anaerobic methane oxidation
After nearly 50 years of meromixis in the North Basin of Lake
Lugano, two exceptionally strong mixing events in 2005 and 2006
led to a complete ventilation of the water column and a massive
reduction of the pelagic methane inventory from 2800 tons to
3 tons within just 1 month [50, 51]. The water column re-stabilized
rapidly in the following year, and remained stratified, with anoxia
below 100–125m depth until today (Fig. 6A). As a consequence of
the intrusion of oxygen to deep hypolimnetic waters, ammonium
was also oxidized almost completely, leading to transiently
increased nitrite and, subsequently, nitrate concentrations below
125m depth (Fig. 6B). While we have no DNA data from the mixing
period itself, in 2009 we observed unusual vertical distribution
patterns and high relative abundances of three dominating groups
of MOB within and below the redox transition zone: Methylobacter
sp., Crenothrix sp., and Ca. Methylomirabilis (Fig. 6C). Water column
mixing, e.g., during fall overturn in eutrophic lakes, can lead to
blooms of aerobic methanotrophs in the entire water column [80].
We suggest that this also happened during the water column
mixing in 2005 and 2006, and that the assemblage of MOB at still
high relative abundances below the redox transition zone is partly a
legacy signal from that major bloom event some years before. While
in the oxic water column, such signals are readily eliminated by the
regular community turnover, it may have prevailed for a longer
period of time under anoxic conditions, where community turnover
is slower due to reduced or absent grazing pressure by protists.
Moreover, increased levels of oxygen and nitrate below 125m until
2008 (Fig. 6B), may have helped maintaining the high relative
abundances of the three MOB groups.
In 2010, in contrast to the previous years, a distinct pattern was

observed for the declining Ca. Methylomirabilis population with
respect to the other MOB (Fig. 6C). This could hint to a narrower
ecological niche for Ca. Methylomirabilis, dependingmore strictly on
the presence (or cryptic formation) of oxidized nitrogen compounds,
which, by 2010, had been depleted below 125m (Fig. 6B). On the
other hand, the persistence of Methylobacter sp. and Crenothrix sp.
also in deeper waters, could be explained by a metabolic lifestyle
independent of external electron acceptors and, possibly, even of
methane [75]. Indeed, mixed-acid fermentation and hydrogen

Fig. 5 Pearson correlation-based network analysis of water
column microbial communities in 57 North Basin water column
samples from 2015 to 2018. After filtering out ASVs with mean
relative abundances of <0.1%, a total of 100 ASVs were retained for
network construction. Nodes of the same color within a cluster
indicate that these taxa are interconnected, and the node size
indicates the centrality degree.

G. Su et al.

698

The ISME Journal (2023) 17:693 – 702



Fig. 6 Multiannual dynamics of water column chemistry and dominant methanotrophs. A Lake Lugano North Basin water column oxygen
concentrations data from 2005–2018 (August data shown). B Concentrations of potential electron acceptors for MOB introduced into water
layers ≥125m. Boxplots show median concentration values and the interquartile range. All data from a given year are shown as individual
dots (n= 192 per year). Dot color indicates the approximate sampling depth. C Multiannual dynamics of Ca. Methylomirabilis, Methylobacter
sp., and Crenothrix sp.in the water column of the North Basin of Lake Lugano, starting three years after the exceptional mixing events in 2005
and 2006. Data are based on relative read abundances of 16 S rRNA gene sequences. The extension of the redox transition zone is indicated
by gray bars for the different sampling timepoints.
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production has been proposed previously based on metagenomic
evidence for both Crenothrix D3 from lake Zug [77], as well as for
Methylobacter sp. [46].
More stable water column conditions between 2014–2016 led

to a shallowing of the redox transition zone with only few
transient injections of oxidants into water depths below 125m
(Fig. 6B). During that period of time, Ca. Methylomirabilis was
consistently peaking within the redox transition zone at 110m,
100m, and 95m depth, respectively, representing up to 3.6% of
total sequences in September 2014, 5.4% in June 2015, and 6.7%
in November 2016. The read-based relative abundances of Ca.
Methylomirabilis were confirmed by qPCR (Supplementary Figs. S8
and S9), showing that Ca. Methylomirabilis 16 S rRNA gene
abundances increased from 1.5·104 copies/mL in September 2014
to 3·106 copies/mL in November 2016. By that time, Ca.
Methylomirabilis had become the most abundant MOB in the
redox transition zone, suggesting that water column stability was
a major environmental factor promoting the growth of this slow-
growing nitrite-dependent anaerobic methanotroph.
Links between water column stability and the growth of Ca.

Methylomirabilis seem additionally confirmed by the most recent
data. Enhanced mixing in 2017 and 2018 resulted in a deepening
of the redox transition zone (Fig. 6A, C), and the decline and
spreading of Ca. Methylomirabilis (Fig. 6C). While the ventilation of
the upper monimolimnic water levels led to increased nitrate
concentrations from stimulated nitrification (Fig. 6B), Ca. Methy-
lomirabilis did not seem to benefit from this situation, likely
because the detrimental effects of oxygenation due to deeper
mixing seemed to outweigh the positive effect of the enhanced
oxidant supply. Indeed, experimental studies with a Ca. Methylo-
mirabilis enrichment culture have revealed that even in presence
of low oxygen levels, rates of methane and nitrite conversion are
strongly reduced, and cell-division-associated genes are down-
regulated [81]. In contrast, the more dynamic water column
conditions in 2017 and 2018 stimulated the faster growing aerobic
MOB, Methylobacter sp. but also Crenothrix sp., which also
dominate in the dynamic South Basin water column.
While under stable water column conditions, oxygen and

methane are brought together through diffusive processes, and at
low concentrations, mixing events lead to transient but often
strongly increased solute concentrations that affect directly the
kinetics and pathways of biogeochemical processes [82]. As for
methanotrophic communities, stable environmental conditions
with low substrate concentrations thus are selecting for MOB with
higher enzyme affinities but slower growth. Conversely, mixing-
induced higher substrate levels will select for fast responding,
aerobic methanotrophs. It is thus likely the interplay between
stable and intermittently perturbed environmental conditions, at
the redox transition zone of the meromictic North Basin, that allow
the long-term coexistence of aerobic and anaerobic MOB,
Methylobacter sp., Crenothrix sp, and Ca. Methylomirabilis.

CONCLUSIONS
Amplicon sequencing data of 16 S rRNA genes and experimental
data from anoxic 14CH4 incubations with nitrate/nitrite addition
provide evidence that nitrite-dependent AOM is an important
methane sink in the permanently stratified North Basin of Lake
Lugano, and that this process is primarily mediated by Ca.
Methylomirabilis at the redoxcline and in the anoxic water
column. Time series data covering nearly 10 years of microbial
community dynamics show that the assemblage of methano-
trophs is dominated by few abundant taxa besides Ca. Methylo-
mirabilis, including mainly Methylobacter and Crenothrix. These
data also demonstrate that stable low-redox conditions in the
midwater depths of the meromictic North Basin are particularly
conducive to the development of N-AOM-performing bacteria. In
the more dynamic South Basin, the assemblage of MOB consisted

only of aerobic Methylobacter and Crenothrix. The duration of
seasonal stratification and anoxia appears to be too short, in
relation to the slow growth rate of Ca. Methylomirabilis, to allow
for the establishement of this anaerobic methanotroph, despite
favorable hydrochemical conditions. This conclusion may be
extended to other lake systems, and explain why AOM usually is
not a major mode of methane removal in seasonally anoxic
eutrophic lakes.
Our research on methanotrophy in the two hydrodynamically

differing lake basins highlights that the stability of environmental/
redox conditions, on the one hand, and physical processes, like
mixing and water column dynamics, on the other, are important
factors determining microbial community structures as well as
pathways and rates of biogeochemical processes. With climate
warming, lake surface temperatures will continue to increase,
leading to enhanced density stratification and reduced vertical
mixing. In particular, deeper lakes may transition from a
monomictic to an oligo- or meromictic mixing regime [83], which
means that the mitigating effects of anaerobic methane oxidation
on methane emissions from freshwater systems will probably
increase in the future.

DATA AVAILABILITY
Raw sequence data are made available at NCBI under the BioProjectID PRJNA672280
with the accession numbers SRR12936362 through SRR12936382; MH111698
through MH113143. Treated 16 S rRNA gene sequences (ASV) and water column
chemistry data used for figures are deposited in the Zenodo repository (https://
doi.org/10.5281/zenodo.7621528).

REFERENCES
1. Bastviken D, Cole J, Pace M, Tranvik L. Methane emissions from lakes: Dependence

of lake characteristics, two regional assessments, and a global estimate. Glob
Biogeochem Cy. 2004;18:GB4009.

2. He R, Wooller MJ, Pohlman JW, Quensen J, Tiedje JM, Leigh MB. Diversity of active
aerobic methanotrophs along depth profiles of arctic and subarctic lake water
column and sediments. ISME J. 2012;6:1937–48.

3. Blees J, Niemann H, Wenk CB, Zopfi J, Schubert CJ, Kirf MK, et al. Micro-aerobic
bacterial methane oxidation in the chemocline and anoxic water column of deep
south-Alpine Lake Lugano (Switzerland). Limnol Oceanogr. 2014;59:311–24.

4. Blees J, Niemann H, Wenk CB, Zopfi J, Schubert CJ, Jenzer JS, et al. Bacterial
methanotrophs drive the formation of a seasonal anoxic benthic nepheloid layer
in an alpine lake. Limnol Oceanogr. 2014;59:1410–20.

5. Milucka J, Kirf M, Lu L, Krupke A, Lam P, Littmann S, et al. Methane oxidation
coupled to oxygenic photosynthesis in anoxic waters. ISME J. 2015;9:1991–2002.

6. Oswald K, Milucka J, Brand A, Hach P, Littmann S, Wehrli B, et al. Aerobic gam-
maproteobacterial methanotrophs mitigate methane emissions from oxic and
anoxic lake waters. Limnol Oceanogr. 2016;61:S101–18.

7. Bornemann M, Bussmann I, Tichy L, Deutzmann J, Schink B, Pester M. Methane
release from sediment seeps to the atmosphere is counteracted by highly active
Methylococcaceae in the water column of deep oligotrophic Lake Constance.
FEMS Microbiol Ecol. 2016;92:fiw123.

8. Knittel K, Boetius A. Anaerobic oxidation of methane: progress with an unknown
process. Annu Rev Microbiol. 2009;63:311–34.

9. Boetius A, Ravenschlag K, Schubert CJ, Rickert D, Widdel F, Gieseke A, et al. A
marine microbial consortium apparently mediating anaerobic oxidation of
methane. Nature. 2000;407:623–6.

10. Orphan VJ, House CH, Hinrichs K-U, McKeegan KD, DeLong EF. Multiple archaeal
groups mediate methane oxidation in anoxic cold seep sediments. Proc Natl
Acad Sci USA. 2002;99:7663–8.

11. Michaelis W, Seifert R, Nauhaus K, Treude T, Thiel V, Blumenberg M, et al.
Microbial reefs in the Black Sea fueled by anaerobic oxidation of methane. Sci-
ence (1979). 2002;297:1013–5.

12. Niemann H, Lösekann T, de Beer D, Elvert M, Nadalig T, Knittel K, et al. Novel
microbial communities of the Haakon Mosby mud volcano and their role as a
methane sink. Nature. 2006;443:854–8.

13. Raghoebarsing AA, Pol A, van de Pas-Schoonen KT, Smolders AJP, Ettwig KF,
Rijpstra WIC, et al. A microbial consortium couples anaerobic methane oxidation
to denitrification. Nature. 2006;440:918–21.

14. Ettwig KF, Butler MK, Le Paslier D, Pelletier E, Mangenot S, KuypersMMM, et al. Nitrite-
driven anaerobic methane oxidation by oxygenic bacteria. Nature. 2010;464:543–8.

G. Su et al.

700

The ISME Journal (2023) 17:693 – 702

https://doi.org/10.5281/zenodo.7621528
https://doi.org/10.5281/zenodo.7621528


15. Haroon MF, Hu S, Shi Y, Imelfort M, Keller J, Hugenholtz P, et al. Anaerobic
oxidation of methane coupled to nitrate reduction in a novel archaeal lineage.
Nature. 2013;500:567–70.

16. Beal EJ, House CH, Orphan VJ. Manganese- and iron-dependent marine methane
oxidation. Science (1979). 2009;325:184–7.

17. Sivan O, Adler M, Pearson A, Gelman F, Bar-Or I, John SG, et al. Geochemical
evidence for iron-mediated anaerobic oxidation of methane. Limnol Oceanogr.
2011;56:1536–44.

18. Ettwig KF, Zhu B, Speth D, Keltjens JT, Jetten MSM, Kartal B. Archaea catalyze
iron-dependent anaerobic oxidation of methane. Proc Natl Acad Sci USA.
2016;113:12792–6.

19. Cai C, Leu AO, Xie G-J, Guo J, Feng Y, Zhao J-X, et al. A methanotrophic archaeon
couples anaerobic oxidation of methane to Fe(III) reduction. ISME J. 2018;12:1929–39.

20. Scheller S, Yu H, Chadwick GL, McGlynn SE, Orphan VJ. Artificial electron
acceptors decouple archaeal methane oxidation from sulfate reduction. Science.
2016;351:1754–6.

21. Valenzuela EI, Avendaño KA, Balagurusamy N, Arriaga S, Nieto-Delgado C, Tha-
lasso F, et al. Electron shuttling mediated by humic substances fuels anaerobic
methane oxidation and carbon burial in wetland sediments. Sci Total Environ.
2019;650:2674–84.

22. Norði Kà, Thamdrup B, Schubert CJ. Anaerobic oxidation of methane in an iron-
rich Danish freshwater lake sediment. Limnol Oceanogr. 2013;58:546–54.

23. Segarra KEA, Schubotz F, Samarkin V, Yoshinaga MY, Hinrichs K-U, Joye SB. High
rates of anaerobic methane oxidation in freshwater wetlands reduce potential
atmospheric methane emissions. Nat Commun. 2015;6:7477.

24. Weber HS, Habicht KS, Thamdrup B. Anaerobic methanotrophic archaea of the
ANME-2d cluster are active in a low-sulfate, iron-rich freshwater sediment. Front
Microbiol. 2017;8:619.

25. Su G, Zopfi J, Yao H, Steinle L, Niemann H, Lehmann MF. Manganese/iron‐sup-
ported sulfate‐dependent anaerobic oxidation of methane by archaea in lake
sediments. Limnol Oceanogr. 2020;65:863–75.

26. Ettwig KF, van Alen T, van de Pas-Schoonen KT, Jetten MSM, Strous M. Enrich-
ment and molecular detection of denitrifying methanotrophic bacteria of the
NC10 phylum. Appl Environ Microbiol. 2009;75:3656–62.

27. He Z, Cai C, Wang J, Xu X, Zheng P, Jetten MSM, et al. A novel denitrifying
methanotroph of the NC10 phylum and its microcolony. Sci Rep. 2016;6:32241.

28. Versantvoort W, Guerrero-Cruz S, Speth DR, Frank J, Gambelli L, Cremers G, et al.
Comparative genomics of Candidatus Methylomirabilis species and description of
Ca. Methylomirabilis lanthanidiphila. Front Microbiol. 2018;9:1672.

29. Hu S, Zeng RJ, Burow LC, Lant P, Keller J, Yuan Z. Enrichment of denitrifying anae-
robic methane oxidizing microorganisms. Environ Microbiol Rep. 2009;1:377–84.

30. Deutzmann JS, Schink B. Anaerobic oxidation of methane in sediments of Lake
Constance, an oligotrophic freshwater lake. Appl EnvironMicrobiol. 2011;77:4429–36.

31. Wang Y, Zhu G, Harhangi HR, Zhu B, Jetten MSM, Yin C, et al. Co-occurrence and
distribution of nitrite-dependent anaerobic ammonium and methane-oxidizing
bacteria in a paddy soil. FEMS Microbiol Lett. 2012;336:79–88.

32. Hu B-l, Shen L-d, Lian X, Zhu Q, Liu S, Huang Q, et al. Evidence for nitrite-
dependent anaerobic methane oxidation as a previously overlooked microbial
methane sink in wetlands. Proc Natl Acad Sci USA. 2014;111:4495–4500.

33. Norði KÁ, Thamdrup B. Nitrate-dependent anaerobic methane oxidation in a
freshwater sediment. Geochim Cosmochim Acta. 2014;132:141–50.

34. Graf JS, Mayr MJ, Marchant HK, Tienken D, Hach PF, Brand A, et al. Bloom of a
denitrifying methanotroph, ‘Candidatus Methylomirabilis limnetica’, in a deep
stratified lake. Environ Microbiol. 2018;20:2598–614.

35. Mayr MJ, Zimmermann M, Guggenheim C, Brand A, Bürgmann H. Niche parti-
tioning of methane-oxidizing bacteria along the oxygen–methane counter gra-
dient of stratified lakes. ISME J. 2020;14:274–87.

36. Padilla CC, Bristow LA, Sarode N, Garcia-Robledo E, Gómez Ramírez E, Benson CR,
et al. NC10 bacteria in marine oxygen minimum zones. ISME J. 2016;10:2067–71.

37. Lidstrom ME, Somers L. Seasonal study of methane oxidation in Lake Washing-
ton. Appl Environ Microbiol. 1984;47:1255–60.

38. Kuivila KM, Murray JW, Devol AH, Lidstrom ME, Reimers CE. Methane cycling in
the sediments of Lake Washington. Limnol Oceanogr. 1988;33:571–81.

39. Frenzel P, Thebrath B, Conrad R. Oxidation of methane in the oxic surface layer of
a deep lake sediment (Lake Constance). FEMS Microbiol Lett. 1990;73:149–58.

40. Bender M, Conrad R. Methane oxidation activity in various soils and freshwater
sediments: Occurrence, characteristics, vertical profiles, and distribution on grain
size fractions. J Geophys Res. 1994;99:16531.

41. Rudd JWM, Hamilton RD, Campbell NER. Measurement of microbial oxidation of
methane in lake water. Limnol Oceanogr. 1974;19:519–24.

42. Hanson RS, Hanson TE. Methanotrophic bacteria. Microbiol Rev. 1996;60:439–71.
43. Bastviken D, Ejlertsson J, Tranvik L. Measurement of methane oxidation in lakes: A

comparison of methods. Environ Sci Technol. 2002;36:3354–61.
44. Pasche N, Schmid M, Vazquez F, Schubert CJ, Wüest A, Kessler JD, et al. Methane

sources and sinks in Lake Kivu. J Geophys Res Biogeosci. 2011;116:G03006.

45. Kuypers MMM, Marchant HK, Kartal B. The microbial nitrogen-cycling network.
Nat Rev Microbiol. 2018;16:263–76.

46. van Grinsven S, Sinninghe Damsté JS, Harrison J, Polerecky L, Villanueva L. Nitrate
promotes the transfer of methane-derived carbon from the methanotroph
Methylobacter sp. to the methylotroph Methylotenera sp. in eutrophic lake water.
Limnol Oceanogr. 2021;66:878–91.

47. Wenk CB, Blees J, Zopfi J, Veronesi M, Bourbonnais A, Schubert CJ, et al. Anae-
robic ammonium oxidation (anammox) bacteria and sulfide-dependent deni-
trifiers coexist in the water column of a meromictic south-alpine lake. Limnol
Oceanogr. 2013;58:1–12.

48. Deutzmann JS, Stief P, Brandes J, Schink B. Anaerobic methane oxidation coupled
to denitrification is the dominant methane sink in a deep lake. Proc Natl Acad Sci
USA. 2014;111:18273–8.

49. Lehmann MF, Bernasconi SM, McKenzie JA, Barbieri A, Simona M, Veronesi M.
Seasonal variation of the δC and δN of particulate and dissolved carbon and
nitrogen in Lake Lugano: Constraints on biogeochemical cycling in a eutrophic
lake. Limnol Oceanogr. 2004;49:415–29.

50. Holzner CP, Aeschbach-Hertig W, Simona M, Veronesi M, Imboden DM, Kipfer R.
Exceptional mixing events in meromictic Lake Lugano (Switzerland/Italy), studied
using environmental tracers. Limnol Oceanogr. 2009;54:1113–24.

51. Lehmann MF, Simona M, Wyss S, Blees J, Frame CH, Niemann H, et al. Powering
up the “biogeochemical engine”: The impact of exceptional ventilation of a deep
meromictic lake on the lacustrine redox, nutrient, and methane balances. Front
Earth Sci. 2015;3:45.

52. Niemann H, Steinle L, Blees J, Bussmann I, Treude T, Krause S, et al. Toxic effects
of lab-grade butyl rubber stoppers on aerobic methane oxidation. Limnol
Oceanogr Methods. 2015;13:40–52.

53. Hansen HP, Koroleff F. Determination of nutrients. In: Methods of Seawater
Analysis. Ed. by Grasshoff K, Kremling K and Ehrhardt M Wiley-VCH, Weinheim,
Germany, 1999; 159–228. ISBN 3-527-29589–5.

54. Cline JD. Spectrophotometric determination of hydrogen sulfide in natural
waters. Limnol Oceanogr. 1969;14:454–8.

55. Stookey LL. Ferrozine - a new spectrophotometric reagent for iron. Anal Chem.
1970;42:779–81.

56. Steinle L, Graves CA, Treude T, Ferré B, Biastoch A, Bussmann I, et al. Water
column methanotrophy controlled by a rapid oceanographic switch. Nat Geosci.
2015;8:378–82.

57. Wilson LG, Bandurski RS. Enzymatic reactions involving sulfate, sulfite, selenate
and molybdate. J Biol Chem. 1958;233:975–81.

58. Steinle L, Schmidt M, Bryant L, Haeckel M, Linke P, Sommer S, et al. Linked
sediment and water-column methanotrophy at a man-made gas blowout in the
North Sea: Implications for methane budgeting in seasonally stratified shallow
seas. Limnol Oceanogr. 2016;61:S367–S386.

59. Su G, Niemann H, Steinle L, Zopfi J, Lehmann MF. Evaluating radioisotope‐based
approaches to measure anaerobic methane oxidation rates in lacustrine sedi-
ments. Limnol Oceanogr Methods. 2019;17:429–38.

60. Monchamp M-E, Walser J-C, Pomati F, Spaak P. Sedimentary DNA Reveals cya-
nobacterial community diversity over 200 Years in two perialpine lakes. Appl
Environ Microbiol. 2016;82:6472–82.

61. Parada AE, Needham DM, Fuhrman JA. Every base matters: Assessing small
subunit rRNA primers for marine microbiomes with mock communities, time
series and global field samples. Environ Microbiol. 2016;18:1403–14.

62. Magoč T, Salzberg SL. FLASH: fast length adjustment of short reads to improve
genome assemblies. Bioinformatics. 2011;27:2957–63.

63. Schmieder R, Edwards R. Quality control and preprocessing of metagenomic
datasets. Bioinformatics. 2011;27:863–4.

64. Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioin-
formatics. 2010;26:2460–1.

65. Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon
reads. Nat Methods. 2013;10:996–1000.

66. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res. 2013;41:590–6.

67. McMurdie PJ, Holmes S. Phyloseq: An R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One. 2013;8:e61217.

68. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin P, O’Hara R, et al. Vegan:
Community ecology package. R Package version. 2020;2:5–7.

69. Wickham H. ggplot2: Elegant graphics for data analysis. 2009. Springer,
New York, NY.

70. Biderre-Petit C, Jézéquel D, Dugat-Bony E, Lopes F, Kuever J, Borrel G, et al.
Identification of microbial communities involved in the methane cycle of a
freshwater meromictic lake. FEMS Microbiol Ecol. 2011;77:533–45.

71. Oswald K, Milucka J, Brand A, Littmann S, Wehrli B, Kuypers MMM, et al. Light-
dependent aerobic methane oxidation reduces methane emissions from sea-
sonally stratified lakes. PLoS One. 2015;10:e0132574.

G. Su et al.

701

The ISME Journal (2023) 17:693 – 702



72. Rissanen AJ, Saarenheimo J, Tiirola M, Peura S, Aalto SL, Karvinen A, et al.
Gammaproteobacterial methanotrophs dominate methanotrophy in aerobic and
anaerobic layers of boreal lake waters. Aquat Micro Ecol. 2018;81:257–76.

73. van Grinsven S, Oswald K, Wehrli B, Jegge C, Zopfi J, Lehmann MF, et al. Methane
oxidation in the waters of a humic-rich boreal lake stimulated by photosynthesis,
nitrite, Fe(III) and humics. Biogeosciences. 2021;18:3087–101.

74. Kalyuzhnaya MG, Yang S, Rozova ON, Smalley NE, Clubb J, Lamb A, et al. Highly
efficient methane biocatalysis revealed in a methanotrophic bacterium. Nat
Commun. 2013;4:2785.

75. He R, Wang J, Pohlman JW, Jia Z, Chu Y-X, Wooller MJ, et al. Metabolic flexibility
of aerobic methanotrophs under anoxic conditions in Arctic lake sediments. ISME
J. 2022;16:78–90.

76. Zheng Y, Wang H, Liu Y, Zhu B, Li J, Yang Y, et al. Methane-dependent mineral
reduction by aerobic methanotrophs under hypoxia. Environ Sci Technol Lett.
2020;7:606–12.

77. Oswald K, Graf JS, Littmann S, Tienken D, Brand A, Wehrli B, et al. Crenothrix are
major methane consumers in stratified lakes. ISME J. 2017;11:2124–40.

78. Kits KD, Klotz MG, Stein LY. Methane oxidation coupled to nitrate reduction under
hypoxia by the Gammaproteobacterium Methylomonas denitrificans, sp. nov. type
strain FJG1. Environ Microbiol. 2015;17:3219–32.

79. Su G, Zopfi J, Niemann H, Lehmann MF. Multiple groups of methanotrophic
bacteria mediate methane oxidation in anoxic lake sediments. Front Microbiol.
2022;13:864630.

80. Mayr MJ, Zimmermann M, Dey J, Brand A, Wehrli B, Bürgmann H. Growth and
rapid succession of methanotrophs effectively limit methane release during lake
overturn. Commun Biol. 2020;3:108.

81. Luesken FA, Wu ML, Op den Camp HJM, Keltjens JT, Stunnenberg H, Francoijs KJ,
et al. Effect of oxygen on the anaerobic methanotroph ‘CandidatusMethylomirabilis
oxyfera’: Kinetic and transcriptional analysis. Environ Microbiol. 2012;14:1024–34.

82. Zopfi J, Ferdelman TG, Jørgensen BB, Teske A, Thamdrup B. Influence of
water column dynamics on sulfide oxidation and other major biogeochemical
processes in the chemocline of Mariager Fjord (Denmark). Mar Chem.
2001;74:29–51.

83. Woolway RI, Kraemer BM, Lenters JD, Merchant CJ, O’Reilly CM, Sharma S. Global
lake responses to climate change. Nat Rev Earth Environ. 2020;1:388–403.

ACKNOWLEDGEMENTS
We thank Thomas Kuhn and Judith Kobler for technical support in the laboratory.
Thanks also go to Stefano Beatrizotti and Marco Simona (SUPSI), Adeline Cojean-
Egger, and Maciej Bartosiewicz for their great help during the sampling campaigns
on Lake Lugano. Long-term oxygen data used in this study were collected as part of a
research program promoted by the International Commission for the Protection of
Italian-Swiss Waters (CIPAIS). The research was supported by a China Scholarship
Council (CSC) fellowship awarded to GS, and by the Swiss National Science
Foundation project 153055 granted to JZ and MFL.

AUTHOR CONTRIBUTIONS
JZ, MFL, HN, and GS conceived the research. GS performed the experiments and
analyses with support from JZ and JCW. FL, YW, and JT provided additional multi-
annual chemical and sequence data. GS and JZ wrote the manuscript with input from
MFL, HN, and FL.

FUNDING
The research was supported by a China Scholarship Council (CSC) fellowship awarded
to GS, and by the Swiss National Science Foundation project 153055 granted to JZ
and MFL. Open access funding provided by University of Basel.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41396-023-01382-4.

Correspondence and requests for materials should be addressed to Guangyi Su or
Jakob Zopfi.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

G. Su et al.

702

The ISME Journal (2023) 17:693 – 702

https://doi.org/10.1038/s41396-023-01382-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

