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Abstract. In lakes, large amounts of methane are produced
in anoxic sediments. Methane-oxidizing bacteria effectively
convert this potent greenhouse gas into biomass and carbon
dioxide. These bacteria are present throughout the water col-
umn, where methane concentrations can range from nanomo-
lar to millimolar. In this study, we tested the hypothesis that
methanotroph assemblages in a seasonally stratified freshwa-
ter lake are adapted to the contrasting methane concentra-
tions in the epi- and hypolimnion. We further hypothesized
that lake overturn would change the apparent methane ox-
idation kinetics as more methane becomes available in the
epilimnion. In addition to the change in the methane ox-
idation kinetics, we investigated changes in the transcrip-
tion of genes encoding methane monooxygenase, the en-
zyme responsible for the first step of methane oxidation,
with metatranscriptomics. Using laboratory incubations of
the natural microbial communities, we show that the half-
saturation constant (Km) for methane – the methane concen-
tration at which half the maximum methane oxidation rate is
reached – was 20 times higher in the hypolimnion than in the
epilimnion during stable stratification. During lake overturn,
however, the kinetic constants in the epi- and hypolimnion
converged along with a change in the transcriptionally active
methanotroph assemblage. Conventional particulate methane
monooxygenase appeared to be responsible for methane ox-
idation under different methane concentrations. Our results
suggest that methane availability is one important factor for
creating niches for methanotroph assemblages with well-
adapted methane oxidation kinetics. This rapid selection and

succession of adapted lacustrine methanotroph assemblages
allowed the previously reported high removal efficiency of
methane transported to the epilimnion to be maintained –
even under rapidly changing conditions during lake overturn.
Consequently, only a small fraction of methane stored in the
anoxic hypolimnion is emitted to the atmosphere.

1 Introduction

Lakes are an important source of greenhouse gases; methane
is a major contributor to the climate impact of the greenhouse
gas emissions from lakes (DelSontro et al., 2018). The oxida-
tion of the strong greenhouse gas methane in freshwater lakes
is mainly achieved by methane-oxidizing bacteria (MOB),
which have the unique ability to use methane as their sole
carbon and energy source (Hanson and Hanson, 1996). In
seasonally stratified lakes, large amounts of methane, which
is produced as a final product of anaerobic organic mat-
ter degradation, can accumulate in the oxygen-depleted hy-
polimnion (Conrad, 2009; Steinsberger et al., 2017). Under
stratified conditions, aerobic and sometimes anaerobic MOB
oxidize this methane in the water column, thereby prevent-
ing diffusive outgassing (Bastviken et al., 2002; Graf et al.,
2018; Mayr et al., 2020a). Lake overturn in autumn leads to
mixing of the oxygen-rich surface layer with the methane-
rich bottom water (Schubert et al., 2012). The simultaneous
availability of oxygen and methane promotes the growth of
MOB in the expanding epilimnion at the surface (Kankaala
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et al., 2007; Mayr et al., 2020b; Schubert et al., 2012; Zim-
mermann et al., 2019). The resulting increase in the methane
oxidation capacity has been shown to be associated with a
shift in the MOB assemblage in the epilimnion, which grows
fast enough to prevent 90 % of the methane transported into
the epilimnion from escaping to the atmosphere (Mayr et al.,
2020b; Zimmermann et al., 2019).

In temperate, seasonally stratified lakes, the diverse MOB
assemblage shows a clear vertical structure and succession
during autumn overturn (Kojima et al., 2009; Mayr et al.,
2020b). This suggests that mechanisms of spatial and tem-
poral niche partitioning maintain diversity within this func-
tional group (Mayr et al., 2020a). The differences in the
methane and oxygen availability in the two water bodies
above and below the oxycline likely place very different de-
mands on the ecophysiology of the resident MOB assem-
blages. Although previous studies have shown great diver-
sity and adaptability of methane oxidation kinetics (Baani
and Liesack, 2008; Dunfield and Conrad, 2000; Lofton et al.,
2014; Tveit et al., 2019), the role of different kinetic parame-
ters in rapidly changing lake environments has not been stud-
ied systematically to date. Here, we hypothesized that appar-
ent kinetic parameters of methane oxidation vary between the
epi- and hypolimnion and that kinetic parameters vary sea-
sonally along with the MOB assemblage, which would show
that methane availability is a driver of apparent methane oxi-
dation kinetics of the MOB assemblage. Further, the methane
affinity of lacustrine MOB especially in the epilimnion has
implications for the amount of methane outgassing during
both stable stratification and lake overturn.

The first step of methane oxidation is mediated by the
methane monooxygenase. Most MOB possess the copper-
dependent particulate form of the methane monooxygenase
(pMMO). Known isozymes of pMMO have been shown to
exhibit different methane oxidation kinetics, including high-
affinity variants that are even able to oxidize methane at at-
mospheric concentrations (Baani and Liesack, 2008; Dam
et al., 2012). A subset of MOB encode the soluble MMO
(sMMO) that has a lower methane affinity than pMMO
and has been hypothesized to be used by MOB under high
methane concentration conditions; this is due to the fact that
MOB biomass is assumed to be higher under such condi-
tions, leading to copper limitation and a switch to copper-free
sMMO (Semrau et al., 2018). The abundance of the sMMO
gene has been found to be low in Lake Rotsee (Guggenheim
et al., 2019), but relative transcription between the epi- and
hypolimnion has not been investigated so far.

In this study we conducted a combined kinetic and meta-
transcriptomic analysis in a small pre-alpine lake to test our
hypothesis that MOB assemblages show distinct apparent
methane oxidation kinetics in the methane-rich hypolimnion
compared with the epilimnion, which has lower methane
concentrations. Further, we examined the changes in appar-
ent methane oxidation kinetics over time during lake over-
turn, as more methane becomes available in the epilimnion.

To do so, we used laboratory incubations of the resident mi-
crobial community to measure methane oxidation rates and
methane affinity combined with MOB cell counts. In paral-
lel, we applied metatranscriptomics to characterize the MOB
assemblage as well as genes and transcripts involved in the
methane oxidation pathway, aiming to link observed changes
in apparent methane oxidation kinetics to changes in the
MOB population activity. Knowledge about the variability
of kinetic parameters of methane oxidation is important to
better understand the ecology and physiology of MOB in the
environment. Further, our results will inform trait-based or
process-based modeling approaches, because a single set of
time and space invariant kinetic parameters may not reflect
natural conditions adequately.

2 Methods

2.1 Study site and physicochemical lake profiling

Lake Rotsee is a small eutrophic lake in central Switzer-
land that is 2.5 km long, 200 m wide and has a maximum
depth of 16 m. For more details, see Schubert et al. (2012).
We profiled and sampled the water column during four cam-
paigns in autumn 2017 at the deepest point of Lake Rotsee
(47.072◦ N, 8.319◦ E). We measured profiles of temperature
and pressure (depth) with a CTD (conductivity–temperature–
depth) instrument (RBRmaestro, RBR, Canada). An oxygen
microsensor (NTH-PSt1, PreSens, Germany) attached to the
CTD measured profiles of oxygen concentrations.

2.2 3H–CH4 tracer technique

We used the radio 3H–CH4 tracer technique as described in
Bussmann et al. (2015) and Steinle et al. (2015) to measure
apparent methane oxidation rates and kinetics of the MOB
assemblage above and below the oxycline. Similar measure-
ments have been carried out by Lofton et al. (2014), who
derived apparent methane oxidation kinetics from methane
oxidation rates using 14C–CH4. We used the 3H–CH4 tracer
technique because it is more sensitive than the 14C–CH4
technique and, therefore, allows shorter incubation times and
rate determination at low CH4 concentrations. We added
200 µL of gaseous 3H–CH4/N2 mixture (∼ 80 kBq, Amer-
ican Radiolabeled Chemicals, USA). The specific activity
of 3H–CH4 is 0.74 TBq mmol−1; therefore, the 200 µL of
gaseous 3H–CH4/N2 mixture contained 108 pmol 3H–CH4.
In comparison, the 500 µL gas bubble with the lowest con-
centration of unlabeled methane (see Sect. 2.3) contained
17 nmol CH4. We measured total and water fraction radioac-
tivity in a liquid scintillation counter (Tri-Carb 1600CA,
Packard, USA) by adding 1 mL of sample to 5 mL of Insta-
Gel (PerkinElmer, Germany). From these activities, we cal-
culated the methane oxidation rate (rMOX):
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rMOX = [CH4]×
AH2O

AH2O+ACH4

×
1
t
, (1)

where t is time, [CH4] is the concentration of methane and
activities (A) were corrected for fractional turnover in killed
controls.

2.3 Apparent methane oxidation kinetics of microbial
communities

We assumed that the dependence of the methane oxidation
rate (rMOX) of the microbial community on the methane con-
centration can be described by a Monod kinetics:

rMOX = Vmax
[CH4]

Km+ [CH4]
, (2)

where Vmax is the maximum methane oxidation rate, and
Km is the half-saturation constant for methane. We use the
term “affinity” as the inverse of the half-saturation constant:
1/Km. We determined the two kinetic parameters in labo-
ratory incubations of water samples from above and below
the oxycline. We collected water from the two depths in
2 L Schott bottles and transported them to the lab dark and
cooled. We stripped dissolved methane by bubbling air for
1 h. This also removed H2S from the sample which would
otherwise reduce the sensitivity of the 3H–CH4 technique.
For each depth, we prepared 60 mL incubations with 10 dif-
ferent methane concentrations and a killed control. We pre-
pared incubations and controls in triplicates except for the
first field campaign where we only prepared duplicates. By
adding a 500 µL gas bubble from pre-diluted gas stocks we
established methane concentrations of 0.4 to 60 µM. Gas
stocks were prepared by evacuating and flushing 120 mL
crimp-sealed serum vials with pure nitrogen gas five times
and adding defined volumes of methane gas with gastight sy-
ringes. The killed controls were treated in the exact same way
as the samples with the exception that we inhibited methane
oxidation by adding 1 mL of ZnCl2 (50 %w/v). To start the
incubations, we added the 3H–CH4 tracer as described in the
above section. After vigorous shaking for 1 min, we kept the
incubations dark in a shaker operated at 100 rpm. We incu-
bated both samples from above and below the oxycline at
the temperature measured within the oxycline. Thus, while
the determined kinetic parameters may differ from in situ
values, this approach allows for a direct comparison of the
two datasets. After 4 h, we stopped the incubations by adding
1 mL of ZnCl2 (50 %w/v). We determined the methane ox-
idation rate in each incubation as described above. Except
for the first sampling date, we measured each incubation
replicate twice. This resulted in 594 measurements: 72 sin-
gle measurements and 261 measurement duplicates. We av-
eraged measurement replicates, resulting in 333 data points.

We used a non-linear least squares Levenberg–Marquardt
algorithm to fit the Monod equation to the data. Outliers

in the data were removed using the following criteria: for
the replicates of each methane concentration we removed
data points (1) with a water fraction radioactivity that was
more than 2σ from the average water fraction radioactiv-
ity of all replicates, (2) which showed a water fraction ra-
dioactivity that was not more than 2σ from the background
water fraction radioactivity, (3) for which we had less than
two replicates after the removal of outliers, (4) with a re-
sulting methane oxidation rate more than 2σ from the aver-
age methane oxidation rate of all replicates and (5) showing
a methane oxidation rate that was higher than the methane
oxidation rate measured for the replicates with the high-
est methane concentration. The 2σ approach is one rec-
ommended approach for outlier detection (e.g., Leys et al.,
2013). Because we only had incubation duplicates for the
first sampling date, it was not possible to detect outliers based
on 2σ for this campaign and we included both values in
the analysis. The average water fraction radioactivity of the
killed controls was used as background radioactivity in the
outlier detection procedure. In total, 221 data points were
finally considered in the analysis (66 % of all data points
without measurement replicates). For the five individual out-
lier criteria, the percentages of detected outliers are as fol-
lows: (1) 4 %, (2) 4 %, (3) 3 %, (4) 19 % and (5) 3 %. The
high percentage of outliers for criteria 4 is related to the fact
that methane oxidation rates are associated with a higher er-
ror than individual measurements because they are computed
from multiple individual measurements.

The base value of the specific affinity a◦ is defined as the
ratio Vmax/Km. We approximated the mean and variance of
the ratio of the two random variables with the known mean
and variance using the Taylor expansions given in Stuart and
Ord (2009).

2.4 Methane oxidation rates of the microbial
community

We determined the methane oxidation rate of the natural mi-
crobial community in duplicate laboratory incubations of wa-
ter samples from above and below the oxycline. We anaer-
obically filled water into 60 mL serum vials and crimp-
sealed and transported them to the lab dark and cooled. For
each depth, we prepared killed controls with 1 mL of ZnCl2
(50 %w/v) in duplicates in the same way. We started the in-
cubations by adding the 3H–CH4 tracer as described above.
After vigorous shaking for 1 min, we kept the incubations
dark in a shaker operated at 100 rpm at the temperature mea-
sured within the oxycline. After 4 h, we stopped the incuba-
tions by adding 1 mL of ZnCl2 (50 %w/v).

2.5 Methane concentration measurement

We measured in situ methane concentrations in the wa-
ter column using the headspace equilibration method. For
each depth, we collected water samples in 120 mL crimp-
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sealed serum vials with a small amount of CuCl2 to stop
biological activity. We measured methane concentrations in
the headspace with a gas chromatograph (Agilent 6890N,
USA) equipped with a Carboxen 1010 column (Supelco
10 m× 0.53 mm, USA) and flame ionization detector. Sam-
ples that exceeded the calibration range were diluted with N2
and measured again. We calculated dissolved methane con-
centrations according to Wiesenburg and Guinasso (1979).

2.6 Quantification of methanotroph cells

We investigated the abundance of aerobic methanotrophs
by catalyzed reporter deposition fluorescence in situ hy-
bridization following Pernthaler et al. (2002). We fixed wa-
ter samples of 5 mL with 300 µL of sterile filtered (0.2 µm)
formaldehyde (2.22 % v/v final concentration) for 3–6 h on
ice. We filtered the samples onto 0.2 µm Nuclepore track-
etched polycarbonate membrane filters (Whatman, UK),
which we dried and stored at −20 ◦C until further analy-
sis. We permeabilized cells with lysozyme (10 mg mL−1)
at 37 ◦C for 70 min, and we inactivated endogenous perox-
idases with 10 mM HCl for 10 min at room temperature. To
hybridize the filters, we used a hybridization buffer (Eller et
al., 2001) containing HRP-labeled probes at 46 ◦C for 2.5 h.
Furthermore, the buffer contained either a 1 : 1 : 1 mix of
Mg84, Mg705 and Mg669 probes targeting methanotrophic
Gammaproteobacteria or a Ma450 probe targeting methan-
otrophic Alphaproteobacteria (Eller et al., 2001). To amplify
the fluorescent signals, we used the green-fluorescent Ore-
gon Green 488 tyramide (OG) fluorochrome (1 µL mL−1) at
37 ◦C for 30 min. We counterstained hybridized cells with
DAPI (20 µL of 1 µg mL−1 per filter) for 5 min. For mi-
croscopy, we used a 4 : 1 mix of Citifluor AF1 (Electron Mi-
croscopy Sciences, Hatfield, PA, USA) and VECTASHIELD
(Vector, Burlingame, CA, USA) as mountant. We used an in-
verted light microscope (Leica DMI6000 B, Germany) at a
1000-fold magnification to quantify MOB cell numbers. For
each sample, we took 22 image pairs (DAPI and OG filters)
of randomly selected fields of view (FOVs). To detect and
count cells we used Daime 2.0 (Daims, 2009) digital micro-
bial image analysis software.

2.7 Metagenome and metatranscriptome analysis

We collected lake water with a Niskin bottle and filtered
800–2300 mL on-site onto 0.2 µm pore size GTTP Isopore
filters (Merck Millipore Ltd.). To keep the filtration time
as short as possible (typically < 10 min) and concurrently
retrieve enough RNA for sequencing, a 142 mm diameter
filter was used. To minimize sample perturbation the fil-
tration device was connected directly to the Niskin bot-
tle. The filters were preserved immediately on dry ice and
stored at −80 ◦C until extraction. We did not apply prefiltra-
tion, because filamentous methanotrophs can reach lengths
of > 100 µm (Oswald et al., 2017). We extracted DNA and

RNA with the Allprep DNA/RNA Mini Kit (Qiagen) and
treated RNA with the rigorous option using the Turbo DNA-
free kit (Invitrogen) to remove the remaining DNA. To in-
crease the confidence in the measurement, a second filter
of the January hypolimnion sample was extracted and se-
quenced separately. This replicate is shown as Jan (r). RNA
yields from the October sampling were deemed insufficient
for sequencing as no typical RNA bands were visible dur-
ing quality control; therefore, these samples were omitted
from metatranscriptome analysis. Metagenomic and meta-
transcriptomic 150 bp paired-end sequencing was carried out
on a NovaSeq 6000 sequencer (Illumina) at Novogene (HK)
company limited (Hong Kong SAR, China). Ribosomal RNA
was depleted with a Ribo-Zero Magnetic Kit (Illumina) prior
to sequencing. The co-assembly of metagenomic sequences
alone yielded less pmoA as well as pmoB and pmoC se-
quences than expected, likely due to low coverage. There-
fore, we combined predicted genes from both the metage-
nomic and the metatranscriptomic de novo assembly as de-
scribed below. Due to low coverage of pmoA, pmoB and
pmoC in the metagenome, we used the metagenome only in
the assembly process. All further analyses relied on the meta-
transcriptome.

We removed the remaining ribosomal sequences from
metatranscriptomic reads with sortMeRNA v2.1 (Kopylova
et al., 2012) and performed quality filtering with Trimmo-
matic v0.35 (Bolger et al., 2014), resulting in 26.6 million–
34 million high-quality reads. We co-assembled reads from
seven metatranscriptomic libraries using MEGAHIT v1.1.3
(Li et al., 2015) with a final k-mer size of 141 and a min-
imum contig length of 200. This resulted in 2 166 829 con-
tigs with an average of 672 bp and an N50 of 733 bp. For
quality filtering of metagenomic reads we used PRINSEQ-
lite v0.20.4 (Schmieder and Edwards, 2011) with dust fil-
ter (30) and a quality mean of 20, resulting in 31.1 million–
37.1 million high-quality reads. Again, we performed a co-
assembly using MEGAHIT of 10 metagenomes (including
three October samples without corresponding metatranscrip-
tome) with a final k-mer size of 121 and a minimum contig
size of 300 bp (4 237 394 contigs, average 1008 bp and an
N50 of 1250 bp). We measured one additional depth in Oc-
tober between the epi- and hypolimnion, which is included
in the data repository but is not discussed here. We did not
pursue the intermediate sample in later campaigns because
we focused our effort on the epilimnion and hypolimnion
(continuing with measurement triplicates). We did, however,
use the metagenomics data from this sample for the assem-
bly. Gene prediction for both co-assemblies was done with
Prodigal v2.6.3 (setting: meta; Hyatt et al., 2010). After
combining the predicted genes, CD-HIT-EST v4.6.6 (Li and
Godzik, 2006) was used to remove very similar and dupli-
cate (identity 0.99) predicted genes. Predicted genes shorter
than 400 bp were removed with SeqKit v0.7.2 (Shen et al.,
2016). Predicted genes encoding pMMO were annotated
with Prokka v1.3 (Seemann, 2014) using the incorporated
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databases (metagenome option) and DIAMOND BLASTx
v0.9.22 (e-value 10−6, Buchfink et al., 2014) against cus-
tom databases for pmoA, pmoB and pmoC. These custom
databases included pxmABC, pmoCAB2 and pmoCAB from
both alpha- and gammaproteobacterial genomes, which were
extracted manually. The databases are provided in the Sup-
plement (files S1–S3). Annotation was manually validated
using alignments and the NCBI refseq_protein database
(22 April 2019, O’Leary et al., 2016). pmoA, pmoB and
pmoC variants summing to a cross-sample sum higher than
50 transcripts per million (TPM) were retained. Genes an-
notated as pmoA, pmoB and pmoC variants which were ei-
ther not the expected gene (manual inspection) or shorter
than 400 bp were removed. Genes encoding part of the sol-
uble methane monooxygenase sMMO (mmoX, mmoY and
mmoZ) were annotated with Prokka v1.3 using incorporated
databases and the metagenome option. Paired-end metatran-
scriptomic reads were mapped to the predicted genes using
BBMap v35.85 (Bushnell, 2014) at an identity of 0.99 with-
out mapping of ambiguous reads and then converted with
samtools v1.9 (Li et al., 2009) and counted with feature-
Counts (Liao et al., 2014) of the Subread v1.6.4 package (-p
option). The count table was normalized within samples to
transcripts per million (TPM, Wagner et al., 2012) by first
dividing the counts by gene length; the result by gene was
then divided by the sum of all results times one million. The
TPM values (File S4) were used to produce the figures in R.
The correspondence analysis (CA) was performed with the
vegan (v2.5.6, Oksanen et al., 2019) R package (v3.5.2, R
Core Team, 2018) based on the combined and square-root-
transformed TPM values of pmoCAB data (scaling of 2).

All sequences were classified to the family level based on
the NCBI refseq_protein database using BLASTx (O’Leary
et al., 2016). Further classification was based on a pmoA
phylogenetic tree (shown in the Supplement). pmoA amino
acid sequences were derived with MEGA7 and aligned with
Muscle (Kumar et al., 2016). A neighbor-joining tree was
inferred using 10 000 bootstrap replications with the Pois-
son correction method based on 131 positions. Known culti-
vated or uncultivated groups were assigned at bootstrap val-
ues > 0.7 and a protein similarity > 94 %, corresponding to
genus-level resolution according to Knief (2015). The pmoB
and pmoC sequences were assigned to these groups if they
originated from the same contig. For many sequences a more
detailed taxonomic assignment than family was not possible;
therefore, they were labeled “unclassified_type_Ia” and “un-
classified_type_II”, respectively.

3 Results and discussion

3.1 Environmental conditions during the autumn
overturn

Lakes located in climatic zones with strong seasonal variabil-
ity show seasonal vertical stratification of their water masses
that is fundamental for all physical, chemical and biologi-
cal processes occurring within them (Boehrer and Schultze,
2008). During the warm season, the increasing temperature
at the lake surface establishes two physically and chemically
different water masses in the lake: the epilimnion and the
hypolimnion. The epilimnion at the surface is warmer, well-
mixed and has a continuous supply of oxygen from the atmo-
sphere and photosynthesis. In contrast, the colder and denser
hypolimnion is physically separated from the epilimnion and
generally shows diffusive gradients of dissolved substances.
During the cold season, surface cooling leads to vertical mix-
ing which gradually deepens the well-mixed surface layer
and mixes hypolimnetic water into the surface layer. Dur-
ing this autumnal overturn period, both the temperature and
chemistry of the surface water change and potentially cre-
ate new ecological niches. In the following we label the wa-
ter masses above and below the thermocline as the “epil-
imnion” and “hypolimnion”, respectively. Even though the
hypolimnion exhibits considerable internal chemical gradi-
ents, previous work has shown that the MOB assemblage
is fairly homogeneous throughout the hypolimnion (Mayr et
al., 2020b). In January, the lake was completely mixed. To
be consistent with the previous sampling campaigns, we still
took two samples from different depths and refer to them as
epilimnion and hypolimnion for convenience.

From October 2017 to January 2018 the epilimnion depth
in Lake Rotsee gradually increased from 5.5 to 13.7 m
(Fig. 1a–d). This process of vertical mixing continuously
transferred methane that was stored below the thermocline
into the epilimnion above. The gradual progression of the
autumn overturn stimulates the growth of a distinct MOB
assemblage in the epilimnion above the thermocline in re-
sponse to an influx of methane from the hypolimnion as
shown in previous work on Lake Rotsee (Mayr et al., 2020b;
Zimmermann et al., 2019). Despite this continuous supply,
measured methane concentrations above the thermocline re-
mained below 1 µM (Fig. 1a–d, orange arrows). The low
methane concentrations are an indication of intense methane
oxidation by the growing MOB assemblage in the epil-
imnion. The oxygen concentration shifted from a 15 % over-
saturation in October to a 67 % undersaturation in December
(Fig. 1a–d). Aerobic methane oxidation likely contributed to
the oxygen depletion in the epilimnion, which we substanti-
ate with the following calculation: the stoichiometry of mi-
crobial methane oxidation is

CH4+ (2− y)O2→

(1− y)CO2+ yCH2OBM
+ (2− y)H2O, (R1)
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Figure 1. Substrate concentrations and apparent methane oxidation kinetics during lake overturn in Lake Rotsee. (a–d) Oxygen concentration
and temperature profiles during the four field campaigns on the dates indicated. The sampling depths above (orange) and below (cyan) the
oxycline are indicated by a horizontal bar. Numbers next to the bars represent methane concentrations (in µM) at the respective depths.
(e–h) Cell-specific methane oxidation rates (MOX) of water samples incubated with different methane concentrations. Lines indicate the
least-squares fits of the Monod kinetics. For each campaign, we incubated samples from both depths close to in situ temperature, given next
to the annotation (“incub.” stands for incubated).

where y is the carbon use efficiency, and CH2OBM des-
ignates MOB biomass. Based on theoretical considerations
and experimental data, a carbon use efficiency of 0.4 has
been reported (Leak and Dalton, 1986). This means that per
mole of methane 1.6 mol of oxygen is used. The mixed layer
depths for the four sampling campaigns are roughly 6, 10,
12 and 14 m, corresponding to respective mixed layer vol-
umes of 2.5, 3.7, 4.1 and 4.3 GL in Lake Rotsee. Multiply-
ing the measured methane oxidation rates in the epilimnion
by these volumes results in a total methane oxidation of 600,
11 560, 11 800 and 200 mol d−1, respectively. Integrated over
the time period of the four campaigns, this results in a total
of 0.66 Mmol of methane that was oxidized with 1.1 Mmol of
oxygen from the epilimnion. Considering an average volume
of the mixed layer of 3.7 GL with an initial concentration of
340 µM (10.9 mg L−1) of oxygen, this would reduce the oxy-
gen concentration by 180 to 160 µM or to about 5 mg L−1.
Note that possible oxygen production and exchange with the
atmosphere as well as additional oxygen sinks are not in-
cluded in these considerations. In the hypolimnion oxygen
concentrations were below the detection limit (20 nM; Kirf et
al., 2014) from October to December. However, oxygen may
be produced in the hypolimnion by phytoplankton (Brand et
al., 2016; Oswald et al., 2015).

The two water bodies above and below the thermocline
have distinct biogeochemical conditions posing very differ-
ent demands on the ecophysiology of the MOB assemblage.
The hypolimnion contained up to several hundred micro-
moles of methane per liter of water, but the flux of oxy-
gen into the hypolimnion was limited due to stratification
and low light levels for photosynthesis. In contrast, the epil-
imnion contained comparably high oxygen concentrations,
but methane concentrations remained low as methane was
supplied slowly and was rapidly diluted in the large volume
of the epilimnion. In addition, the temperature of the epil-
imnion dropped from 16 to 5 ◦C, whereas the hypolimnion
remained cold (5–8 ◦C). A previous study investigating 16S
rRNA genes and pmoA transcripts indeed revealed niche dif-
ferentiation of the MOB assemblage above and below the
oxycline of Lake Rotsee with a shift in the MOB assemblage
during the overturn (Mayr et al., 2020b).

3.2 Succession of kinetically different microbial
communities

Along with the differences in the physical and chemical prop-
erties of the two water bodies, we observed a significant dif-
ference in the apparent methane oxidation kinetics of the
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Figure 2. Apparent kinetic properties of the methanotroph assem-
blage above (orange) and below (cyan) the oxycline for the four
sampling campaigns at in situ temperatures of the oxycline. We
plot 95 % confidence intervals as light cyan and light orange ver-
tical bars. Average values are plotted as dark green and dark or-
ange lines. The methane oxidation half-saturation constants (Km)
are displayed in (a), the maximum cell-specific methane oxidation
rates are shown in (b) and the specific affinities, defined as the ratio
Vmax/Km, are given in (c).

MOB assemblages. From the methane oxidation rates shown
in Fig. 1e–h, we derived the parameters of Monod kinetics
(Fig. 2). In an attempt to measure methane kinetics under
as standardized conditions as possible, we measured samples
from both depths under equal temperature and oxygen condi-
tions. This allowed us to compare the physiological traits of
the MOB assemblages above and below the oxycline and to
relate these results to the biogeochemical conditions. How-
ever, the parameters do not necessarily represent the effective
in situ kinetics.

The curves describing the apparent methane oxidation ki-
netics of the MOB assemblages above and below the oxy-
cline did not intersect (except at the origin) in October and
November (Fig. 1e–g). This means that the MOB assemblage
in the epilimnion showed both a higher affinity for methane
(Fig. 2a) and a higher cell-specific maximum methane ox-
idation rate (Fig. 2b) than the assemblage below the oxy-
cline. The fact that both the affinity and maximum rate are
higher would intrinsically suggests that the assemblage in

the epilimnion has a competitive advantage over the assem-
blage in the hypolimnion. This implies that there were likely
additional mechanisms or traits, like adaptation to oxygen
concentration or temperature (Hernandez et al., 2015; Trot-
senko and Khmelenina, 2005), that prevented the epilimnetic
MOB assemblage from invading the assemblage in the hy-
polimnion. We already have strong indications from our pre-
vious work that these factors are indeed important (Mayr et
al., 2020a, b).

The methane affinity of the assemblage in the epilimnion
was higher than the methane affinity of the assemblage
in the hypolimnion, which is in line with the methane-
deficient conditions in the epilimnion. Previously, starvation
of methane has been shown to decrease the half-saturation
constant (Km) in Methylocystis (Dunfield and Conrad, 2000);
however, in contrast to this previous study, we did not ob-
serve a constant specific affinity between the epi- and hy-
polimnion, suggesting that adaptation rather than a starva-
tion response was responsible for the observed lowKm in the
epilimnion. The pronounced difference in Km of the two as-
semblages in October, when the lake was still stratified, grad-
ually converged during lake overturn from November to Jan-
uary (Fig. 2a). From October to January, the half-saturation
constant for methane decreased from 15 to 2.7 µM for the hy-
polimnetic assemblage, but it increased from 0.7 to 1.2 µM
in the epilimnion, with higher Km values in November and
December (Fig. 2a). A table summarizing the measured ap-
parent methane oxidation kinetics can be found in Table S1
in the Supplement. The Km values in the hypolimnion from
October to December (15.2± 7.1, 7.1± 2.3, 6.1± 1.7 µM)
were comparable to the Km values of hypolimnion samples
(1 m above sediment) in two shallow arctic lakes by Lofton
et al. (2014). These authors measured values of 4.45± 2.36
and 10.61± 2.03 µM. Also in the same range, Km values of
5.5 and 44 µM were measured in the last meter above the
sediment in a boreal lake (Liikanen et al., 2002), and similar
values were found for lake sediments (Kuivila et al., 1988;
Remsen et al., 1989). In contrast, the epilimnion Km in Lake
Rotsee in October was 0.7± 0.5 µM, which is far lower than
Km values measured in previous studies on lacustrine sys-
tems, suggesting a well-adapted MOB assemblage with rel-
atively high affinity in the epilimnion. Even higher affini-
ties (0.056–0.186 µM) have been measured in soils (Dun-
field et al., 1999), and a high-affinity Methylocystis strain
has been found to have a Km of 0.11 µM (Baani and Lie-
sack, 2008). Even when the lake overturn was ongoing in
November and December, Km values in the epilimnion re-
mained in the lower range of previously reported Km val-
ues (2.1±0.9, 3.3±0.9 µM), which underlines the adaptation
of the MOB assemblage to the continuously lower methane
concentrations in the epilimnion.

Thus, we concluded that MOB assemblages displayed a
specific adaptation to the prevailing methane concentrations
based on the fact that we observed a higher affinity (lowKm)
in the low-methane epilimnion compared with the methane-
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rich hypolimnion as long as stratification is present. That the
Km values of the assemblage in the epilimnion do not match
the in situ methane concentrations is not unexpected: in the
mixed layer and under the assumption of a steady state, the
flux of methane from the hypolimnion is balanced by the
methane oxidation rate. Under these conditions, the in situ
methane concentration depends on the half-saturation con-
stant (Km) but should be lower than it (calculation in the
Supplement). Per definition, the half-saturation constant is
the substrate concentration where the growth rate is half the
maximum growth rate. Even if the growth rate is only half
the maximum growth rate, microbial methane oxidation con-
tinues, and methane concentrations decrease to values below
the Km.

In contrast to the substrate affinity, the maximum cell-
specific methane oxidation rate Vmax started at similar lev-
els in the stratified lake (Fig. 2b). As methane entered the
epilimnion in November, the cell-specific Vmax of the MOB
assemblage in this layer was almost 15 times faster than the
hypolimnion assemblage, which ensured a fast methane ox-
idation rate in the epilimnion during this critical phase. This
critical phase has a large potential for methane outgassing to
the atmosphere and, thus, is relevant with respect to the cli-
mate. As a consequence of the high methane oxidation rate,
methane concentrations and emissions remain low (Zimmer-
mann et al., 2019). Towards the end of the lake overturn,
when the thermocline had moved to a depth of 15 m and
the two MOB assemblages were most likely homogenized,
methane oxidation rates decreased again. By contrast, the
cell-specific methane oxidation rate in the hypolimnion re-
mained rather constant throughout the overturn from Novem-
ber to December.

The specific affinity (Vmax/Km) is the initial slope of
the hyperbolic Monod kinetics (Button et al., 2004) and
is a pseudo-first-order rate constant for the methane ox-
idation rate at limiting methane concentrations. The spe-
cific methane affinity of the two communities again started
out very differently and gradually converged to very simi-
lar kinetic properties (Fig. 2c). The convergence of the spe-
cific affinity in the epilimnion and in the hypolimnion was
driven by changes of both the Km and Vmax of the respec-
tive MOB assemblages. The final convergence of the spe-
cific affinity of both assemblages is in good agreement with
the fact that the two water masses become increasingly sim-
ilar in terms of substrate availability and temperature to-
wards the end of the lake overturn. Therefore, the emerging
kinetic properties might be the result of a converging suc-
cession of the two MOB assemblages. The specific affinity
measured for various methanotrophic bacteria are typically
in the range of 1× 10−12 to 40× 10−12 L h−1 cell−1 (Dun-
field and Conrad, 2000; Knief and Dunfield, 2005; Tveit et
al., 2019) with a few examples where specific affinities of
up to 800× 10−12 L h−1 cell−1 have been reported (Calhoun
and King, 1997; Kolb et al., 2005). Thus, the specific affini-
ties of 52× 10−12–338× 10−12 L h−1 cell−1 for the MOB

assemblage in the hypolimnion were well within the range
of these reported values. However, the MOB assemblage in
the epilimnion showed much higher specific affinities, sug-
gesting that these assemblages were well adapted to the very
methane-limited conditions in the epilimnion.

Methanotroph cell counts suggest that both the MOB as-
semblage above and below the oxycline were actively grow-
ing over the course of the overturn (Fig. S1 in the Supple-
ment). In the epilimnion the abundance of MOB increased
from 0.1× 105 to 2× 105 cells mL−1 from October to De-
cember, below the oxycline the abundance increased from
0.8× 105 to 1.2× 105 cells mL−1. The methane oxidation
rates of the MOB assemblage in the epilimnion were all be-
low 50 % of Vmax from October to December. For the MOB
assemblage in the hypolimnion, the methane oxidation rates
were all above 67 % of Vmax. Even though we do not have
enough data points to recognize specific trends, the clear dif-
ferences in the percentage range suggests that the growth
of the MOB assemblage in the epilimnion was generally
methane limited during lake overturn, despite their higher
methane affinity.

3.3 Dynamics of the MOB assemblage and variants of
pMMO

Methane oxidation during lake overturn was performed by
diverse assemblages of MOB that changed considerably over
time, as determined by metatranscriptomic analysis (Fig. 3a–
c). Thus, the reported apparent kinetics reflect composite
properties of the respective assemblage. In line with pre-
vious lake studies (Biderre-Petit et al., 2011; Mayr et al.,
2020a; Sundh et al., 2005), the majority of pmoCAB vari-
ants were associated with type Ia MOB (Fig. 3a, green,
Gammaproteobacteria). Most of these could not be classified
at lower taxonomic levels, but they group close to reference
sequences from various different genera, e.g., Crenothrix,
Methylobacter, Methylovulum and Aquatic_cluster_5 group
(Fig. S2). However, one sequence variant could be clas-
sified as Lake_cluster_I which was abundant especially in
“Nov” and “Dec” (Fig. 3a, b). In addition, one variant asso-
ciated with Methyloparacoccus (type Ib, Gammaproteobac-
teria) and up to two variants affiliated with type II MOB (Al-
phaproteobacteria) were found (Fig. 3a) – the latter showed
a low abundance and decreasing trend over time. Evidence
for the presence or expression of previously described high-
affinity pMMO (Baani and Liesack, 2008) was not found
in the metagenomic or metatranscriptomic dataset. We de-
tected sMMO genes (mmoXYZ), but transcription was very
low (maximum of 6 TPM per sample, Table S2) compared
with pMMO. This raises the question under which conditions
MOB express sMMO. On the transcript and peptide level, the
expression of this enzyme is often very low or undetectable
under environmental conditions (Cheema et al., 2015; Du-
mont et al., 2013; Taubert et al., 2019). Our results suggest
that conventional pMMO was the main enzyme responsible
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Figure 3. Transcribed gene variants encoding pMMO in November, December 2017 and January 2018 during overturn in Lake Rotsee.
The January hypolimnion sample was extracted from two filters, and the replicate is labeled as Jan (r). pmoCAB variants were assembled
from metagenomic and metatranscriptomic samples and mapped at 99 % identity. The samples originate from the same depths and dates as
shown in Fig. 1. From October no metatranscriptomes are available. (a) Correspondence analysis (CA) of combined, square-root-transformed
pmoCAB TPM (transcripts per million) data. Sample scores are shown as big colored triangles (orange represents the epilimnion, and cyan
represents the hypolimnion). Sequence variant scores are shown as smaller symbols; circles represent pmoA, squares represent pmoB and
diamonds represent pmoC. Identified variants of each gene are numbered and abbreviated as pmoA=A, pmoB=B and pmoC=C. Colors
depict the taxonomic classification of the sequence variants based on a phylogenetic tree (Fig. S2). (b) The relative abundance of gene variants
of pmoA based on transcripts per million (TPM). The corresponding figures for pmoB and pmoC variants are shown in Fig. S3. (c) pmoA is
shown as the summed TPM of all variants for the epi- and hypolimnion (orange and cyan, respectively). “Epi” denotes the epilimnion, and
“Hypo” denotes the hypolimnion. The figures for pmoB and pmoC are shown in Fig. S3.

for methane oxidation under different methane concentra-
tions and environmental conditions in the lake water column.

In November, and to a lesser degree in December, the com-
position of transcribed pmoCAB gene variants differed be-
tween the epi- and hypolimnion, with some variants (e.g.,
pmoA_8 and 10, pmoB_7 and 9, pmoC_9, 16, 22) being
confined to the hypolimnion (Fig. 3a, b). In November and
December the relative transcript abundance of pmoCAB was
higher in the epilimnion, but the activity in the hypolimnion
increased over time and was similar in both depths in Jan-
uary (Figs. 3c, S3c,d). The difference in gene transcription
reflects changes in the transcriptionally active MOB assem-
blage, which may explain the observed differences in the ap-
parent methane affinity (Fig. 3a). Notably, however, a promi-
nent proportion of the pmoCAB gene variants transcribed in
the epilimnion were also present in high relative abundance
in the hypolimnion, which may reflect an increasing influ-
ence of the highly transcriptionally active epilimnion assem-
blage (Figs. 3b, c, S3) on the hypolimnion assemblage during
lake overturn. Thus, a contribution of organisms present in
different physiological states (e.g., starvation) to the differ-
ence in apparent kinetics cannot be ruled out by our data.
Unfortunately, we lack information on the assemblage for
the October sampling where the half-saturation constants
differed most between the epi- and hypolimnion. However,
based on observations of the overturn period the year before

(Mayr et al., 2020b), it can be assumed that the two layers
also harbored distinct MOB assemblages in October, likely
with less species overlap.

Similar to observations made on MOB communities the
year before (Mayr et al., 2020b), the pmoCAB transcript vari-
ants confined to the hypolimnion (e.g., pmoA_8) decreased
over time and did not establish in the epilimnion (Figs. 3b,
S3c, d). In January the pmoCAB composition became almost
indistinguishable between the epilimnion and hypolimnion
(Fig. 3a, b). At the same time their apparent kinetic prop-
erties became increasingly similar as well (Fig. 2), which is
also in line with the advanced stage of the mixing processes
(Fig. 1d). The replicate sample Jan (r) showed a very simi-
lar composition, providing confidence in the metatranscrip-
tomic analysis, but also showed some variability concern-
ing the summed TPM abundance of the pmoCAB variants
(Fig. 3c). From December to January a strong shift in the
MOB assemblage towards dominance of pmoA_1, pmoB_3
and pmoC_3 occurred (Fig. 3a, b). The shift of the MOB as-
semblage was accompanied by a drop in temperature and rise
in oxygen, which are probable drivers of MOB succession
in addition to methane availability (Hernandez et al., 2015;
Oshkin et al., 2015; Trotsenko and Khmelenina, 2005). This
did, however, not lead to much change in the methane affin-
ity (Fig. 2), suggesting that different MOB assemblages can
have similar methane affinities. Nevertheless, we hypothe-
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size that the composition of pmoCAB rather than the summed
TPM may be important for explaining the kinetic properties.
With this shift, we also observed a decrease in Vmax per cell
(Fig. 2b). In agreement with observations made the year be-
fore (Mayr et al., 2020b), we attribute the decrease in Vmax
per cell to a shift from growth-oriented MOB dominating the
bloom phase to a late-successional MOB assemblage adapted
to cold temperatures. Overall, the metatranscriptomic analy-
sis supports the hypothesis that the observed differences in
apparent methane oxidation kinetic parameters between wa-
ter layers and over time have a basis in compositional differ-
ences of the transcriptionally active MOB assemblages.

4 Conclusions

In Lake Rotsee, as in many other stratified lakes (Bastviken
et al., 2004; Borrel et al., 2011), the high methane availabil-
ity in the hypolimnion contrasts with low methane availabil-
ity in the epilimnion. Therefore, we hypothesized that the
resident MOB assemblages are adapted to the local condi-
tions. Our field study revealed a high level of adaptation of
the MOB assemblage: theKm was 20 times higher in the hy-
polimnion than in the epilimnion during stable stratification.
Transcribed methane oxidation genes differed as well, indi-
cating that methane affinity is one important trait structuring
MOB assemblages in this system. The MOB assemblage and
its apparent kinetic parameters adapted rapidly to changing
conditions in the epilimnion. In October, the low epilimnion
Km suggested an adaptation to low methane concentrations.
During the autumn overturn, affinity decreased slightly but
remained above hypolimnion values, reflecting persistently
low methane concentrations that suggest methane-limited
growth despite higher methane input. We observed increased
Vmax in the epilimnion during November and December,
ensuring a fast methane oxidation rate in this period with
continuous transport of methane into the epilimnion. By
contrast, in the hypolimnion methane concentrations during
overturn exceeded theKm several-fold, suggesting that MOB
growth was not limited by methane concentrations.

Our transcriptomic analysis revealed that the variations
in the methane affinity were linked to transcribed, and thus
likely expressed, pmoCAB variants. We also found that
pMMO appeared to be the dominant methane monooxyge-
nase throughout and found no evidence for shifts between
sMMO and pMMO transcription as hypothesized previously
(Semrau et al., 2018). Furthermore, we did not observe any
of the previously described high-affinity pMMO variants,
which suggests considerable, although currently unappre-
ciated, variability in apparent pMMO kinetics. Further re-
search is needed to obtain kinetic data on individual pMMO
variants and to better understand the physiological basis of
the apparent methane oxidation kinetics. The provided ap-
parent kinetic parameters for lake MOB assemblages will
inform future trait- or process-based models of the MOB

assemblage and methane emissions. In summary, our work
demonstrates that differential methane availability governed
by lake mixing regimes created niches for MOB assemblages
with well-adapted methane oxidation kinetics in Lake Rot-
see – a mechanism that possibly applies to many seasonally
stratified lakes in which the vertical structure and temporal
succession of MOB may be similar.

Data availability. Raw reads of the sequencing project were sub-
mitted to the European Nucleotide Archive under project num-
ber PRJEB35558. Methane concentrations, scintillation counts,
methane oxidation rates, estimated kinetic parameters and the iden-
tified nucleotide sequences encoding MMO are available at the
EAWAG repository under https://doi.org/10.25678/0001fa (Mayr et
al., 2019).
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