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Abstract

Freshwater lakes represent a substantial natural source of methane to the atmosphere and thus contribute

to global climate change. Microbial methane oxidation is an important control on methane release from

these systems, where oxygen appears to be the most essential electron acceptor for this process. However,

there is extensive geochemical evidence that methane is also oxidized under anoxic conditions in lakes,

though the details about the exact mechanism have still not been resolved. Here, we investigated the fate of

methane in the water column of meromictic Lake Zug. We provide evidence for ongoing methane oxidation

at the oxic/anoxic boundary and also in the anoxic hypolimnion, both apparently mediated by aerobic

methane-oxidizing bacteria. Gammaproteobacterial methanotrophs (gamma-MOB) dominated the indigenous

methanotrophic community and were active under all investigated conditions—oxic, sub-oxic and anoxic.

Methane oxidation was stimulated by the additions of oxygen or iron and manganese oxides under anoxic

conditions. In the latter case, trace amounts of oxygen may have still been required for methane activation,

yet these findings indicate that gamma-MOB in Lake Zug might be able to respire electron acceptors other

than oxygen. We propose that gamma-MOB are actively removing methane also in anoxic lake waters, thus

contributing to methane mitigation from these habitats.

Atmospheric methane (CH4), a critical greenhouse gas, has

increased by a factor of 2.5 since industrialization (Forster

et al. 2007) with total emissions currently approximating

�600 Tg CH4 a21 (Ehhalt et al. 2001). Roughly 50% of this

budget stem from natural sources (Ciais et al. 2014) as meth-

ane is the product of methanogenesis, the final step in the

degradation of organic matter. This process is also active in

lake sediments and produced CH4 can potentially accumulate

to high concentrations in the anoxic hypolimnia of stratified

systems and be released by a variety of flux mechanisms

(Bastviken et al. 2004). Although freshwater lakes only occupy

2–3% of the global surface area (Downing et al. 2006), emis-

sion estimates are in the range of 8–72 Tg CH4 a21 (Bastviken

et al. 2004, 2011). This represents 6–24% of the total natural

methane release, making knowledge about methane cycling

in these settings essential to better constrain its global input,

which will ultimately aid in predicting climate change.

Emissions from natural systems are regulated by microbial

methane oxidation (MO), the largest terrestrial CH4 sink

(Reeburgh 2007). Aerobic MO occurring under neutral pH

conditions is mediated by aerobic methane-oxidizing bacte-

ria (MOB), belonging to the alpha- or gammaproteobacteria.

Alpha-MOB (type II) and gamma-MOB (type I and type X)

are classified based on physiological differences relating to

e.g., carbon assimilation and nitrogen fixation capacity

(Hanson and Hanson 1996). However, all neutrophilic aero-

bic MOB express genes encoding for particulate- (pMMO) or

soluble methane monooxygenase (sMMO), the key enzyme

involved in the initial oxidation step of CH4 to methanol

(Semrau et al. 2010). Acidophilic MOB, belonging to the Ver-

rucomicrobia, express some genetic similarity to their
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proteobacterial counterparts (Dunfield et al. 2007), yet some

lack genes encoding for MMO completely (Islam et al. 2008).

Commonly MOB also express nitrogen oxide reductases,

which suggests that they might also be capable of denitrifica-

tion (Campbell et al. 2011). Indeed, recent evidence shows

that this pathway is activated under oxygen limitation and

coupled to MO (Kits et al. 2015a,b). Similarly, a novel clade

of bacteria, phylum NC10, performs partial denitrification

linked to aerobic MO with O2 generated intracellularly by

splitting reduced NO to N2 and O2 (Ettwig et al. 2010).

Though aerobic MOB appear to be somewhat versatile in

their oxygen requirements, so far true anaerobic oxidation of

methane (AOM) is ascribed exclusively to anaerobic metha-

notrophic archaea (ANME) and usually coupled to sulfate

(SO22
4 ) reduction. Known ANME, belonging to three distinct

clades, mediate AOM together with deltaproteobacteria

(Knittel and Boetius 2009). In this consortium, ANME acti-

vate CH4 with methyl-coenzyme M reductase (MCR), thus

carrying out reverse methanogenesis (Scheller et al. 2010),

while the associated bacteria take up the excess electrons

(Boetius et al. 2000). However, certain groups of ANME-2 do

not require this bacterial synergy and either carry out the

process directly (Milucka et al. 2012) or couple it to nitrate

reduction (Haroon et al. 2013).

While ANME efficiently remove CH4 from anoxic oceanic

sediments and water (Knittel and Boetius 2009), reports of their

occurrence or AOM-associated archaea (AAA) in freshwater

habitats are limited (Eller et al. 2005; Schubert et al. 2011). This

could be due to relatively low SO22
4 concentrations there (lM

scale), compared to 28 mM in ocean water, possibly making

this low energy metabolism (216 kJ mol21) unfeasible. Con-

versely, aerobic MOB are abundant in most terrestrial (Boon

et al. 1996; Ross et al. 1997), and marine settings (Reeburgh

2007; Steinle et al. 2015). Oxic/anoxic transitional zones with

steady substrate fluxes provide ideal habitats for aerobic MOB

and highest oxidation rates are commonly observed there

(Hanson and Hanson 1996). However, MO in the absence of

detectable O2 is being increasingly reported, especially for

anoxic zones of stratified lakes. The predominant occurrence of

aerobic MOB and the absence of known ANME there (Schubert

et al. 2010; Blees et al. 2014) implies a source of O2 below the

oxycline. This is the case in shallow lakes with deep light pene-

tration where oxygenic photosynthesis fuels aerobic MO

(Milucka et al. 2015; Oswald et al. 2015). In very deep lakes this

is unlikely (Biderre-Petit et al. 2011; Blees et al. 2014) and aero-

bic MOB switching to nitrate respiration (Kits et al. 2015a,b) or

the activity of NC10 bacteria, which appear to be relevant in

lake sediments (Deutzmann et al. 2014), could play a role. Fur-

thermore, geochemical indications of methane oxidation

coupled to the reduction of iron (Sivan et al. 2011; Norði et al.

2013) and possibly also manganese (Beal et al. 2009; Crowe

et al. 2011), suggest that pathways besides aerobic MO and

sulfate-dependent AOM could be an additional methane filter

in lake water columns.

To further investigate the open questions concerning

lacustrine methane oxidation under low O2 and anoxic con-

ditions, Lake Zug in Central Switzerland, was chosen as a

study site. The physical properties (Aeschbach-Hertig 1994),

sedimentation rates (Bloesch and Sturm 1986), sedimentary

processes (Schaller and Wehrli 1996; Maerki et al. 2009) and

nitrogen cycling (Mengis et al. 1997; Carstens et al. 2013) of

Lake Zug have been well characterized and the 200 m deep,

permanently stratified southern basin of Lake Zug represents

an ideal location to examine biological methane oxidation

at and also below the oxycline. As the oxic-anoxic interface

is located at about 150 m, light-dependent aerobic CH4 oxi-

dation can be excluded. Our research focused on the role of

alternative (i.e., other than O2) oxidants for methane. For

this purpose, we conducted field campaigns and experiments

to (1) characterize relevant in situ parameters, (2) determine

methane oxidation rates across the oxycline, (3) detect

involved methanotrophic microorganisms, and (4) identify

possible electron acceptors. To achieve this, geochemical as

well as molecular techniques were applied.

Methods

Along with determining chemical, isotopic and microbial

aspects of the Lake Zug water column, two types of incubation

experiments were conducted with different primary goals.

Incubations set up in Exetainers (Labco Ltd) were used to

quantify methane oxidation potential under different in situ

oxygen conditions and with additions of potential electron

acceptors. Incubations performed in serum bottles served to

monitor (1) total 13CO2 production, (2) growth of present

methanotrophs, (3) bulk biomass 13C enrichment, and (4) sin-

gle cell carbon assimilation. In each case 13CH4 was used a

tracer for the examined process.

Sampling site

Lake Zug is a eutrophic meromictic lake located in Central

Switzerland between Lake Zurich and Lake Lucerne. It is about

14 km long with a surface area of 38 km2 and is divided into a

northern (Obersee) and southern basin (Untersee) by a penin-

sula. While the northern basin is relatively shallow (40–60 m

depth), the southern basin is deep with a maximum depth of

198 m and characterized by permanently anoxic bottom

waters (Mengis et al. 1997). The main tributary is the Lorze

River, which feeds into Lake Zug at its northern most point.

Sample collection

Sampling campaigns were carried out in September 2012,

March 2013, and June 2014. Samples were collected from a

boat at the deepest part of the lake in the southern basin

(478505500 N 882903500 E). A multi-parameter probe (Sea & Sun

Technologies) was deployed to measure conductivity, tem-

perature, depth (pressure), pH and dissolved oxygen in 2012.

For the following two campaigns a profiling in situ analyzer

(PIA) equipped with a CTD (XRX 620, RBR), normal and

trace oxygen optodes (types PSt1 and TOS7, PreSens) and a
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syringe sampler (12 3 60 mL) was used to measure in situ

parameters online and collect water samples at distinct

depths (Kirf et al. 2014). Parameters monitored in situ

included conductivity, turbidity, depth (pressure), tempera-

ture, pH and dissolved oxygen, with oxygen detection limits

of 125 nM (normal) and 20 nM (trace) (Kirf et al. 2014).

Water samples retrieved with the syringe sampler for analy-

ses of nitrate (NO2
3 ), nitrite (NO2

2 ), ammonium (NH1
4 ), and

sulfate (SO22
4 ) were filtered (0.22 lm) on site. Additionally

12 mL Exetainers were filled completely without a headspace

with filtered water to quantify dissolved inorganic carbon

(DIC). Samples meant for total sulfide determination were

fixed immediately with zinc acetate (�1.3% final concentra-

tion). Water aliquots for dissolved (<0.45 lm) and total

metal fractions were acidified immediately with HNO3

(Suprapur, Merck KGaA; 0.1 M final concentration). A Niskin

bottle was utilized to collect all other samples requiring

larger volumes of water. To maintain in situ oxygen condi-

tions, tubing was used as an outlet avoiding shaking, bub-

bling and turbulence and allowing water to overflow before

sealing. Serum bottles (120 mL) were filled in this manner,

fixed with NaOH (pH>12) or CuCl and closed with butyl

rubber stoppers and aluminum crimp seals for CH4 concen-

tration and stable carbon isotope analysis. Samples intended

for catalyzed reporter deposition-fluorescence in situ hybrid-

ization (CARD-FISH) techniques were fixed with formalde-

hyde (2% [v/v] final concentration) on site and kept on ice

until further processing. Water meant for incubation experi-

ments was filled into 160 mL serum bottles or 1 L Schott

bottles without a headspace or bubbles, closed with butyl

rubber stoppers, sealed (aluminum crimps or screw caps) and

stored at �48C in the dark until further handling.

Chemical analyses and flux calculations

Sulfate was analyzed by ion chromatography (761 Compact

IC, Metrohm) and nitrate with an NOx analyzer (42 C, Thermo

Environmental Instruments). Ammonium and nitrite (on the

same day as sampled) and total sulfide concentrations were

determined by photometric procedures following Krom

(1980), Griess (1879) and Cline (1969), respectively. Dissolved

and particulate metal species were analyzed by inductively

coupled plasma-mass spectrometry (ICP-MS) (Element2,

Thermo-Fisher).

Chemical fluxes (J) of dissolved solutes were assessed

according to Fick’s first law:

J5Kz
@c

@x

where Kz is the vertical turbulent diffusion coefficient, c is

the concentration and x the depth interval. Temperature

profiles (September 2012–June 2013) were used to calculate

Kz diffusion coefficients over the entire water column

(Powell and Jassby 1974). For flux determination an average

value in the hypolimnion (150–190 m) of 0.27 cm2 s21 was

chosen, which falls within the range of what has been esti-

mated previously (Aeschbach-Hertig 1994). Diffusive fluxes

were calculated over depth intervals where gradients of the

respective solutes were highest. In the case of O2 this was

done between 152–153 m and 144–145 m in 2013 and 2014,

respectively. The flux of CH4 was determined from the sedi-

ment/water interface to the point where the slope of the pro-

file became more gradual, i.e., 175 m in 2013 and 180 m in

2014.

Methane, DIC and isotopic signatures

Methane concentrations were determined with a gas chro-

matograph (GC) (Agilent 6890N, Agilent Technologies)

equipped with a Carboxen 1010 column (30 m 3 0.53 mm,

Supelco), a flame ionization detector (FID) and an autosam-

pler. Before analysis, a �20 mL headspace was set with N2

and after overnight equilibration, CH4 was measured by

headspace injection. Concentrations in the water phase were

then calculated from the gas phase using methane solubility

constants (Wiesenburg and Guinasso 1979). Stable carbon

isotopes of methane were analyzed in the same headspace

by isotope ratio mass spectrometry (IRMS). Injected CH4 gas

samples were purified, combusted to CO2 and concentrated

in a trace gas instrument (T/GAS PRE CON, Micromass UK

Ltd) before being introduced into a connected mass spec-

trometer (GV Instruments, Isoprime). Purification (removal

of CO2 and CO) and concentration (removal of N2O) was

accomplished by a series of chemical (magnesium perchlo-

rate, Carbo-Sorb and Sofnocat) and cold (liquid N2) traps

and combustion at 9608C. Isotopic ratios are reported in

standard d notation compared to the Vienna Pee Dee

Belemnite (VPDB):

d13C 5
13C=12Csample

13C=12Cstandard
21

� �
31000

A 1% CH4 standard (247.5&) was used to correct for the

instrumental offset (19.0&). This standard was also meas-

ured periodically between samples to verify the precision of

the measurements (�1.1&). Fractionation factors (ac) for

methane oxidation were calculated according to the Ray-

leigh equation (Whiticar and Faber 1986):

d13C5 d13C011000 � f 1
ac
21ð Þ

h i
21000

where d13C and d13C0 are the isotopic ratios of methane

above and below the zone of methane oxidation, respec-

tively, and f is the fraction of oxidized methane over the

same zone.

DIC was quantified with a total carbon analyzer (TOC-L,

Shimadzu) equipped with a non-dispersive infrared (NDIR)

detector. Calibration was done with a purchased total inor-

ganic carbon standard solution (Ultra Scientific). Liquid sam-

ples were injected and contained DIC volatilized to CO2

with the addition of HCl (pH<3), which was measured
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subsequently. One milliliter of the remaining sample was

then transferred to a 3 mL Exetainer, headspace exchanged

with He and acidified with 100 lL H3PO4. Stable carbon iso-

topes (VPDB reference state) of released CO2 were then meas-

ured in the headspace with a preparation system (MultiFlow,

Isoprime) coupled to an IRMS (Micromass, Isoprime). Accu-

racy of the instrument was checked with a standard (LSI/SI

Carrara Marble, ETH, Zurich). The d13C of the standard

(12.1&) was used to correct for the offset of the instrument

(17.4&) and measured intermittently to check instrumental

precision (0.21&).

13C labeling experiments

Methane oxidation potential

Water collected in 160 mL serum bottles from distinct

depths in 2012 and 2013 was utilized to quantify methane

oxidation rates. In 2012, MO potential was quantified from

an oxic (130 m) and an anoxic depth (180 m). In 2013, a

more detailed survey was done by measuring potential meth-

ane oxidation rates between 130 and 190 m (2 m resolution

within the oxycline). Experiments were setup the same day

as sampled with a similar procedure as described in Holtap-

pels et al. (2011). First water was purged with a continuous

flow of He for �15 min to remove trace oxygen contamina-

tion and background CH4 as well as N2. All bottles were

then amended with 5 mL of a saturated 13CH4 (99 at.%,

Campro Scientific) solution (prepared with sterile, anoxic

Nanopure water), resulting in a final concentration of �50

mM 13CH4 in each incubation. Separate bottles were then

treated with various amendments from respective stock solu-

tions, which were all prepared with sterile anoxic (except for

the saturated O2 stock solution) Nanopure water (Table 1).

Water from separately treated bottles was then distributed

into 12 mL Exetainers and incubated in the dark at in situ

temperatures (�58C) for 2 d (2012) or 7 d (2013). At each

time point biological activity in one Exetainer per setup was

terminated with the addition of 200 lL ZnCl2 (50% [w/v]).

Exetainers were then stored at room temperature (RT) until

analysis.

Methane oxidation potential was assessed by the produc-

tion of 13CO2 over time by gas chromatography-isotope ratio

mass spectrometry (GC-IRMS) (VG Optima, Fisons or Micro-

mass, Isoprime). For this, a 2 mL aliquot was transferred to a

6 mL He filled Exetainer and dissolved CO2 was volatilized

by the addition of 100 lL concentrated H3PO4. Isotopic

ratios of 13CO2 were analyzed by headspace injection and

then converted to a fractional abundance, which was in turn

multiplied by the in situ DIC concentration to obtain con-

centrations of produced 13CO2 (Oswald et al. 2015). MO

potential was approximated by the slopes of linear regression

of 13CO2 production over time (2 d in 2012 and 7 d in

2013). If time curves were nonlinear, the rate was only esti-

mated over the linear segment (first 2 d or 4 d of incubation

in 2013). In the setups where either 15NO2
3 or 15NO2

2 was

added, a 2 mL headspace was set with He. The samples were

allowed to equilibrate overnight and 15N2 was then meas-

ured in the headspace by GC-IRMS (VG Optima, Fisons).

Denitrification rates were calculated from the slope of linear

regression of produced 15N2 over the incubation period.

Growth and activity

Cellular growth and 13C assimilation were monitored in

incubations with anoxically sampled water in 2013 (160 m

and 175 m) and 2014 (160 m). Water collected in 1 L Schott

bottles was taken back to the laboratory and distributed into

160 mL sterile serum bottles (placed in glove box 2 d prior

to experimental setup) in an O2 free glove box (Iner Tec or

Mecaplex). Bottles were closed with butyl rubber stoppers

and metal crimps in the glove box (all materials utilized to

setup the experiments had been stored in the glove box to

reduce O2 contamination). Subsequently methane was added

to the headspace (c.a. 1.8 mM in the water phase) of all bot-

tles with a 13C labeling percentage of 50 at.% in 2013 and

25 at.% in 2014. Duplicate bottles received no further

Table 1. Methane oxidation rate experimental setups
performed in 2012 and 2013.

Setup Stock solution

Treatment

2012 2013

Control – – –

Oxygen O2 saturated 15 lM –

Nitrate 100 at.% 15NO2
3 10 lM –

Nitrite 100 at.% 15NO2
2 5 lM –

Iron(III) Ferrihydrite* suspension 500 lM 5 lM

Manganese (IV) Birnessite† suspension 500 lM 5 lM

Sulfate SO22
4 100 lM

*Ferrihydrite was synthesized according to Cornell and Schwertmann

(2006).
†Birnessite was synthesized according to Golden et al. (1987).

Table 2. Growth and activity experimental setups performed
in 2013 and 2014.

Setup Stock solution

Treatment

2013 2014

Control – – –

Oxygen Sterile air – 80 lM and 200 lM

Nitrate 100 at.% 15NO2
3 – 10 lM and 40 lM

Nitrite 100 at.% 15NO2
2 – 20 lM

Iron(III) Ferrihydrite* suspension 5 lM –

Manganese(IV) Birnessite† suspension 25 lM 20 lM and 80 lM

*Ferrihydrite was synthesized according to Cornell and Schwertmann

(2006).
†Birnessite was synthesized according to Golden et al. (1987).
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supplement and served as the control. All other treatments

were also setup in duplicates (Table 2) and stock solutions,

from which bottles were amended, were made with sterile

anoxic Nanopure water (except for O2 was injected as sterile

air). Subsequently, all bottles were incubated in the dark at

in situ temperatures (�58C). During the course of the experi-

ment samples were withdrawn anoxically (syringe flushed

with N2 or He and allowing the overpressure of CH4 to push

out the water sample to avoid air injection) for the determi-

nation of produced 13CO2 (see above for details). Bulk pro-

duction was calculated by taking the total amount of

produced 13CO2 divided by the incubation time (13 d

in 2013 and 11 d in 2014). Samples were taken from the

iron(III) and manganese(IV) setups to determine dissolved

Mn (fixed with Suprapur HNO3) and dissolved and particu-

late Fe (fixed with HCl) concentrations. Manganese was

quantified by ICP-MS and dissolved Fe21 and particulate

Fe(II)/Fe(III) by photometry with the ferrozine assay (Stookey

1970; Viollier et al. 2000). At certain time intervals 4-5 mL

were withdrawn anoxically and fixed with formaldehyde (see

above for details) for CARD-FISH and nanometer-scale sec-

ondary ion mass spectrometry (nanoSIMS) techniques. At

the end of the experiment, remaining water was filtered

onto glass fiber filters (GF/F, Whatman) to measure bulk 13C

uptake with an elemental analyzer (Flash EA 1112, Thermo

Scientific) coupled to an IRMS (Finnigan Delta Plus XP,

Thermo Fischer Scientific).

Catalyzed reporter deposition-fluorescence

in situ hybridization

Water samples fixed with formaldehyde were incubated

overnight at 48C and then filtered onto polycarbonate GTTP

filters (0.2 lm pore size, Millipore), dried and stored at

2208C. CARD-FISH was carried out targeting certain micro-

bial groups of interest. In situ hybridization was done with

specific horseradish peroxidase (HRP)-labeled oligonucleotide

probes, followed by tyramide signal amplification (Pernthaler

et al. 2008). Utilized probes (purchased from Biomers;

Supporting Information Table S1) for identifying known

groups of methanotrophs included: Mgamma841705 (mix),

Ma450, ANME-1-350, ANME-2-538 and AAA-FW-6411834

(mix). EUB338 I-III (mix) and ARCH915 were used to

target all bacterial and archaeal cells, respectively, and

NON338 as a negative control for the procedure.

Fig. 1. Oxygen depth profiles from the Lake Zug water column. (a) Oxygen concentrations over the entire depth range at the sampling site in

2012, 2013, and 2014 and (b) oxygen concentrations recorded with the trace O2 optode at the oxic/anoxic boundary in 2013 and 2014.
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Permeabilization of the cell walls was achieved with either

lysozyme (10 mg mL21, for 1 h at 378C), proteinase K (15 lg
mL21, for 3 min at RT) or sodium dodecyl sulfate (SDS, 0.5%

[v/v], for 10 min at RT). Inactivation of endogenous peroxi-

dases was done with 0.1 M HCl (10 min at RT), followed by

hybridization (2.5 h at 468C) and tyramide (Oregon Green

488, 1 lL mL21) amplification for 30 min at 378C. Finally,

samples were stained with 40,6-diamidino-2-phenylindole

(DAPI, 1 lg mL21) and cell numbers were enumerated with

the grid ocular of an epifluorescence microscope (Axioskop

2, Zeiss) by counting 20 randomly selected fields of view.

Micrographs were taken with a confocal laser scanning

microscope (SP5 DMI 6000, Leica). In some cases, cells were

also imaged with a scanning electron microscope (SEM;

Nova NanoSEM 230 FEG, FEI) equipped with an ET detector

(secondary electron detector) and an energy-dispersive X-ray

spectroscopy system (EDX; Oxford Instruments).

Nanometer-scale secondary ion mass spectrometry

Formaldehyde-fixed samples were filtered onto Au/Pd

coated filters (polycarbonate GTTP, 0.2 lm pore size, Milli-

pore) and hybridized with probe mix Mgamma841705 as

described above and prepared for nanoSIMS as published

previously (Milucka et al. 2015; Oswald et al. 2015).

Areas of interest were analyzed by nanoSIMS (NanoSIMS 50L,

Cameca), where a primary Cs1 ion beam (diameter<100 nm,

beam current of 1.0–1.5 pA) was advanced over the sample area.

Five electron multipliers allowed for the parallel detection of

secondary ions of 12C2, 13C2, 12C14N2, 31P2, and 32S2 along

with a secondary electron (SE) image (256 3 256 or 512 3 512

pixels, dwell time of 1 ms pixel21). For the manganese(IV) and

iron(III) setups 63 cells in 13 fields of view and 57 cells in 9 fields

of view were measured, respectively. Fifty-two cells and 42 cells

were measured in 10 fields of view for the additions of 80 lM
and 200 lM oxygen, respectively. Secondary ion images (up to

60 planes per scanned area, 20 3 20 or 30 3 30 lm) were drift

(stage and source) corrected, superimposed and processed with

Look@NanoSIMS (Polerecky et al. 2012), where regions of inter-

est (ROI) were identified based on Mgamma841705 hybridiza-

tion signal. Resulting isotopic ratios (13C/12C, 32S/12C, 31P/12C,

and 31P/32S) for these ROIs were obtained in numerical and

image format. Ratios of 32S/12C verified that biological material

was measured and 13C/12C used to calculate cellular C-CH4

incorporation and respective doubling times of measured cells as

described previously (Milucka et al. 2015; Oswald et al. 2015).

Results

Redox conditions in Lake Zug

Three sampling campaigns revealed that the location of

the oxycline fluctuated slightly in the Lake Zug water col-

umn. In 2012 (September), oxygen was detected down to

166 m, whereas in 2013 (March) and 2014 (June) the oxy-

cline was located at shallower depths of 154 m and 148 m,

respectively (Fig. 1). Relative to its maximum depth at the

sampling point (198 m), this represented a variability of

about 10%. The downward flux of oxygen was determined

to be 7362.0 and 5961.4 mmol e2 m22 d21 in 2013 and

2014, respectively. Nitrate concentrations were stable

Fig. 2. Chemical conditions in the lower epilimnion and hypolimnion. (a) Concentration profiles of nitrate (solid diamonds); (b) ammonium (solid

circles); (c) dissolved (open triangles) and particulate (solid triangles) manganese; and (d) dissolved (open squares) and particulate (solid squares)
iron. Dashed lines designate the location of the oxycline during the sampling campaigns. Grey color denotes conditions in 2013 and black in 2014.
Note the depth range of 100–200 m.
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throughout the epilimnion with values around 20–25 lM
showing a steady decrease starting about 5 m above the

oxic/anoxic transition (Fig. 2a). Thereafter, concentrations

decreased, yet nitrate was still measured at the deepest sam-

pling point (190 m) with concentrations of 1 lM and 5 lM
in 2013 and 2014, respectively. Nitrite was not detectable in

the water column. Ammonium was only detected in the

hypolimnion showing highest concentrations of �10 lM
close to the sediment (Fig. 2b). Generally, manganese con-

centrations increased below the oxycline (Fig. 2c). Assuming

that the dissolved fraction (<0.45 lm) only consisted of

soluble reduced species, Mn was only present in particulate

form in the epilimnion (0.3–0.4 lM) and mostly as dissolved

Mn21 in the hypolimnion, reaching 3–4.5 lM. However, in

2014 at least part of the reduced manganese also precipitated

as Mn(II) minerals (2 lM at 185 m), which probably

included MnCO3 or Mn3(PO4)2 (Schaller and Wehrli 1996).

Compared to manganese, total iron concentrations were

much lower (max. 1 lM) and concentrations tended to

increase gradually as soon as O2 was depleted (Fig. 2d). Only

little dissolved Fe was detected below 180 m indicating that

the majority of reduced Fe was present as Fe(II) precipitates,

probably in the form of FeS (Maerki et al. 2009). Sulfate con-

centrations were relatively stable throughout the water col-

umn averaging 50 lM and the profiles did not show any

production or consumption zones. Dissolved sulfide was not

detectable throughout the water column, indicating that it

was not diffusing out of the sediment at significant rates and

likely precipitating as FeS.

Methane and DIC

Highest methane concentrations (�60 lM) were detected

near the sediment surface and methane was completely

depleted at the oxycline (Fig. 3a). Interestingly, the CH4 pro-

files suggested two zones of decrease towards the oxycline. A

very sharp gradient extended from the sediment/water inter-

face to 176 m (2013) and 180 m (2014) with concentrations

decreasing to 10 lM and 26 lM, respectively. Above this

region a much more gradual methane decline was observed.

Methane was below the detection limit (10 nM) in the oxic

epilimnion, indicating that upwards diffusing CH4 was

almost completely oxidized. Active methane oxidation was

supported by corresponding profiles of methane stable car-

bon isotopes showing a general trend towards heavier iso-

topic values between 175 and 150 m with some data

showing heavy enrichment (max. 24&; Fig. 3b). Fractiona-

tion factors of methane oxidation over this zone were deter-

mined to be 1.006 (2013) and 1.005 (2014). The upward flux

of methane from the sediment into this zone was calculated

to be 278 mmol e2 m22 d21 during both sampling cam-

paigns, where the uncertainty was64.5 mmol e2 m22 d21

in 2013 and626.4 mmol e2 m22 d21 in 2014.

DIC concentrations were relatively stable with values

averaging 2.9 mM and 3.4 mM in 2013 and 2014, respec-

tively, and showing a slight increasing trend with depth

(max. 3.5 mM at 190 m in 2014). Congruently, the d13C-DIC

(only measured in 2014) was stable with values of approxi-

mately 210&.

Fig. 3. Methane concentrations, stable carbon isotopes and oxidation potential. (a) Methane concentrations, (b) stable carbon isotopes of methane
and (c) methane oxidation potential measured in the rate incubations in 2013. Grey color signifies data from 2013 and black from 2014.
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Methane oxidation potential

Measured methane oxidation potential determined in

vitro showed highest MO activity at 144 m (0.64 lM d21)

and 146 m (0.53 lM d21) (in 2013; Fig. 3c), located above

the oxycline where oxygen concentrations were still about

20 lM and 15 lM, respectively. The MO potential measured

under higher in situ oxygen conditions (30 lM) at 130 m

was ca. threefold lower (0.18 lM d21) and MO rates directly

at the oxic/anoxic transition (154 m) were ca. twofold lower

(0.31 lM d21). Time series from these experiments revealed

different oxidation kinetics (Supporting Information Fig.

S1a). At 130 m a 2 d lag period was evident, after which MO

initiated in a linear fashion. Contrary to this, oxidation com-

menced immediately in the incubations from 144 m, 146 m,

and 154 m. After an initial fast oxidation period (�4 d), rates

decelerated although an oxidation plateau was never

reached. If only considering bulk methane turnover during

the incubation time, most CH4 was oxidized at 146 m

(�2.1 lM in 7 d).

Measured methane oxidation potential was also of the

same order of magnitude below the oxycline with two

hotspots at 160 m and 190 m depth with measured rates of

0.21 lM d21 and 0.29 lM d21, respectively. At the other

hypolimnic depths (164, 170, and 180 m) determined MO

rates were 0.1 lM d21 to 0.16 lM d21. Interestingly, most

time series from these incubations showed a similar pattern

with fast initial oxidation during the first 4 d, after which

rates slowed without reaching a plateau. Only at 164 m and

170 m MO proceeded linearly during the entire incubation

period (7 d; Supporting Information Fig. S1b). Highest bulk

methane turnover over the incubation time was measured at

190 m (�1.3 lM in 7 d), which was roughly the rate meas-

ured at the oxycline. The only electron acceptors present in

high enough concentrations in situ to sustain the measured

rates were nitrate (�5 lM at 190 m) and sulfate (�40 lM at

190 m).

At 180 m, methane oxidation was apparently enhanced

by the addition of both Fe(III) and Mn(IV) (Supporting Infor-

mation Fig. S1c). This was not only apparent through

increased initial MO rates, but also total methane turnover.

Compared to the rate of the control setup from this depth

(0.16 lM d21), the MO rate increased approximately by a

Fig. 4. Abundances of different microbial groups detected by CARD-FISH in 2013. (a) gamma-MOB (Mgamma841705) and alpha-MOB (Ma450)
abundances; and (b) ANME-1 (ANME-1-350), ANME-2 (ANME-2-538) and AOM-associated archaea (AAA-FW-6411834) cell counts. Error bars
denote the standard error of the mean between counted fields of view (20).
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factor of two with both added Fe(III) (0.4 lM d21) and

Mn(IV) (0.31 lM d21). Though a rate deceleration was evi-

dent after 4 d in all setups, the total amount of methane oxi-

dized (�1.5 lM) during the 7 d incubations also showed a

rough doubling with the addition of both oxidants. While

the addition of Mn(IV) could have accounted for the total

observed CH4 turnover, the Fe(III) supplement only could

account for about 50%.

Methane oxidation rates determined in the previous year

(2012), showed very low (0.02 lM d21 average) methane oxi-

dation rates in oxic waters (�47 lM O2) at 130 m. However,

below the oxycline (180 m), rates reached an average of

0.82 lM d21 with nearly linear oxidation kinetics in all set-

ups. Additions of different electron acceptors did not appear

to stimulate methane oxidation. In fact the control incuba-

tion with only added 13CH4 yielded the highest rate (1.75

lM d21) during the 2 d incubation. In the experiments with

additions of 15NO2
3 and 15NO2

2 rates of 30N2 production were

very low (�1 nM d21), indicating that denitrification was

likely incomplete or that intermediate substrates were

recycled immediately.

Methanotrophic community

Generally total cell numbers (DAPI counts) increased by

almost an order of magnitude towards the sediment surface

in 2013 (Supporting Information Fig. S2). Analogous to this,

bacterial abundance (probes EUB338 I-III) increased from

4.1 � 105 cells mL21 (130 m) to 9.7 � 105 cells mL21 (180 m).

Archaeal cells (probe ARCH915) were less abundant and

showed no clear depth trend, averaging 7.6�104 cells mL21,

with a maximum of 1.0�105 cells mL21 at 130 m. Aerobic

MOB were detected throughout the sampled depths, where

gamma-MOB (probe mix Mgamma705184) were usually

one order of magnitude more numerous than alpha-MOB

(probe Ma450; Fig. 4a). Gamma-MOB reached highest num-

bers (�1.1�105 cells mL21) slightly above and directly at the

oxycline between 148 m and 154 m, corresponding to 10

(154 m)215% (148 m) of DAPI counts. They were also pres-

ent throughout the anoxic zone, though showing a decreas-

ing depth trend from 8.9 � 104 cells mL21 to 4.8 � 104 cells

mL21 (160–190 m). Compared to the oxycline and the

anoxic hypolimnion, gamma-MOB showed the lowest abun-

dance within more oxic waters at 130 m (1.9 � 104 cells

mL21). Alpha-MOB were not detected at all sampling depths

and where present accounted for<1% of DAPI counted cells.

Interestingly, alpha-MOB were most abundant at 180 m and

190 m (�1.5�104 cells mL21), which was one order of magni-

tude higher than their numbers at the oxycline (5.0�103 cells

mL21). Similarly, known targeted groups of ANME (probes

ANME-1-350 and ANME-2-538) and AOM-associated archaea

(AAA; probe mix AAA-FW-6411-834) were only found at

some depths and constituted<1% of the total cell abun-

dance (Fig. 4b). Both ANME-1 and AAA were most numerous

at 170 m (�1.0 104 cells mL21), whereas ANME-2 showed a

maximum of 8.7�103 cells mL21 at 164 m.

Though cell counts were generally lower over the two

sampling depths in 2012 (Supporting Information Fig. S3),

similar trends were observed. Bacterial abundance increased

with depth from 2.9 � 105 cells mL21 (130 m) to 6.6 � 105
cells ml21 (180 m), whereas archaeal numbers showed the

opposite behavior (7.2 � 104 cells mL21 at 130 m to 4.5 � 104

cells mL21 at 180 m). Gamma-MOB were always more abun-

dant than alpha-MOB, which only amounted to 0.5%

(130 m) and 1% (180 m) of total cell numbers. Gamma-MOB

were one order of magnitude higher at 180 m (4.2 � 103 cells

mL21) compared to 130 m (4.6 � 103 cells mL21), and consti-

tuted �5% of total cell abundance at 180 m. ANME and AAA

were only detected at 180 m, with cell numbers

comprising<1% of total cell numbers.

Enrichment and activity of gamma-MOB under

in vitro conditions

As gamma-MOB were the most abundant methanotrophic

group present, their growth and activity was monitored dur-

ing in vitro experiments from 160 m (2013 and 2014) and

175 m (2013) depth. This was done maintaining in situ oxy-

gen conditions with amendments of different potential elec-

tron acceptors. Depths were chosen within the anoxic zone

based on highest gamma-MOB cell abundance (160 m) and

the beginning of the Mn/Fe reduction zone (175 m). In

2013, amendments of Fe(III) (ferrihydrite) and Mn(IV) (bir-

nessite) along with 13CH4 were tested with a corresponding

control setup (only added 13CH4). Initially (2 d), 13CO2 pro-

duction followed a similar trend with and without the addi-

tion of Fe(III) or Mn(IV) (Fig. 5a). After this period, 13CO2

production was clearly higher in the presence of metal

oxides at 160 m depth. The addition of ferrihydrite caused a

doubling of total 13CO2 production (0.760.07 lM d21) com-

pared to the control setup (0.2960.04 lM d21), whereas the

birnessite addition resulted in a sevenfold increase (2.161.2

lM d21). Corresponding to the measured production in-

crease, the abundance of gamma-MOB also increased during

the course of the experiment (Fig. 5b). Gamma-MOB showed

highest growth in the Mn(IV) setup, with an �11-fold

increase from 5.8 � 104 cells mL21 to 6.4 � 105 cells mL21. In

the control setup (with only added 13CH4) and with the

addition of ferrihydrite, gamma-MOB increased by a factor

of 6 (3.2 � 105 cells mL21) and 9 (5.4 � 105 cells mL21), res-

pectively. All other potential methanotrophic groups investi-

gated by CARD-FISH showed no increase during the course

of the incubation. 13C turnover and growth were also con-

firmed by bulk 13C uptake (all filtered bacteria), where the

addition of manganese resulted in enrichment from 1.1 at.%

(natural abundance) at the beginning of the experiment to

18.367.8 at.% at the end, though there was high variability

between duplicate setups (Supporting Information Fig. S4a).

Parallel setups with water from 175 m showed no notable
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difference in 13CO2 production (0.2560.08 lM d21), cellular

growth or bulk 13C uptake.

In 2014, (160 m, anoxic, 0.64 lM residual methane) addi-

tions of nitrate and nitrite did not stimulate methane con-

sumption and resulted in even lower 13CO2 production than

the control setup (0.1460.1 lM d21). In contrast to the pre-

vious year, the addition of Mn(IV) had an inhibitory effect

and instead highest 13CO2 production was determined in set-

ups with the addition of oxygen (80 lM and 200 lM O2).

Compared to the control incubation (0.360.15 lM d21),

production increased by a factor of 7 (2.160.65 lM d21)

and 14 (4.260.43 lM d21), respectively. Interestingly, time

series of the experiment showed that there was an initial lag

phase (�2 d), where setups with and without supplemented

O2 followed the same pattern (Fig. 5c). Stimulation of MO

was first observed after 4 d, similar to the experiments with

additions of iron and manganese. Gamma-MOB growth

corresponded to observed 13CO2 production. In the control

setup without an electron acceptor amendment, gamma-

MOB abundance showed an approximate doubling from

6.8 � 104 cells mL21 to 1.6 � 105 cells mL21. Reflecting en-

hanced 13CO2 production, cell numbers increased by a factor

of 20 (1.3 � 106 cells mL21) and 8 (5.6 � 105 � cells mL21)

with supplemented O2 (80 and 200 lM, respectively). Total

cellular 13C uptake also showed the highest enrichment in

the O2 setups from 1.1 at.% to 9.562.0 at.% (Supporting

Information Fig. S4b). Enrichment in the control setup

increased to 3.060.6 at.% and in all other setups to

1.660.4 at.%.

Corresponding to bulk bacterial enrichment, single cell

analysis showed that the abundant gamma-MOB incubated

with 13CH4 and additions of Fe(III), Mn(IV) and O2 were also

enriched in 13C (Fig. 6). Though there was some variation

between the setups, average cellular 13C/12C enrichment was

Fig. 5. 13CO2 production and gamma-MOB abundance monitored during growth incubations with various treatments. Methane oxidation time series

with no addition and additions of (a) Fe(III), Mn(IV) and (c) oxygen (low580 lM and high5200 lM) along with (b, d) corresponding gamma-
MOB abundances at the beginning of the experiment and after incubation with the different supplements. Error bars represent the standard error of
the mean between counted fields of view (20).
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about 13.665.6 at.% (Supporting Information Fig. S4c). High-

est carbon assimilation rates of 7.562.1 fmol C cell21 d21 were

determined with the addition of Fe(III) after 2 d of incubation

(Table 3). This corresponded to a doubling time of about 2.7 d.

Though single cell assimilation was lower for all other setups,

gamma-MOB were also active under these conditions.

Discussion

Methane oxidation in Lake Zug

In the permanently stratified hypolimnion of Lake Zug,

depth profiles of methane showed two distinct zones of

methane concentration decrease: a very sharp gradient

extending from the sediment surface to approximately

180 m followed by a more gradual decline towards the oxy-

cline (Fig. 3a). Such profiles either suggest two different

zones of methane oxidation or differences in vertical mixing.

Relatively constant isotopic values below 175 m (Fig. 3b)

indicate that biological MO was not taking place and that

Fig. 6. 13C assimilation by gamma-MOB with treatments of Fe(III) and Mn(IV). Gamma-MOB cells visualized by DAPI (blue) and CARD-FISH with
probes Mgamma841705 (green) with the addition of (a) ferrihydrite and (b) birnessite. Corresponding nanoSIMS images of (c, d) 13C/12C and

(e, f) 32S/12C.

Table 3. Single cell carbon assimilation rates and calculated
doubling times of gamma-MOB with additions of Fe(III), Mn(IV)
and O2.

Setup

C assimilation

[fmol C cell21 d21]

Doubling

time [d]

Iron(III) 7.562.1 2.7

Manganese(IV) 4.061.5 3.1

80 lM oxygen 6.261.7 3.2

200 lM oxygen 7.462.1 2.7
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the initial steep slope might only be transport controlled.

Similar observations of methane decrease without a corre-

sponding isotopic shift have been made in other deep hypo-

limnia (Schubert et al. 2006; Blees et al. 2014), however,

occurring MO cannot be excluded as high and constant

methane fluxes from the sediment into the water column

probably mask the isotopic signature of MO (Schubert et al.

2006). Above �175 m methane decrease was accompanied

by a change in methane isotopes congruent with biological

methane oxidation. Calculated fractionation factors of meth-

ane oxidation of 1.006 (2013) and 1.005 (2014) fall within

the range of aerobic oxidation, which vary between 1.003

and 1.039 (Templeton et al. 2006), but fall short of factors

determined for AOM ranging between 1.009 and 1.039 (Hol-

ler et al. 2009; Knittel and Boetius 2009). Combined, both

concentration profiles and methane isotope measurements

suggest biological methane oxidation at the oxycline and

also in the anoxic hypolimnion of Lake Zug.

Aerobic methane oxidation in the oxic/anoxic

transition zone

In vitro incubations showed ongoing methane oxidation

at all sampled depths—oxic (30 lM O2), suboxic oxycline

(�20 lM O2), and anoxic. Highest MO potential was meas-

ured within the oxic/anoxic transition at 144 m (0.64 lM d21;

Fig. 3c), where fluxes of both O2 and CH4 were high. This

behavior is commonly observed in shallow lake systems,

where most efficient methane oxidation matches the location

of the oxycline (Carini et al. 2005; Sundh et al. 2005; Schubert

et al. 2010). In shallow lakes where light may still reach even

below the oxycline an interplay between oxygenic photo-

trophs and aerobic methanotrophs would be essential

(Milucka et al. 2015; Oswald et al. 2015). In deep lakes such a

synergy is very unlikely and methane oxidation potential at

the oxycline is variable ranging from a few nM d21 (Iversen

et al. 1987) to 1 lM d21 (Blees et al. 2014). Determined MO

potential within the oxic/anoxic transition of Lake Zug is

therefore on the high end of what has been reported for other

deep lakes, though MO rates generally appear higher in shal-

low systems reaching up to 5 lM d21 (Schubert et al. 2010).

Directly above the oxycline under higher oxygen conditions

(130 m), MO rates were dramatically decreased, presumably

due to the previously reported inhibition of (aerobic) MO by

high oxygen concentrations (Rudd and Hamilton 1975). A

potential light inhibition of MO as suggested previously

(Dumestre et al. 1999; Murase and Sugimoto 2005) is unlikely

to have occurred in our incubations as they were incubated in

the dark and the water at this depth is not exposed to light.

Methane oxidation dynamics showed distinct patterns

depending on the in situ oxygen concentrations in the incu-

bation (Supporting Information Fig. S1a). Under oxic condi-

tions at 130 m (�30 lM O2), an initial lag period (2 d) was

observed, whereas oxidation commenced immediately

under suboxic conditions around the oxycline (� 20 lM O2

at 144-154 m). We speculate that the microbial community

was probably not adapted to oxidize CH4 efficiently at

130 m as in situ methane concentrations were very low com-

pared to experimental conditions (�59 nM vs. �50 lM),

which resulted in the observed oxidation delay. Alterna-

tively, higher O2 concentrations at this depth might have

also inhibited the indigenous methanotrophic community

(Rudd et al. 1976) and MO first initiated when oxygen was

(partially) consumed by other co-occurring aerobic processes.

In contrast, around the oxycline (144–154 m) an immediate

onset of fast MO was observed. Oxidation did not proceed in

a linear fashion but reached a plateau after approximately

4 d. This could be attributed to the consumption of micro-

nutrients such as Cu (Balasubramanian et al. 2010; Semrau

et al. 2010), Fe (Lieberman and Rosenzweig 2005), NH1
4

(Rudd et al. 1976) or the depletion of oxygen. The latter

does not seem apparent given the in situ oxygen concentra-

tions at 146 m (ca. 15 lM), which would be sufficient to oxi-

dize 7.5 lM CH4, nearly fourfold more than was actually

oxidized during the incubation period (2.1 lM CH4). How-

ever, we suppose that aerobic methanotrophs must compete

for oxygen with other abiotic and biotic oxidative processes

and oxygen depletion might lead to the observed methane

oxidation plateau. Further supporting this notion of O2 scar-

city are calculated electron fluxes. Taking the uncertainties

of the determined fluxes into consideration, the fluxes of O2

and CH4 approximately matched each other. As oxygen is

not only consumed during methane oxidation, it is likely

that the flux of oxygen alone cannot account for all the oxi-

dized methane and alternative electron acceptors might be

important, especially below the oxycline.

Apparent AOM in the hypolimnion of Lake Zug

The oxycline in the southern basin of Lake Zug is not stable

from year to year. It can be located as shallow as 130 m (Aesch-

bach-Hertig 1994; Carstens et al. 2012) or as deep as 170 m

(Mengis et al. 1997). During the sampling campaigns of this

investigation the water column showed stable stratification

with an anoxic hypolimnion below �155 m. The absence of

oxygen from these depths was confirmed by online measure-

ments with micro-optodes with a detection limit of 20 nM

and a response time of 7 s (Kirf et al. 2014). Interestingly, the

potential MO rates in the hypolimnion (0.1–0.29 lM d21)

were comparable or higher than those measured in oxic waters

(130 m) and increased with depth. This is similar to the MO

behavior in other deeper lake systems where highest rates

often corresponded to completely anoxic waters well below

the oxycline (Iversen et al. 1987; Blees et al. 2014). These

observations suggest that AOM is apparently occurring in the

anoxic hypolimnion of Lake Zug.

Sulfate would appear to be the most probable electron

acceptor for AOM as this process is widespread and has been

shown to occur under environmental conditions. However,

we could not find any indications for sulfate-coupled AOM
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in situ: (1) the sulfate profiles did not show any zones of

consumption, (2) sulfide was not detectable in the entire

water column, (3) DIC concentrations and corresponding

isotopic ratios did not exhibit large shifts below the oxycline

indicative for AOM (Valentine and Reeburgh 2000; Knittel

and Boetius 2009), and (4) only scarce and free-living ANME

cells were detected in the anoxic bottom waters, similar as

reported in another freshwater lake (Eller et al. 2005). Corre-

spondingly, sulfate supplemented incubations (2012) did not

stimulate methane oxidation and the abundance of ANME

cells in experimental setups (2013 and 2014) did not

increase over time. Therefore, we conclude that the detected

ANME cells, if active, only play a marginal role in methane

removal at these depths.

To test other potential electron acceptors, a suite of in

vitro experiments with different additions was set up. In

2012, none of the supplemented substrates led to stimula-

tion of MO and the control incubation with only added
13CH4 produced the highest rate. In the following year, how-

ever, additions of either Fe(III) (ferrihydrite) or Mn(IV) (bir-

nessite) resulted in a stimulation of MO at 160 m and 180 m

(Fig. 5a; Supporting Information Fig. S1c). However, we

could not confirm concurrent iron and manganese reduction

as there was no measurable increase in reduced metal species

in either of the experimental setups (data not shown). This

might be due to precipitation into a mineral form, in which

case occurring metal reduction was no longer detectable by

the analytical methods utilized herein. The amount of iron

and manganese added to the growth and activity incuba-

tions (5 lM with ferrihydrite and 25 lM with birnessite) was

also not sufficient to account for total observed 13CO2 pro-

duction (average of 9.1 lM with ferrihydrite and 26.9 lM
with birnessite) considering the stoichiometry of iron or

manganese coupled AOM (8: 1 and 4: 1, respectively). The

calculated fluxes of particulate (oxidized) Fe(III) (0.02 mmol e2

m22 d21) or Mn(IV) (0.51 mmol e2 m22 d21) were also insuffi-

cient to account for all methane diffusing into the water col-

umn in situ. Yet, it is possible that Fe(III) and Mn(IV) could

still serve as an electron acceptor for methane oxidation pro-

vided that Fe21 and Mn21 are continuously oxidized as sug-

gested previously (Crowe et al. 2011). In the case of Fe this

recycling could occur biologically, through the action of pres-

ent chemotrophic/mixotrophic iron-oxidizers (Straub et al.

2004; Muehe et al. 2009), their occurrence and abundance not

being investigated in this study. Alternatively, MnO2 could

oxidize Fe21 abiotically (Postma 1985) leading to continuous

and instantaneous replenishment of Fe(III) available for meth-

ane oxidation. In situ, an additional source of oxidized iron

might stem from surface waters, considering that this alpine

lake is likely receiving iron-rich glacial meltwater periodically

(Bhatia et al. 2013).

Gamma-methanotrophs as dominant methane oxidizers

The methanotrophic community in Lake Zug was clearly

dominated by gammaproteobacterial MOB. Gamma-MOB

were detected at all investigated depths and were up to an

order of magnitude more abundant than alpha-MOB or their

anaerobic counterparts. Highest abundances of gamma-MOB

were detected at the oxycline where they constituted up to

15% of total cell counts and still contributed �3% to the

microbial community at fully anoxic depths. This seems to

be consistent with observations in other lake water columns

(Fenchel and Blackburn 1979; Carini et al. 2005; Blumenberg

et al. 2007; Blees et al. 2014; Oswald et al. 2015), indicating

that gamma-MOB are central to methane turnover in these

sub- and anoxic environments.

Gamma-MOB were not only found in situ, but their activ-

ity and growth in dark incubations was also confirmed in

two consecutive years with water taken from an anoxic

depth (160 m). This is peculiar considering the aerobic

nature of the metabolism of gamma-MOB. Even though aer-

obic MOB can tolerate oxygen free conditions for prolonged

periods, they require oxygen for energy generation and

growth (Hanson and Hanson 1996). Some suggested explan-

ations for their occurrence in anoxic habitats so far include

sedimentation of inactive cells from oxic waters (Schubert

et al. 2006), growth on in situ generated oxygen (Milucka

et al. 2015; Oswald et al. 2015) or downwelled/laterally

transported oxygen (Blees et al. 2014). These explanations

are not likely to hold true for Lake Zug as MO was proceed-

ing in the anoxic hypolimnion, which is dark and perma-

nently stratified.

Yet, gamma-MOB were active in incubations performed

with original lake water without any amendments, as well

as with added Mn(IV) and Fe(III) (2013). The higher 13CO2

production in the amended incubations corresponded to

increased cell abundances of gamma-MOB (Fig. 5). Con-

gruently, the highest measured 13CO2 production in the

Mn(IV) setup corresponded to highest growth of gamma-

MOB, with cell numbers multiplying by a factor of �11. A

comparable ninefold increase was also observed with the

addition of Fe(III) and even the control incubation with

only added 13CH4 exhibited a sixfold increase in gamma-

MOB. These observations strongly support that gamma-

MOB play a central role in methane oxidation even under

anoxic conditions. Single-cell methane uptake measure-

ments already showed high rates of 13CH4 assimilation

within the first days of incubation (2 d; Fig. 6; Supporting

Information Fig. S4c). Methane assimilation of gamma-MOB

incubated with Fe(III) or Mn(IV) was 7.5 62.1 fmol d21 and

4.06 1.5 fmol d21, respectively, and their calculated dou-

bling times in the range of 2.5–3 d. This corresponds to

what has been reported for gamma-MOB in other lakes

(Milucka et al. 2015; Oswald et al. 2015), however there

growth was supported by oxygen functioning as the elec-

tron acceptor.

Activity and aerobic growth of gamma-MOB from anoxic

depths was confirmed by O2-supplemented incubations in

2014. 13CO2 production in these setups showed an
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approximate sevenfold (80 lM O2) and 14-fold increase (200

lM O2; Fig. 5c). This corresponded to elevated growth of

gamma-MOB, with cell numbers increasing by a factor of 20

(80 lM O2) and 8 (200 lM O2), respectively. The control

setup with only added 13CH4 also supported growth of

gamma-MOB, however to a much lesser extent (�twofold

increase; Fig. 5d). It is curious that highest methane uptake

and growth did not correspond to highest 13CO2 production.

However, it is feasible that though a higher oxygen concen-

tration promotes more efficient methane oxidation (Rudd

et al. 1976), it could result in sub-optimal growth of gamma-

MOB. Alternatively, it is possible that 13CO2 production was

underestimated in the setup with 80 lM O2 due to enhanced

autotrophic growth and thus secondary uptake of produced
13CO2. Moreover, unknown methanotrophs could have been

enriched under higher oxygen conditions and contributed to

the higher observed 13C turnover.

Potential hybrid respiration of gamma-methanotrophs

The methane-oxidizing activity of aerobic gamma-MOB in

oxic, suboxic and anoxic waters in Lake Zug and in vitro

experiments poses the question of the nature of their elec-

tron acceptor capacity. If available, oxygen was utilized

instantaneously, leading to high methane turnover and fast

growth. Without supplemented O2 stimulation of MO and

growth of gamma-MOB was evident with additions of metal

oxides during one sampling campaign. SEM images showed

that numerous gamma-MOB clustered around the mineral

particles, particularly in the case of birnessite (Supporting

Information Fig. S5). This suggests a possible direct contact

of the gamma-MOB with the mineral surface, which is a

common strategy for facultative metal-reducers (Nealson and

Myers 1992). At this point we cannot conclusively say

whether methane oxidation was accompanied by iron or

manganese reduction as an increase in reduced Fe (dissolved

or particulate) or Mn (dissolved) was not detected. However,

even if iron/manganese reduction was indeed co-occurring it

remains disputable whether these processes were in fact

directly linked. So far, methanotrophic gammaproteobacteria

have not been shown to be capable of direct metal reduc-

tion, which occurs in stratified water columns and sedi-

ments, but is rather associated with heterotrophic facultative

anaerobic metal-reducers (Nealson and Myers 1992), such as

Shewanella oneidensis (Myers and Nealson 1988). However, an

indication of a facultative anaerobic gamma-MOB comes

from the 13CO2 production dynamics observed during the

growth and activity incubations (Fig. 5a,c). In all cases (addi-

tion of oxygen, birnessite and ferrihydrite), an initial phase

(�2 d) where oxidant additions showed roughly the same
13CO2 production potential as the control setups was appa-

rent, only after this period stimulation of the production

became notable. In all instances gamma-MOB appeared to

require a certain time to adapt to conditions before more

efficient 13C turnover commenced. It is also feasible that

instead of directly serving as an electron acceptor for meth-

ane, iron or manganese were consumed by other processes

and only facilitated or stimulated methane oxidation indi-

rectly. This would be especially likely in the case of iron, as

it is an important trace metal for methanotrophs (Semrau

et al. 2010; Glass and Orphan 2012). The fact that the posi-

tive effect of metal addition on MO was only observed dur-

ing one sampling campaign (2013) would support the

notion of indirect enhancement.

Given these results the possibility of O2 contamination by

diffusion through the butyl stoppers must also be consid-

ered. In a conducted control experiment (Supporting Infor-

mation Methods) we measured a maximum oxygen increase

of 13 nM d21 in the utilized serum bottles (Supporting Infor-

mation Fig. S6). Since 2 mol O2 are required to oxidize

1 mol CH4, this could account for 6.5 nM d21 of oxidized

CH4. Taking the lowest 13CO2 production of our growth and

activity incubations (0.3 lM d21; control incubation, 2013),

this would account for a maximum of 2% of oxidized CH4.

Likewise, the approximate amount of oxygen contamination

in Exetainer incubations has been determined to be about

�300 nM (De Brabandere et al. 2012; Holtappels et al. 2014).

Since MO continued linearly beyond this amount (i.e.

150 nM oxidized CH4; Supporting Information Fig. S1), aero-

bic MO due to residual or diffusing O2 alone cannot account

for the observed rates.

Besides O2 entering the system, it is also possible that it

was generated within. This could stem from oxygenic photo-

synthesis, depletion of reactive oxygen species or chlorate

respiration. As already mentioned above for the water col-

umn conditions, light-dependent photosynthesis and oxy-

gen radical removal (Blough and Zepp 1995) are highly

unlikely as experiments were incubated in the dark. Chlorate

respiration releasing oxygen also seems improbable consider-

ing that this only has been shown to occur when chlorite is

available in excess (Van Ginkel et al. 1996).

However, it has been proposed and recently also shown

that pure cultures of some gamma-MOB can couple methane

oxidation to nitrate/nitrite reduction under oxygen limita-

tion, though low amounts of O2 (<50 nM) are probably still

required to activate CH4 with MMO (Kits et al. 2015a,b). It is

possible that trace O2 (either introduced during sampling or

from minimal diffusion through stoppers or septa) could

have led to a similar scenario in our experiments. In fact

nitrate was available in the incubations (> 15 lM) and could

have been used as an electron acceptor by the gamma-MOB

under trace O2 conditions.

Only a few studies have described denitrification-linked

methane oxidation in natural environments (Deutzmann

et al. 2014), and the full variety of microorganisms capable

to perform such a process probably still remains unknown.

In Lake Zug, nitrate was indeed present in most parts of the

anoxic hypolimnion in concentrations, which were high

enough to support measured methane oxidation rates and
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also serve as the electron acceptor for other processes. Even

though our in vitro nitrate additions did not stimulate meth-

ane oxidation, we cannot exclude a role of nitrate at these

depths. It can also be speculated that the addition of birnes-

site might have indirectly stimulated methane oxidation by

supplying nitrate through abiotic ammonium oxidation

(Luther et al. 1997). Further work focusing on the microbial

community composition at these depths could look for can-

didates currently known to be involved in this process, such

as Methylomonas denitrificans (Kits et al. 2015b), Methylomonas

album (Kits et al. 2015a) or Candidatus Methylomirabilis oxy-

fera (Ettwig et al. 2010). As various gamma-MOB (possibly

including Methylomonas spp.) were targeted by our CARD-

FISH probes and included in our nanoSIMS analyses, we can-

not conclusively say whether these particular species were

active in our incubations. To address the role of Methylomira-

bilis-related species, we screened constructed metagenomes

from 2013 and 2014 (160 m) for their presence and in each

case only 1 sequence of a Methylomirabilis-related organism

was retrieved (this amounts to 0.1–0.2% of total bacteria;

data not shown). Based on this extremely low abundance

and the fact that non-gamma-MOB were not identified dur-

ing our single-cell analyses, we conclude that relatives of

Methylomirabilis did not contribute substantially to methane

oxidation in our incubations.

Altogether, our in situ measurements, in vitro incubations

and analyses suggest that gamma-MOB are the dominant

methane-oxidizers responsible for methane removal in the

permanently stratified Lake Zug. Gamma-MOB likely oxidize

methane with oxygen directly above and at the oxycline

where oxygen concentrations are low and not inhibiting. We

propose that below the oxycline, in fully anoxic waters, these

“aerobic” microorganisms are able to switch to utilizing other

electron acceptors though the role of available trace oxygen to

activate this metabolism has to be considered. This respiration

switch understandingly represents an advantage for an orga-

nism living in a fluctuating environment such as the oxycline,

where availability of oxygen and the other electron acceptors

likely varies on a daily and seasonal basis (introduction of

iron-rich meltwater and deposition of algal biomass in spring).

We suppose that as reports of aerobic gamma-MOB in anoxic

waters are increasing in current literature (Biderre-Petit et al.

2011; Blees et al. 2014), this phenomenon might be com-

monly occurring also in other methanotrophic populations at

fluctuating redox boundaries.
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